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Alzheimer’s disease (AD) is a secondary tauopathy categorised by the presence of insoluble 
amyloid plaques and neurofibrillary tangles. Neurofibrillary tangles consist of 
hyperphosphorylated and misfolded tau protein. The pathological form of tau spreads through 
the limbic circuit and to the wider neocortex as the disease progresses. The spreading of 
aggregated tau throughout the brain in AD has long been associated with cognitive decline. These 
observations in AD patients have prompted further investigation behind this mechanism. It is 
hypothesised that the primary immune cell within the brain, microglia may be facilitating the 
spread of tau. In AD patients, systemic inflammatory episodes have been shown to correlate with 
an increase in cognitive decline. Therefore, peripheral inflammation may induce an inflammatory 
response within the brain and in turn promote the spread of tau pathology. This thesis aims to 
mimic the spreading of tau and observe the effect of systemic infection in vivo. 

 In this thesis, a tau spreading model was generated using C57BL/6 mice and H1Mapt-/- 
mice, a mouse which expresses all six isoforms of human tau with no disease-associated 
mutation. Mice received a unilateral injection of lysate enriched for Sarkosyl-insoluble tau derived 
from AD post-mortem tissue. Two months post-injection, mice received an intraperitoneal 
injection of either saline or Salmonella enterica serovar Typhimurium. S. typhimurium is a gram-
negative bacterial strain which induces prolonged upregulation of pro-inflammatory cytokines, 
changes in microglial markers and splenomegaly, all of which are observed up to four weeks post-
infection. Extensive histology was carried out in C57BL/6 and H1Mapt-/- mice to observe AT8-
positive tau in distinct brain regions and examine the effect of systemic infection on tau burden. 
This infection was first established in the C57BL/6 and H1Mapt-/- mice without the spreading 
model to assess the baseline response to infection.  

This thesis demonstrates propagation of tau pathology to regions within the limbic circuit 
connected synaptically. It was observed that systemic infection increases the rate of spread of 
AT8-positive tau through the brain. In regions within the limbic circuit, such as the mammillary 
nuclei, a significant increase in AT8-positive tau was observed after systemic infection. Markers of 
cellular and microglial activation MHCII and FcγRI, demonstrate a potential effect of ‘priming’ 
whereby the presence of tau pathology induces an exaggerated microglial response following 
systemic infection. MHCII also highlights a potential role of the vasculature. Differences were 
observed between the C57BL/6 and H1Mapt-/- mice both in tau burden and microglial response, 
supporting the role of systemic infection in the spatiotemporal spread of tau. The work described 
in this thesis demonstrates that systemic infection increases the spreading of tau pathology and 
prompts further study to investigate this mechanism further. 
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1.1 Pathogenesis of tauopathies 

Tauopathies are neurodegenerative diseases categorized by the accumulation of 

aggregated tau protein within the brain to the detriment of cognitive function and eventual 

neuronal loss. Primary tauopathies include but are not limited to frontotemporal dementia with 

Parkinsonism linked to chromosome 17 (FTDP-17), progressive supranuclear palsy (PSP), 

corticobasal degeneration (CBD) and Pick’s disease (PiD). Alzheimer’s disease (AD) is the 

predominant tauopathy diagnosed in patients and therefore one of the most heavily researched 

(Mroczek, Annesley and Fisher, 2020). AD is a form of dementia categorized as a secondary 

tauopathy due to a second pathological hallmark, extracellular amyloid plaques. Tauopathies can 

only be confirmed in post-mortem study and with symptoms often overlapping and patient 

variance in onset and progression it can be difficult to achieve an accurate diagnosis. Tauopathies 

are differentially diagnosed through changes in cognition or movement. These clinical symptoms 

are proposed to be dependent on where pathology develops, and the region-specific functions 

altered by such changes. For example, FTDP-17 is diagnosed through the presence of motor 

symptoms such as bradykinesia and altered personality such as loss of inhibition (Wszolek et al., 

2006). Post-mortem analysis of FTDP-17 brain tissue suggests pathology largely resides in the 

cerebral cortex, brainstem and the dentate nucleus of the cerebellum, concurrent with patient 

symptoms (Bugiani et al., 1999; Lossos et al., 2003). It has long been hypothesised that tau 

pathology plays a significant role in neuronal death and cognitive decline in tauopathies. Tau 

spread in AD was initially characterised through Braak staging (Braak et al., 2006), more recently 

positron emission tomography (PET) in AD patients has shown that tau burden correlated with 

atrophy in the cortex in a longitudinal study (Joie et al., 2020). Therefore, in theory slowing or 

preventing the spread of tau pathology through the brain should ameliorate cognitive decline. 

1.2 Alzheimer’s disease; a secondary tauopathy 

AD is the most prevalent form of dementia, with approximately three quarters of dementia 

cases diagnosed as AD (Qiu, Kivipelto and Von Strauss, 2009). Anterograde episodic memory 

dysfunction is one of the first reported symptoms; however as AD progresses, wider cognitive 

function including speech becomes gradually altered (Potkins et al., 2003), and non-cognitive 

symptoms such as gait or vision problems develop (Chang et al., 2014; Lim, Mamun and Lim, 

2014). AD symptoms are clinically observed predominantly after 65 years of age, making age a 

major risk factor. The prevalence of AD in ages 45-64 years is approximately 1 in every 14 people, 

yet once over the age of 80 the prevalence increases to 1 in every 6 people (Prince et al., 2014). 
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AD is a devastating disease to both patients and their families; with increasingly expensive care 

and an aging population, research into prevention of this neurodegenerative disease is crucial.   

One key issue for clinicians and in selecting patient groups for clinical trials is that a 

diagnosis of AD can only be confirmed post-mortem by the presence of two pathological 

hallmarks. These pathological hallmarks consist of extracellular amyloid beta (Aβ) plaques from 

Amyloid Precursor Protein (APP), and intracellular tau protein which aggregates into 

neurofibrillary tangles (NFTs) (Kametani and Hasegawa, 2018). AD is predominantly sporadic with 

<1% of total cases reported to have familial mutations in genes associated with amyloid protein 

processing; the only known mutations are found in either the APP gene, Presenilin 1 gene (PSEN1) 

or Presenilin 2 gene (PSEN2) (Cruts, Theuns and Van Broeckhoven, 2012; Guerreiro, Gustafson 

and Hardy, 2012). APP is cleaved by the enzyme β-secretase and subsequently γ-secretase; this 

leads to the production of the amyloid-beta peptide, consisting of either 40 or 42 amino acids 

(Aβ40/42 respectively) (Zhang et al., 2011). Aβ42 monomers aggregate to form toxic oligomers which 

then undergo further aggregation, leading to the formation of extracellular senile plaques 

(Benilova, Karran and De Strooper, 2012). Presenilins regulate APP cleavage through γ-secretase 

therefore it is possible to observe how these mutations promote accumulation of toxic 

aggregated amyloid protein. Notably there are no known mutations in the microtubule-associated 

protein tau (MAPT) gene which encodes tau protein with a causative link to AD. This highlights a 

key issue when studying AD in mouse models as the lack of tau mutations related to familial AD. 

Most familial forms of AD are classified as an early onset form of AD. Early onset AD (EOAD) 

cases present with disease symptoms at <65 years of age, representing approximately 10% of all 

AD cases. Within EOAD cases, nearly 10% are due to a familial mutation and referred to as early 

onset familial AD (EOFAD) (Mendez, 2019). EOFAD often presents clinically at 40 years of age, 

whilst sporadic EOAD is more likely to be diagnosed between 50 and 60 years of age (Miyoshi, 

2009). There is evidence based on cognition tests, mini-mental state examinations (MMSE) and 

Assessment Scale-cognitive subscale (ADAS-Cog), that EOAD patients show significantly faster 

cognitive decline than late onset AD (LOAD) patients (Panegyres and Chen, 2013). EOAD patients 

also show earlier deficits in visual and language functions (Smits et al., 2015). The differences 

between EOAD, EOFAD and LOAD and even population variability within these groups serves to 

highlight the innate heterogeneity in both the progression of AD and the symptoms associated. 

Familial AD and EOAD patients have a different age of onset, prognosis and symptoms, yet it is 

primarily these three aforementioned gene mutations that are the crux of AD mouse models. One 

of the key issues in AD research is the extrapolation of familial AD mouse models to LOAD in 

humans; to what extent can a genetic mutation inform clinical routes in a largely idiopathic 

disease?   
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When examining the sporadic form of AD, genetic risk factors are considered rather than 

causative mutations. One important note in regard to this thesis is that over half of gene variants 

identified as risk factors in AD play a role in the innate immune system (Shi and Holtzman, 2018). 

The apolipoprotein E (APOE) gene is the main risk factor for sporadic AD. APOE mediates 

transportation of lipids including cholesterol throughout the brain (Husain, Laurent and Plourde, 

2021). AD cases with APOE-ε4 reported disease onset years prior to cases without (van der Flier et 

al., 2011). However, APOE-ε4 is not expressed ubiquitously in sporadic AD cases. There is great 

disparity in the genetic epidemiology of the more common sporadic late-onset form of the 

disease (Reitz, Brayne and Mayeux, 2011). Therefore, AD is largely idiopathic, despite decades of 

research into multiple overlapping theories of causality.  

The two prevailing theories of causality in AD research are the amyloid hypothesis and the 

tau hypothesis. These two theories hypothesise that each hallmark protein is the pathological 

root of the disease respectively. The discovery of causative mutations in APP processing genes 

and APOE as a risk factor is one of the primary reasons that the amyloid hypothesis was, and still 

is considered such a promising therapeutic avenue. Research into the amyloid cascade hypothesis 

has largely focused on how changes in APP processing leading to aggregation may be the cause of 

neuronal death and cognitive decline in AD. Furthermore, as observed in Figure 1.1, the two 

major downstream effects are an increase in inflammation and changes in tau protein to form the 

second pathological hallmark. Despite increased understanding of how Aβ deposition is theorised 

to advance neurodegeneration in AD cases, the amyloid hypothesis shows relatively little 

correlation with pathology spread and clinical progression compared to tau pathology (Ingelsson 

et al., 2004; Cho et al., 2016). Furthermore, whilst antibody therapies such as bapineuzumab or 

immunisation against Aβ42 in human patients does decrease amyloid load, there is no alteration in 

cognitive decline observed (Holmes et al., 2008; Roher et al., 2013). A recent decision to approve 

aducanumab by the Food and Drug Administration (FDA) has heralded the first approved 

treatment for AD that reduces amyloid pathology (Cavazzoni, 2021). Despite this recent update, 

aducanumab is the only drug in almost a decade which slows the rate of cognitive decline by 

focusing on the removal of plaques.  
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As a result, this has led to greater exploration in wider fields of interest, such as the tau 

hypothesis, as seen in Figure 1-1 (Giacobini and Gold, 2013). Given the research in AD patients, 

clinical trials are turning increasingly to therapeutics which target tau. There are multiple clinical 

trials targeting tau such as the antibody semorinemab which attempts to remove extracellular tau 

(Zilkova et al., 2020). However, with the exception of aducanumab no clinical trial success has 

been reported. The amyloid cascade hypothesis and tau hypothesis both have merits, and it is 

Figure 1-1: The intersection of the amyloid and tau hypothesis 

The amyloid hypothesis highlights the processing of APP as a potential therapeutic avenue. The 

amyloid hypothesis proposes that genetic mutations lead to amyloid plaques and with this, 

activation of glial cells within the brain. This in turn leads to a neurotoxic environment where 

tau becomes misfolded and dissociates from the microtubules. Build-up of these two aggregated 

proteins leads to an increasingly pro-inflammatory response within the brain. Subsequent 

neuronal toxicity from immune cell dysfunction and accumulation of tau is hypothesised to be 

the cause of cell death and memory dysfunction in AD patients. Diagram adapted from 

Giacobini & Gold, 2013. 
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widely demonstrated that both pathologies cause deleterious effects within the AD brain. To what 

extent one pathological hallmark can be removed without the other and expect cognitive 

recovery is unclear. Despite this, the clear effect of tau pathology on cognitive function as it 

progresses through regions highlights the importance of understanding the mechanism behind 

tau spread. 

1.2.1 Propagation of pathological tau through the human brain in AD 

Tau pathology spreads through the brain as AD progresses. This spread was first 

characterised by Heiko Braak, subsequently termed Braak stages I-VI with VI demonstrating the 

highest tau burden. The transentorhinal cortex and locus coeruleus first show signs of tau 

pathology, termed as Braak stage I. Following this tau pathology is observed in the entorhinal 

cortex (Braak stage II) (Braak and Braak, 1991). The following Braak stage is marked by mild 

pathology spread to the CA1 region of the hippocampus (Braak stage III). Braak stage IV is marked 

by ghost tangles in the entorhinal cortex and increasing NFT presence in the CA1 of the 

hippocampus. Eventually the hippocampal formation and wider regions of the neocortex display 

tau burden (Braak stage IV-VI) (Braak et al., 2006). This spreading has since been confirmed in PET 

imaging, where tau is visible in AD patients and does not rely on post-mortem tissue (Vogel et al., 

2020).4 

The hippocampus is a medial temporal lobe structure found within the human and mouse 

brain. The hippocampus proper consists of the Cornu ammonis 1 (CA1) which becomes the CA2, 

CA3 and CA4, with the full hippocampal formation including the dentate gyrus, subiculum and 

entorhinal cortex (Anand and Dhikav, 2012). The hippocampus is conserved in mammals and plays 

an indispensable role in episodic and spatial memory. The entorhinal cortex and the hippocampus 

are both key structures within the limbic circuit, also referred to as the Papez circuit, described in 

Figure 1-2 (Bubb, Kinnavane and Aggleton, 2017; Nelson, Perry and Vann, 2018). The 

hippocampus projects to the mammillary nuclei through the fornix, the mammillothalamic tract 

then connects the anterior thalamus. The cingulate gyrus then connects to the entorhinal cortex 

which projects to the hippocampal formation through the perforant pathway. The limbic circuit 

has been shown to be involved in memory function (Rolls, 2015), with the entorhinal cortex 

crucial for spatial memory. People with amnestic mild cognitive impairment (MCI) or AD show 

clear functional deficits in spatial memory tasks (Serino et al., 2015; Coughlan et al., 2018). People 

with MCI may not go on to develop AD (Griffith et al., 2006), however this highlights the very early 

changes to cognitive function in the regions where initial tau pathology builds. PET imaging 

studies have since confirmed correlation between tau burden and cognitive decline (Brier et al., 

2016). 
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1.2.2 Structure of tau 

The MAPT gene located on chromosome 17q21.31 in humans and chromosome 11 in mice 

encodes microtubule-associated protein (MAP) tau. Tau is one of many neuronal microtubule 

associated proteins (including MAP1, MAP2 and MAP4) which enable microtubule stability within 

the healthy brain through binding (Chen et al., 1992; Dixit et al., 2008). As a result, tau promotes 

and mediates axonal transport through its binding to microtubules. Human tau is expressed 

within the adult brain in six isoforms through alternative splicing of messenger RNA (mRNA) 

(Goedert et al., 1989), consisting of between 352 to 441 amino acids and 16 exons total. Exons 1-5 

encode the N-terminal; the splicing of exons 2 and 3 determines the presence of N-terminal 

Figure 1-2: Overview of the limbic circuit 

The limbic circuit is a group of structures within the brain, synaptically connected to process 

memory function. The structures included are the hippocampus, cingulate gyrus, anterior thalamic 

nucleus, entorhinal cortex, subiculum and mammillary nuclei. These regions are connected by the 

cingulum, fornix and mammillothalamic tract. This figure is a brief overview and does not include 

wider regions such as the retrosplenial cortex, amygdala and the full parahippocampal region which 

all play a role in memory processing. Figure adapted from Bubb et al. (2017) and Nelson et al. 

(2018) 
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inserts (Martin, Latypova and Terro, 2011). Exons 9-12 encode four microtubule-binding repeat 

domains, with splicing of exon 10 determining the absence or presence of the second repeat 

domain. These isoforms are referred to as three repeat (3R) or four repeat (4R) tau respectively. 

Therefore, the nomenclature of these six tau isoforms is dependent on exons 2, 3 and 10 (Wang 

and Mandelkow, 2016). Hence, the isoform 4R/2N contains four microtubule binding domains and 

two N-terminal inserts; all six isoforms are displayed in Figure 1-3. 

Tau protein in the healthy brain is demonstrated to have an equal ratio of 3R:4R tau. It has 

been demonstrated that 3R and 4R tau mediate axonal transport. However, in vitro these 

isoforms appear to encourage anterograde (towards the synapse) and retrograde (towards the 

cell body) transport respectively (Lacovich et al., 2017). An increase in 4R tau has been reported in 

tauopathies such as PSP (Chambers et al., 1999; Ingelsson et al., 2007) where only 4R tau makes 

up the aggregate pathology (Rösler et al., 2019). AD by contrast has been shown to contain both 

3R and 4R tau in the tangles. One study has reported a small increase in 4R tau in AD patients 

(Ginsberg et al., 2006), however this has not been observed in similar studies (Ingelsson et al., 

2007). Three-repeat tau has been shown to supress the aggregation of four-repeat tau in vitro 

whilst four-repeats in the microtubule domain confers stronger binding to microtubules; it also 

confers a propensity to greater aggregation (Adams et al., 2010). Whilst splicing of mRNA may 

alter the tau isoforms, modifications at the post-translational stage also play a significant role in 

tau function. 
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1.2.3 Post-translational modifications of tau 

Tau plays an important physiological role within the healthy brain by regulating axonal 

transport and neurite outgrowth (Rodríguez-Martín et al., 2013). Tau is natively unfolded in the 

naïve brain, yet becomes misfolded and hyperphosphorylated in both AD and primary 

tauopathies, such as PSP and CBD (Mroczko, Groblewska and Litman-Zawadzka, 2019). 

Hyperphosphorylated tau dissociates from the microtubule, causing instability. This release of 

dissociated tau leads to the formation of soluble toxic tau oligomers through dimerization and 

subsequent nucleation (Friedhoff et al., 1998). This will in turn form paired helical filaments 

(PHFs) and sequential aggregation into NFTs (Eidenmüller et al., 2000). NFTs accumulate within 

the neuron and following neuronal death remain as a ghost tangle within the brain parenchyma. 

Figure 1-3: Tau isoforms and phosphorylation epitopes of interest 

In the human brain there are six isoforms of tau (shown above: 4R/2N, 4R/1N, 4R/0N, 3R/2N, 

3R/1N and 3R/0N). In mouse adult brains, only four-repeat tau is expressed. Phosphorylation 

epitopes are associated with AD pathology and the associated antibody which is commonly 

used to detect these epitopes are shown. Diagram based on Wang & Mandelkow, 2016. 
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Post-translational modifications of soluble and insoluble tau, such as phosphorylation, 

ubiquitination and truncation are understood to alter tau function (Martin, Latypova and Terro, 

2011). Phosphorylation of tau is the most common modification; it must be noted that not all 

phosphorylation of tau is pathological and only select epitopes are commonly associated with the 

development of tauopathies. There are 83 tau phosphorylation sites, however those known to be 

associated with both the dissociation from microtubules and subsequent aggregation, are 

primarily threonine and serine phosphorylation epitopes as seen in Figure 1-3 (Gong and Iqbal, 

2008). Hyperphosphorylation of tau leads to conformational changes and a shift to a β-pleated 

sheet structure. 

In the naïve brain, one function of phosphorylation of tau is the regulation of neurite 

outgrowth through kinase glycogen-synthase kinase-3 beta (GSK3β) (Stoothoff and Johnson, 

2005). Tau in AD however becomes hyperphosphorylated through dysregulation of kinase activity. 

Another kinase regulating tau phosphorylation is cyclin dependent kinase 5 (cdk5); cdk5 is 

expressed in all cell types, with the highest expression and kinase activity in neurons (Dhavan and 

Tsai, 2001). Cdk5 phosphorylates serine or threonine amino acids that are followed by a proline 

residue. Cdk5 is activated either by its regulatory subunit p35, or hyperactivated by the truncated 

p25 following excitotoxicity or oxidative stress (Kimura, Ishiguro and Hisanaga, 2014). p25 

expression is significantly increased in post-mortem AD brains, and cdk5 is understood to 

phosphorylate tau epitopes associated with AD pathology (pSer202, pThr205, pSer235 and 

pSer404) (Figure 1-3) (Kimura et al. 2014; Patrick et al. 1999). A developmental study looked at 

murine embryonic day 14 (E14) and determined that cdk5-/- mice show no difference in total tau, 

but the cerebellum, spinal cord and brain stem show a significant decrease in pSer202 and 

pThr205 (Takahashi et al., 2003). Studies focus on hyperphosphorylation of certain epitopes such 

as pSer396 to generate specific tau antibodies (Chukwu et al., 2018). However, the exact trigger 

of tau hyperphosphorylation is unclear or even which epitopes are linked to AD-specific 

conformational changes in tau protein. 

In post-mortem studies of AD patients, antibodies for specific phosphorylation epitopes of 

tau are used to observe the pathology burden in the brain. The development of different tau 

antibodies has advanced understanding of how specific phosphorylation sites on tau contribute to 

disease onset and progression (Petry et al., 2014). AT8 is a mouse monoclonal antibody 

commonly used to examine tau hyperphosphorylation in post-mortem AD brains, transgenic AD 

mouse models and cell culture. This antibody detects the phosphorylation sites pSer202 and 

pThr205 (Goedert, Jakes and Vanmechelen, 1995). Another antibody of interest is PHF-1, a mouse 

monoclonal antibody used in the detection of PHF tau, recognising the pSer396 and pSer404 

epitopes. It is clear that specific epitopes of tau are commonly associated with different stages of 
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tau fibrilization. AT8 and PHF-1-positive tau is associated with intracellular and extracellular NFTs 

(Augustinack et al., 2002). This is crucial to understand when looking at the spatiotemporal 

development of pathology.  

Modifications to tau protein, such as the truncation of the N-terminus have been shown to 

correlate with decline in episodic memory in AD patients (Ghoshal et al., 2002). In post-mortem 

AD tissue, western blots showed a clear enrichment of truncated tau in the heavy molecular 

weight (HMW) fraction. HMW tau was not detected in control brains and was specific to AD tissue 

(Zhou et al., 2018). Tau truncated at the C-terminal was also found in the AD cases, yet not within 

the HMW tau. Truncation and hyperphosphorylation of tau in turn leads to the release of tau 

from the presynaptic neuron and so contribute to the spread of pathology (Amadoro et al., 2020). 

Ubiquitination, the binding of ubiquitin to soluble proteins to designate for degradation by 

the cytosolic ubiquitin-proteasome system (UPS), was found to be significantly upregulated in 

cerebrospinal fluid (CSF) levels of tau of AD patients (Iqbal et al., 1998). Disturbance of 

homeostatic protein degradation through the UPS has been highlighted in a multitude of 

neurodegenerative diseases including AD (Jansen, Reits and Hol, 2014; Zheng et al., 2016). 

Furthermore, tau has been suggested to accumulate within the cytosol as a direct result of 

dysfunction in this system (Bertolotti, 2018). In AD post-mortem tissue, synapses were enriched 

for hyperphosphorylated tau compared to control tissue; this finding was linked to deficits in the 

UPS (Tai et al., 2012). Dementia progression is associated with synapse loss and tau accumulation 

(Ingelsson et al., 2004; Spires-Jones and Hyman, 2014). The loss of physiological function of tau 

has far reaching consequences, including but not limited to protein degradation. This highlights 

how truncation and hyperphosphorylation of tau which results in aggregation and accumulation 

within the cell has further downstream consequences such as neurotoxicity. 

1.2.4 The validity of murine models of tauopathies 

In order to examine the spread of tau pathology, mouse models are often utilised. These 

models provide the capacity to carry out studies not possible in AD patients, providing a greater 

wealth of information prior to therapeutic research. However, mouse models are not without 

flaws, particularly when gene editing is necessary. For a successful mouse model, three categories 

of validity must be considered; construct validity, face validity and predictive validity (Chesselet 

and Richter, 2011). For construct validity, the gene mutations associated with the disease must 

also be present within the mouse model. If the mouse subsequently exhibits the outward 

behaviour associated with the disease that constitutes face validity. Finally, predictive validity is 

dependent on similarity in drug response between human patients and the mouse model. 
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Therefore, the overarching aim of mouse model research is to develop mouse models that 

resemble the human disease as closely as possible. As a result, the majority of AD mouse models 

are based around the three APP processing gene mutations (Oakley et al., 2006; Saito et al., 

2011). This provides a very narrow view of the heterogeneity in pathology; this model does not 

consider the role of tau and does not mimic the progression of LOAD. Subsequent models have 

been crossed with mice expressing human tau mutations, yet there are limitations to these mouse 

models. 

The mouse models used to examine the function of tau fall largely into three categories:  

1) A model which expresses a human tau mutation, mainly either the P301S or P301L 

mutation found in FTDP-17 

2) A model which expresses either one or multiple isoforms of human tau with no 

disease-associated mutation  

3) A tau knockout (TauKO) mouse, which expresses no endogenous mouse tau.  

FTDP-17 is one of the few tauopathies where a mutation in the MAPT gene has been shown to 

cause the disease. Whilst this is very rare, FTDP-17 mutations form the basis of generating mouse 

models of tauopathy. P301S and P301L are key mutations used in mouse models of tauopathy 

which both correspond to a mutation found in FTDP-17 patients. (Allen et al., 2002; SantaCruz et 

al., 2005; Yoshiyama et al., 2007). FTDP-17 is a pre-senile dementia and has autosomal dominant 

inheritance that largely presents with bradykinesia and deficits in executive function. This is one 

of the few mutations in the tau gene known to be linked to a neurodegenerative disease, hence 

the P301S mouse model of tauopathy was bred to examine the aetiology of tau pathology (Allen 

et al., 2002). P301S human tau mutation is expressed in the mouse with the 4R/0N isoform 

downstream of the murine Thy1 promoter, a cell-surface glycoprotein expressed on thymocytes 

and neurons (Allen et al. 2002; Campsall et al. 2002). The P301S mouse model develops insoluble 

AT8-positive tau pathology within the brainstem and spinal cord at 5 months (Allen et al., 2002) 

(Table 1-1). However changes in the plasticity of cortical dendritic spines are reported a month 

prior to pathology (Hoffmann et al., 2014). P301S mice show signs of motor and balancing deficits 

in the rotarod test at 3-4 months, progressing to severe paraparesis at 6-7 months (Scattoni et al., 

2010; Xu et al., 2014). Therefore it is possible to see that by using a mutation known to exist in 

human disease, the mouse exhibits similar symptoms such as motor deficits. 
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Table 1-1: Tauopathy and AD mouse models 

Name Primary 

paper 

Gene Genetic 

background 

Mutation Promoter Genotype 

(3R/4R tau) 

Hyperphosphorylati

on of tau epitopes 

Inflammation Neuronal/syn

apse loss 

Cognitive 

changes 

hTau.P30

1S 

Allen et 

al. 2002 

MAPT CBA;C57BL/

6 

MAPT 

P301S 

Thy-1 Four-repeat 

tau (4R0N) + 

murine tau 

AT8-positive tau in 

the frontal cortex, 

brainstem and SC at 

5 months (Allen et 

al. 2002) 

↑ Clec7a and 

↑ Itgax (SC) 

(Torvell et al. 

2019) 

Motor neurons 

loss in the SC 

at 3 months 

(Allen et al. 

2002); cortical 

neuron loss at 

5 months 

(Hampton et 

al. 2010) 

↓ Morris Water 

Maze (MWM) at 

2 months (Xu et 

al. 2014); ↓ 

rotarod at 3 

months and 

severe 

paraparesis at 6 

months (Scattoni 

et al. 2010) 

PS19 Yoshiya

ma et al. 

2007 

MAPT C57BL/6;C3

H 

MAPT 

P301S 

Prnp Four-repeat 

tau (4R0N) + 

murine tau 

PHF-1 positive tau in 

the hippocampus, 

amygdala and spinal 

cord at 6 months 

(Yoshiyama et al. 

2007); AT8-positive 

tau in the 

↑ GFAP (HPC, 

EC and SC) at 6 

months, ↑ 

MHCII and 

CD11b (HPC) 

at 4 months 

Synaptophysin 

decreases at 3 

months; 

reduced 

fEPSPs at 6 

months 

followed by 

↓MWM at 6 

months 

(Takeuchi et al. 

2011) 
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hippocampus at 4 

months (Takeuchi et 

al., 2011) 

(Yoshiyama et 

al. 2007) 

neuronal loss 

at 8 months 

(Yoshiyama et 

al. 2007) 

3xTg-AD Oddo et 

al. 2003 

APP, 

PSEN1, 

MAPT 

C57BL/6;129

X1/SvJ;129S

1/Sv  

APP 

KM670/671

NL 

(Swedish), 

MAPT 

P301L, 

PSEN1 

M146V 

Thy-1 Four-repeat 

tau (4R0N) + 

murine tau 

MC1 & AT8-positive 

tau at 12 months; 

PHF-1-positive tau at 

18 months (Oddo et 

al., 2003) 

↑ TNfα and 

MCP-1 mRNA 

(EC) at 6 

months 

(Janelsins et 

al., 2005) 

LTP reduced at 

6 months 

(Oddo et al. 

2003) 

↓Barnes test at 

6.5 months 

(Stover et al., 

2015) 

rTg4510 SantaCru

z et al. 

2005 

MAPT 129S6;FVB  MAPT 

P301L 

CaMKIIα Four-repeat 

tau (4R0N) + 

murine tau 

MC1-positive tau at 

1 month, PG5-

positive tau at 2.5 

months, argryophilic 

tau at 4 months in 

the cortex and 5 

months in the HPC 

↑ Gfap, 

Clec7a, CD68 

and Itgax 

mRNA (EC) 

from 4 months 

(Castanho et 

al., 2020) 

CA1 

hippocampal 

neuronal loss 

at 5.5 months 

(SantaCruz et 

al. 2005) 

↓ MWM at 4 

months 

(SantaCruz et al. 

2005); ↓Y-maze 

at 4 months 

(Blackmore et al., 

2017) 
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(SantaCruz et al. 

2005) 

htau Andorfer 

et al. 

2003 

MAPT Swiss 

Webster;129

/SvJae;C57B

L/6 

No disease-

associated 

mutation 

PAC 

cloning 

vector 

driven by 

MAPT 

promoter 

All six human 

tau isoforms, 

higher 3R tau 

ratio (8c 

mice have 4R 

mouse tau) 

Minimal PHF-1 

neuronal staining in 

HPC at 4 months 

(Polydoro et al., 

2009); MC1- and 

PHF-1-positive tau in 

the cortex and HPC 

at 9 months 

(Andorfer et al. 

2003)  

Microglia are 

reported to 

maintain the 

homeostatic 

profile up to 

22 months of 

age (Zhu et al., 

2020) 

LTP induced by 

high frequncy 

stimulation is 

impaired at 12 

months 

(Polydoro et 

al. 2009) 

↓ Object 

recognition and 

MWM at 12 

months 

(Polydoro et al. 

2009); ↓food 

burrowing at four 

months (Geiszler, 

Barron and 

Pardon, 2016) 

H1Mapt-

/- 

Wobst 

et al. 

2017 

MAPT C57BL/6 No disease-

associated 

mutation 

PAC 

cloning 

vector 

driven by 

MAPT 

promoter 

All six human 

tau isoforms, 

higher 3R tau 

ratio. No 

endogenous 

mouse tau. 

No HT7-positive 

pathology in the 

cortex or HPC at 21 

months (Wobst et al. 

2017) 

Not reported Normal LTP 

function 

reported 

(Vargas-

Caballero et al. 

2017) 

Potential 

increase in 

anxiety-like 

behaviour in 

elevated plus 

maze (Wobst et 

al. 2017) 
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Tg2576 Hsiao et 

al., 1996 

APP C57BL/6; SJL APP 

KM670/671

NL 

(Swedish) 

Prnp Murine tau N/A Reduction in 

Trem2 mRNA 

expression at 5 

months in the 

HPC and 

cortex (Porrini 

et al., 2015) 

Loss of spine 

density and 

impaired LTP 

at 4 months 

(Jacobsen et 

al., 2006) 

↓T maze 

performance at 

16 months 

(Chapman et al., 

1999); ↓MWM 

at 12-18 months 

(Westerman et 

al., 2002) 

5xFAD Oakley 

et al. 

2006 

APP C57BL/6; SJL APP 

K670N/M6

71L 

(Swedish); 

APP I716V 

(Florida); 

APP V717I 

(London); 

PS1 

M146L/L28

6V 

Thy-1 Murine tau AT8-positive tau in 

the HPC and cortex 

at 5 months (female) 

and 7 months (male) 

(Shin et al., 2021) 

↑ GFAP and 

F4/80 staining 

(HPC) from 2 

months 

(Oakley et al. 

2006) 

PSD-95 

declines at 9 

months; 

neuronal loss 

in cortical 

layer V at 6 

months 

(Oakley et al. 

2006) 

↓MWM at 2 

months (Tang et 

al., 2016) 
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Tau22 Schindo

wski et 

al. 2006 

MAPT C57BL6;CBA Transgene 

of human 

4R tau with 

G272V and 

P301S 

mutations 

Thy-1 4R AT8 at 3 months and 

PHF-1 at 6 months in 

the HPC 

(Schindowski et al., 

2006) 

↑GFAP at 3 

months 

(Schindowski 

et al. 2006) 

↓ CA1 

neuronal loss, 

↓fEPSP at 14 

months 

(Schindowski 

et al. 2006) 

↓memory in 

MWM at 10 

months  

(Schindowski et 

al. 2006) 

T44mTau

KO 

He et al. 

2020 

MAPT C57BL/6 No disease-

associated 

mutation 

Prnp 3N0R PHF-1 tau reported 

at 6 months in the 

cortex (Ishihara et 

al., 1999) 

N/A N/A ↓ tail suspension 

test at 9-12 

months (Zhang et 

al., 2005) 

Abbreviations: SC= spinal cord, HPC= hippocampus, EC= entorhinal cortex MWM= Morris Water Maze, fEPSP= field excitatory postsynaptic potentials 
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The rTg4510 mouse model is an alternate model, examining the spread of tau within the 

forebrain. The rTg4510 mouse model possesses a P301L human tau mutation found in familial 

frontotemporal dementia (fFTD) (Alberici et al., 2004). The human P301L tau mutation (4R0N) is 

expressed under the calcium (Ca2+)/calmodulin-dependent protein kinase II α (CaMKIIα) 

promoter, and thus expressed predominantly in neurons in the forebrain (Colbran, 2004). The 

rTg4510 mice are a conditional mouse model with a Tet-Off system, where the use of a 

tetracycline transactivator (tTA) binds to a Tetracycline Response Element (TRE) upstream of the 

gene of interest. Following the administration of doxycycline, doxycycline binds to the tTA and 

prevents the expression of the gene of interest (Mizuguchi and Hayakawa, 2002). It has been 

shown that rTg4510 mice express pathological tau in the hippocampus and frontal cortex at 5.5 

months, as shown with the aforementioned PG-5 antibody although pre-tangles are observed at 

2.5 months (Table 1-1) (Jicha et al., 1999; SantaCruz et al., 2005). These mice also exhibit 

cognitive deficits in the Morris Water Maze (MWM) at 4 months (Jul et al., 2016). However, the 

rTg4510 mice do exhibit hyperactivity at 5 months of age in correlation with tau pathology (Wang 

et al., 2018).  

Pathology simply from overexpression of human tau has been observed in Drosophila 

melanogaster (Jackson et al., 2002) and the P301S and rTg4510 mice both significantly 

overexpress mutant tau and develop pathology without intervention. However, these P301S and 

P301L tau mutations linked to FTDP-17 are not found in AD. It highlights a crucial problem when 

examining tau pathology; how can the aetiology of tau pathology in FTDP-17 mouse models, be 

extrapolated to our understanding of AD? When there is only one isoform of overexpressed 

human tau, there is a loss of context as to how different tau isoforms may interact. In the P301S 

and rTg4510 mouse there is still mouse tau expressed in the brain, which has significant 

differences to human tau. Primarily, mice solely express four-repeat tau (Götz et al., 1995; 

Andorfer et al., 2003). This is crucial as there is evidence that whilst in the healthy human brain 

the 3R/4R tau ratio is approximately equal, four-repeat tau shows greater aggregation in vitro 

(Adams et al., 2010). As a result, studies are increasingly turning to ‘humanised’ mouse models, in 

an attempt to mimic the conformational changes to tau in AD.  

There have been several human tau mouse models, commonly referred to as hTau mice. 

These mice were primarily developed to combat the need for overexpression of mutant isoforms 

and attempt to develop tau pathology in a mouse which expresses all six isoforms of human tau. 

One of the initial models, the 8c model, expressed all six isoforms of human tau in addition to 

normal mouse tau. The predominant isoforms were three-repeat tau, and the expression of four-

repeat tau was mostly murine (Duff et al., 2000). To combat this, the hTau mouse was developed 
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by crossing the 8c mouse with TauKO mice (Andorfer et al., 2003). They report MC1- and PHF-1 

positive hyperphosphorylated tau by 6 months and significant PHF-1 tau burden in the cortex and 

hippocampus by 9 months (Table 1-1). Crucially pathology was predominantly observed in the 

cortex and hippocampus. This suggests that the expression of all six isoforms, despite an altered 

ratio in favour of three-repeat tau, induces tau aggregation in accordance with AD pathology.  

The mouse model utilised in this thesis is a more recently developed human tau mouse 

model. The H1Mapt-/- mouse model does not exhibit tau pathology, even at 21 months of age 

(Wobst et al., 2017). The H1 refers to the H1 haplotype, a haplotype significantly associated with 

an increased risk of LOAD (Pastor et al., 2016). These hemizygous mice expressed significantly less 

total tau than wild type (WT) mice. The H1 transgene was generated by sub-cloning the 143kb WT 

H1 locus into a pCYPAC2 P1 bacteriophage-derived artificial chromosome (PAC) vector (Peruzzi et 

al., 2009). The human MAPT locus vector (pPAC-MAPT-H1) was used to generate transgenic mice 

through pronuclear injection (Ittner and Götz, 2007). The transgenic mice which express the 

entire human MAPT locus (Wobst et al., 2017), were backcrossed for 9 generations with the 

C57BL/6 Mapt-/- mice (Dawson et al., 2001). This mouse therefore has a pure C57BL/6 

background and expresses the H1 haplotype on chromosome 6. The H1Mapt-/- mouse does show 

higher expression of three-repeat tau than in human brains, yet not as high as in the 8c mouse 

model. As a result there is greater exon 10 splicing within this model (Vargas-Caballero et al., 

2017). This model is useful to look at the spreading of tau; by experimentally inducing tau 

pathology in mice which otherwise would not develop pathology, it allows greater control and 

understanding of the mechanisms which may be involved. This thesis aims to address how once 

tau propagates through the brain, what factor determine the rate of spread. 

1.2.5 Seeding and spreading of tau pathology in Alzheimer’s Disease 

There is a wealth of evidence suggesting that tau propagates both in an antero- and 

retrograde manner along axons leading from the entorhinal cortex to the larger limbic circuit 

including the hippocampus (Hyman et al., 1984). From there pathology is observed in the wider 

neocortex at Braak stages V and VI (Schultz, Del Tredici and Braak, 2010). In post-mortem AD 

brains the spreading of tau pathology correlates with both neurodegeneration and cognitive loss 

(Gomez-Isla et al., 1997; Ingelsson et al., 2004). Subsequent PET imaging of tau confirmed that it 

is tau pathology which correlates to cognitive decline in AD patients (Zhou and Bai, 2017). Yet how 

does tau pathology spread through the diseased brain? There have been a multitude of studies in 

mice attempting to recapitulate the spreading of tau observed in AD. Theoretically mimicking and 

investigating the propagation mechanism leads to understanding of how tau spread may be 
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interrupted, slowed or stopped entirely. If tau spread correlates with cognitive decline, finding a 

mechanism to slow this spread in humans may slow cognitive decline observed in AD patients. 
Mechanisms of tau spreading was initially hypothesised to occur primarily through neuron-

to –neuron interaction (Figure 1-4). It has been suggested that the majority of extracellular tau is 

membrane-free (Yamada, 2017); it has been shown that tau is released through its association 

with extracellular vesicles (Lee et al., 2012), regulated by excitation of primary cortical neurons in 

vitro (Pooler et al., 2013). In order to be taken up by the ‘recipient’ neuron, tau uptake is also 

mediated by receptors in vitro such as APP and heparan sulfate proteoglycans (HSPGs) using 

macropinocytosis (Holmes et al., 2013). Exosomes facilitate both the release and uptake of tau by 

recipient neurons; tau has been shown to associate with exosomes both in the blood of AD 

patients and the CSF of patients with mild AD (Saman et al., 2012; Fiandaca et al., 2015). Isolating 

exosomes from the rTg4510 mouse model of tauopathy (Table 1-1) were shown to both contain 

tau and possess the capacity to spread tau in vitro (Polanco et al., 2016). Therefore, there are a 

multitude of mechanisms, primarily studied in vitro, which facilitate the spreading of tau between 

neuronal pathways. 

Using AD post-mortem tissue, several mechanisms of tau spread were initially proposed by 

Heiko Braak; it was hypothesised that tau may spread across the brain regardless of region, or 

that pathology spreads dependent on synaptic networks (Schultz, Del Tredici and Braak, 2010). To 

study this mechanism in vivo, murine ‘spreading models’ were established. The premise of the 

spreading model is that by injecting pathological forms of tau into the brain parenchyma of a 

mouse it is possible to observe how the tau protein spreads and to which region it propagates. 

Initial studies utilised mouse models of tauopathy, such as the P301S mouse model which quickly 

develops significant tau pathology over a period of months. P301S brain lysate from late-stage 

mice was injected unilaterally into the hippocampus of young P301S mice prior to pathology 

development; this was also carried out in the P301L mouse model. Both models showed 

spreading of pathological tau into the contralateral hemisphere and clear spread to regions 

connected by synaptic pathways rather than proximity (Ahmed et al., 2014; Peeraer et al., 2015). 

In the P301S mouse, pathological tau was shown to spread to the contralateral hemisphere as 

early as 1 month post-injection (Ahmed et al., 2014). It must be considered that the P301S mouse 

does not develop pathology in the hippocampus at this time point without the injection. This 

demonstrated the clear capacity of tau pathology to spread through the limbic circuit in an 

antero- and retrograde path (Ahmed et al., 2014). Key areas highlighted were the fornix (a white 

matter tract), the mammillary nuclei and the retrosplenial cortex, all regions of the wider limbic 

circuit (Figure 1-2). 
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Figure 1-4: The mechanism by which tau propagates through neurons 

Tau seeds are proposed to be released through the formation of exosomes, synaptic vesicles, 

tunnelling nanotubes and the binding of free tau to HSPG receptors. Uptake mechanisms of tau 

include macropinocytosis and endocytosis, by which toxic soluble oligomers are taken up by 

actin cytoskeleton rearrangement and invagination of the membrane respectively. This leads to 

the formation of an endosome and release of the oligomers. Furthermore, the exosome is 

thought to fuse with the recipient neuron. Microglia are then able to uptake tau seed through 

fractalkine receptor binding. Diagram based on Šimić et al. 2016, Gibbons et al. 2019 and 

Perea et al. 2020 
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Pathological tau propagates along synaptic pathways yet is also proposed to recruit native 

unfolded tau to a pathological form. This is termed seeding and is a crucial hypothesis of 

neurodegenerative disease progression (Walker et al., 2013). The tau hypothesis states that it is 

the accumulative seeding of physiological tau by its pathological counterpart and subsequent 

aggregation that is the principal cause of AD (Iqbal et al., 2010). First described in 1982, prion 

aggregation was proposed to be the pathogenic cause behind the central nervous system (CNS) 

disease scrapie found in sheep (Prusiner, 1982). Pathological prion protein (PrPSc) recruits native 

prion protein (PrPC) to undergo conformational changes, including a significant shift towards β-

sheet structure (Pan et al., 1993). Furthermore, prion diseases require existing prion protein for 

the pathological form to ‘seed’ and recruit, thereby accumulating and spreading the pathology. 

Due to the mechanism by which tau has been observed to spread through the brain and recruit 

native protein, pathological tau is often referred to as ‘prion-like’ in nature.  

It is not currently defined at which stage in aggregation tau is at its highest seeding 

capacity. It is hypothesised that tau oligomers are neurotoxic, however its seeding capacity is 

debated (Gerson et al., 2016; Shafiei, Guerrero-Muñoz and Castillo-Carranza, 2017). One study 

examined at which stage of tau pathology the greatest seeding was occurring. A common method 

of extracting tau at various stages of aggregation (and therefore molecular weight) is to separate 

them along sucrose gradient fractions. Jackson et al. (2016) determined that within the tau mouse 

model P301S, Sarkosyl-soluble oligomeric tau was detected within the 10-20% fraction, whilst 

HMW Sarkosyl-insoluble tau was detected in the 40% fraction (Jackson et al., 2016). Jackson et al. 

(2016) unilaterally injected 10% and 40% fractions of lysate from P301S brains at late-stage 

pathology into the parenchyma of young P301S mice. Ten weeks later the 40% fraction of tau had 

spread to the contralateral hemisphere; by contrast, the group injected with the 10% tau fraction 

observed no pathology (Jackson et al., 2016). This suggests that it is the fibrillar 

hyperphosphorylated structures of tau which have the highest seeding capacity; specifically, this 

pathological form of tau was highly AT8-positive. 

Investigation into the concept of seeding inevitably highlighted a need for development of 

the spreading models. The P301S study aforementioned (Ahmed et al., 2014) showed clear 

spreading of tau through synaptic pathways. However, spreading models in mice such as the 

P301S or Tg4510 mouse have several limitations. For example, these mouse models of tauopathy 

express a single isoform of human tau which also contains a mutation for FTDP-17. Seeding, as 

observed in prion studies, requires native protein. Whilst ideal for understanding the initial 

mechanism of tau spreading, it must be considered that this spreading model may not explain the 

spreading of tau observed in AD. Therefore, studies examining tau spreading have shifted towards 

a ‘humanised’ version of tauopathy. Post-mortem tissue is homogenised and enriched for 
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insoluble fractions of tau. This aggregated pathological form of tau is then injected into the brain 

parenchyma of WT or hTau mice. One recent study carried out this spreading model and reported 

tau pathology similar to Ahmed et al. (2014) in synaptically connected regions such as the 

hippocampus, mammillary nuclei and the entorhinal cortex (Henderson et al., 2020). These 

studies highlights the importance of the limbic circuit as a pathway for the spreading of tau. The 

areas synaptically connected where pathology was observed is demonstrated in Figure 1-5. The 

importance of the white matter fimbria fornix in spreading pathology to these ventral brain 

regions is clear to observe. 

Previous studies in mice have shown that intracerebral (i.c.) injection of pathological tau 

from AD, CBD and PSP post-mortem tissue does not result in identical pathology. Distinct 

pathology from each tauopathy was recapitulated in WT mice (Narasimhan et al., 2017) and prior 

to this, in mice which express WT human tau (line ALZ17) (Clavaguera et al., 2013). When human 

brain lysate enriched for insoluble tau from each disease is injected into WT mice, there are 

differences both in how aggressively the pathology spreads and also whether the pathology is 

found exclusively in neurons (AD) or in glial cells such as oligodendrocytes (CBD) (Narasimhan et 

al., 2017). This suggests that the differences in pathology observed in human tauopathies can be 

mimicked in mouse models. This has since been confirmed by the same group that conformation 

of the tau protein imparts differences in seeding through the mouse brain (He et al., 2020). In WT 

mice (4R tau) and a mouse which only expressed 3R tau (T44mTauKO), lysate enriched for AD tau 

demonstrated pathology spread in both brains, by contrast lysate enriched for PSP-tau showed 

pathology spread only in the WT mice. This demonstrates clearly how the interaction between 

native protein expressed in the mouse brain and the conformation of tau within the AD-lysate will 

determine the seeding capacity and subsequent pathology burden observed. Therefore, to study 

the mechanism behind propagation of AD-tau, it is imperative to utilise tau derived from AD post-

mortem tissue. 
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1.2.6 The role of microglia in the uptake and release of tau 

In more recent years, it has been proposed that microglia may alter tau spreading. 

Microglia (described further in sections 1.2.3 and 1.3.1), reside within the brain parenchyma and 

are the primary immune cell within the brain. Microglia in the healthy brain play a role in synaptic 

pruning and maintain contact with synapses. There is evidence in mouse models that microglia 

engulf synapses in AD (Xie et al., 2017). Intracerebral injection of tau tagged with Cy5 in C57BL/6 

mice demonstrated that microglia are capable of tau uptake in vivo (Bolós et al., 2015); this same 

study demonstrated an overlap of NFTs and pan-microglial marker Iba1 in AD post-mortem tissue. 

A separate study examined tau propagation in vivo in microglia of the P301S tau mouse model 

(Asai et al., 2015). Synthesis inhibition of microglial exosomes was carried out using GW4869, a 

neutral sphingomyelinase inhibitor which prevents release of mature exosomes from 

multivesicular bodies. Notably this inhibitor is not specific to microglial exosomes. Daily 

intraperitoneal (i.p.) injection of GW4869 over 4 weeks reduced tau spread to the dentate gyrus 

Figure 1-5: Tau propagates through synaptically connected regions of the brain 

Regions which showed immunoreactivity against antibodies for hyperphosphorylated tau in 

Ahmed et al. (2014). The retrosplenial cortex (RSC), subiculum (SBC), hippocampus (HPC), 

anterior thalamus (AT) and mammillary nuclei (MN) all show clear propagation of tau pathology 

in the P301S mouse model at 2.5 months post-injection. The corpus callosum (CC) and fornix (F) 

are two of the main white matter tracts in the brain, the connection of these regions along these 

white matter tracts is clear to observe in the sagittal cross-section. Grey matter regions of interest 

shown in orange, white matter tracts shown in green. Figure adapted from Ahmed et al. (2014). 
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from the entorhinal cortex (Asai et al., 2015). Based on established Braak stages, tau pathology 

propagates from the entorhinal cortex to the dentate gyrus in AD patients, highlighting the 

importance of this synaptic pathway (Schultz, Del Tredici and Braak, 2010). This suggests that 

disruption of microglial exosome function alters the spreading of tau. 

It is proposed that tau uptake by microglia is in part facilitated through the fractalkine 

receptor (CX3CR1) (Figure 1-4). A transmembrane glycoprotein expressed on myeloid cells, 

CX3CR1 has been purported to be involved in recruitment of circulating monocytes in the 

periphery (Geissmann, Jung and Littman, 2003). CX3CR1 expressed on microglia interacts with the 

neuronal ligand CX3CL1, demonstrated to maintain the homeostatic role of microglia and supress 

release of pro-inflammatory cytokines. In vitro data shows that Cx3cr1−/− primary microglia have 

decreased uptake of 2N4R tau compared to WT primary microglia (Bolós et al., 2017). Maphis et 

al. (2015) utilised mice expressing human tau and a knockout of fractalkine receptor 

(hTauCx3cr1−/− mice) to compare development of pathology in hTau mice over time; 

hTauCx3cr1−/− mice exhibited an increase in AT8-positive tau in the hippocampus up to two years 

of age (Maphis et al. 2015). It must be considered in these studies that CX3CR1 is a marker for all 

myeloid cells not simply microglia. However, in vitro studies suggest the fractalkine receptor 

allows uptake of tau by microglia through competitive binding which may facilitate spread 

(Chidambaram, Das and Chinnathambi, 2020). Whilst the mechanism behind this requires greater 

elucidation, it suggests that microglia and the central immune system may play a crucial role in 

the spreading of tau. it is possible that the mislocalisation of tau to the synapse due to post-

translational modifications leads to greater uptake of tau and so wider spread of pathology. How 

the release and uptake of the tau ‘seed’ between neurons occurs is still unclear and the role of 

alternative cells in the brain such as immune cells such as microglia must not be ignored (Figure 

1-4) (Šimić et al., 2016). 

If it is proposed that the rate of tau spread may be altered, by what mechanism is this 

occurring? The spreading of tau in the brain has been linked to immune cells such as microglia 

(Bolós et al., 2017) yet how does the immune system within the brain link to this pathology? The 

rTg4510 mouse model shows significant upregulation of the complement system in aging, which is 

involved in phagocytosis and prompting inflammation (Wes et al., 2014). The complement 

pathway forms one of the initial and most important responses to removal of pathogens through 

lysis of bacteria and recruitment of immune cells (Davies and Spires-Jones, 2018). Upregulation of 

the complement system has been found in human AD post-mortem brains (Yasojima et al., 1999); 

peripheral readouts in AD patients show increased pro-inflammatory cytokines such as 

interleukin-6 (IL-6), interferon gamma (IFNγ) and IL-1β (Lai et al., 2017). Furthermore, IL-6 

expression showed an inverse correlation with cognition scores. The role of microglia in the 
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spread of tau suggests that inflammation and the spread of pathology may overlap. This suggests 

that in addition to tau pathogenesis, the immune system is disrupted within AD.  

1.3 Homeostasis and dysregulation of neuroinflammation 

One of the major shifts in the brain during aging and neurodegenerative disease is found in 

the regulation of the immune system. It has been hypothesised that during aging there is an 

imbalance between the regulations of pro- and anti-inflammatory cascades, crucial for 

neurological function. It is postulated that a decrease in adaptive immunity induces compensation 

in the innate immune system, hence elderly people lack the ability to quickly resolve viral or 

bacterial infections (Weng, 2006). It appears that inflammation, which in development and 

adulthood is regulated to our benefit for the removal of pathogens, becomes dysregulated in 

aging and may contribute to the development of neurodegeneration.  

Aging increases susceptibility to systemic inflammation, a whole-body inflammatory 

response, commonly due to an infection. Many studies have examined the role of chronic 

systemic inflammatory diseases in the development of neurodegenerative diseases, and 

specifically in AD. Diseases such as type 2 diabetes mellitus (DM) are hypothesised to be a risk 

factor for AD development (Huang et al., 2014); it is proposed that the heightened presence of 

oxidative stress within the brain due to chronic inflammation leads to increased occurrence of AD 

diagnosis (Butterfield, Di Domenico and Barone, 2015). However, studies comparing different 

patient cohorts often reach variable conclusions; studies examining correlation between 

rheumatoid arthritis (RA) and AD often present opposing hypotheses (Chou et al. 2016; Kao et al. 

2016). This is most likely because some RA patients take anti-inflammatory drugs at different ages 

and for different lengths of time during their life. Variation between populations offers conflicting 

evidence, even without considering the variation in their AD presentation. 

The initial notion was that the CNS possessed complete immune privilege, separated 

entirely from the peripheral inflammatory response by the blood brain barrier (BBB). This 

hypothesis has been rejected now for several years, although there is tight regulation by the BBB 

to maintain the homeostasis within the CNS (Carson et al., 2006). However, peripheral 

inflammation caused by systemic infection can lead to changes in BBB integrity, potentially 

inducing an inflammatory response within the parenchyma (Varatharaj and Galea, 2017). Studies 

in AD patients highlight the link between inflammation in the brain and progression of AD 

(Holmes et al., 2009; Newcombe et al., 2018). This thesis attempts to answer whether these 

changes in the periphery and subsequently the brain, lead to greater tau pathology. 
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1.3.1 Interaction of the peripheral and central immune system 

The parenchyma is protected from infection and injury by both the meninges and the BBB. 

The meninges consist of the superficial dura mater, and the arachnoid and pia mater which 

together form the leptomeninges. The subarachnoid space sits between the arachnoid and pia 

mater and has increasingly been highlighted as a key area for immune cell regulation (Weller et 

al., 2018). This space is important for maintaining homeostasis as the arteries which vascularise 

the brain are a potential entry point to the CSF for immune cells. Leptomeningeal cells and 

vascular endothelial cells act as a barrier for the artery at the entry point to the parenchyma, 

whilst the glia limitans made of astrocytic end feet acts as a barrier between the meningeal 

environment and the parenchyma (Engelhardt et al., 2016). The meninges are crucial both in 

protecting the parenchyma from injury and infection. Without these barriers even small infections 

could be damaging to the CNS due to the restricted window within which neuroinflammation is 

regulated.  

The central immune system is highly regulated by the BBB, which separates the 

parenchyma from the peripheral blood by regulating infiltration of molecules through tightly 

packed endothelial cells. The BBB is a mesh of vascular endothelial cells and basement membrane 

surrounded by astrocytes, pericytes and perivascular macrophages, these cells make up the 

‘neurovascular unit’ (Sharif et al., 2018). There are multiple ways with which to cross the BBB, 

water-soluble molecules diffuse through tight junctions between endothelial cells. Molecules with 

high lipid solubility pass through endothelial cells by passive diffusion, and there are also 

transport proteins for molecules such as glucose which require greater regulation. There is also 

absorptive- and receptor-mediated transcytosis of crucial molecules for brain function such as 

plasma protein albumin and insulin respectively (Fu and Wright, 2018). Water moves freely 

through the BBB, yet countless regulatory systems control the movement of proteins and 

peptides to maintain homeostasis both for baseline immune cell function, but also for neuronal 

and vascular function (Serlin et al., 2015). Alterations to the blood brain barrier can be as minimal 

as increased signalling of cytokines; or as severe as impairment to the endothelial cells and tight 

junctions which make up the BBB itself (Varatharaj and Galea, 2017). There is evidence that 

disruption of the hippocampal BBB, denoted by build-up of proteins such as fibrin, occurs in aging 

and deteriorated further in individuals with mild cognitive impairment (Montagne et al., 2015).  

In a cohort of 4,629 AD patients, 80% presented with vascular pathology (Toledo et al., 

2013). One form of vascular pathology is cerebral amyloid angiopathy (CAA), whereby amyloid is 

deposited in blood vessels of the brain leading to breakdown of both the vasculature and the BBB 

(Toledo et al., 2013). Whilst CAA involves the deposition of amyloid within the vasculature, 
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changes in the leptomeninges of AD post-mortem tissue with markers such as collagen are 

reported with increased Braak staging (Merlini, Wanner and Nitsch, 2016). Furthermore, in AD 

post-mortem tissue insoluble phosphorylated tau was inversely correlated with tight junction 

proteins occludin and claudin-5 expression (Liu et al., 2020). 

There is evidence in post-mortem AD brains and in the CSF of preclinical AD that blood-

derived proteins such as fibrinogen and albumin are increasingly present, suggestive of 

progressive BBB breakdown (Cullen, Kócsi and Stone, 2005; Montagne et al., 2015; Sweeney, 

Sagare and Zlokovic, 2015). Vascular damage has also been observed in mouse models of AD 

along with blood-derived fibrin deposits (Paul, Strickland and Melchor, 2007). The deposition of 

plasma proteins such as fibrinogen and albumin within the parenchyma is indicative of infection 

or injury; microglial cells within the brain become activated in response, potentially leading to 

greater neuronal damage (Ralay Ranaivo and Wainwright, 2010; Davalos et al., 2012). AD causes 

the build-up of aggregated protein which in itself is neurotoxic (Wegmann et al., 2015). Therefore, 

the combination of pathology and breakdown of the BBB may serve to create a more pro-

inflammatory and neurotoxic environment within the brain (Sweeney, Sagare and Zlokovic, 2018). 

This may highlight why an episode of systemic infection in AD patients correlates with an 

exaggerated pro-inflammatory cytokine response and increased cognitive decline (Holmes et al., 

2009) (discussed further in 1.2.3 and 1.3). 

1.3.2 The immune response to infection  

Humans possess both an innate and adaptive immune response. The innate immune 

response is highly conserved across species; encoded within an individual’s germline it allows for 

detection of molecules identified as ‘non-self’ (Sankowski, Mader and Valdés-Ferrer, 2015). By 

contrast, the adaptive immune system is found in vertebrates alone, this response is experience-

dependent and cooperates with the innate immune system to identify initial pathogens (Cooper 

and Alder, 2006).  

Following infection or inflammation, pathogen-associated molecular patterns (PAMPs) are 

recognised by the innate immune system. PAMPs are motifs such as lipopolysaccharide (LPS), the 

endotoxin on gram-negative bacterial cell membranes. These PAMPs are identified by toll-like 

receptors (TLRs) or pattern recognition receptors (PRRs) of neutrophils, macrophages and 

dendritic cells (DCs) (Lehnardt et al., 2003). This detection of pathogenic motifs initiates a 

signalling cascade and an inflammatory response (Kumar, Kawai and Akira, 2011) through the 

subsequent release of pro-inflammatory cytokines such as Tumour Necrosis Factor alpha (TNF-α), 

IL-1β and IL-6 by macrophages and neutrophils.  
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This initiates a cascade which can induce a great many changes, such as neuronal damage. 

For example, primary neurons exposed in vitro to IL-1β and TNF-α showed upregulation of 

glutaminase isoform kidney type glutaminase. Glutaminase converts glutamine to glutamate, 

disproportionate glutamate production leads to neurotoxicity and neuronal death (Ye et al., 

2013). This has previously been reported in AD through excessive glutamatergic N-methyl-d-

aspartate receptor (NMDAR) activity (Wang and Reddy, 2017). Furthermore, cortical endothelial 

cells in microvessels of post-mortem AD brain have significantly upregulated expression of IL-1β, 

TNF-α and IL-6 (Grammas and Ovase, 2001). This suggests that in the AD brain there is a 

significant increase in pro-inflammatory cytokines, which appear to mediate neurotoxicity. There 

is also potential for development of sickness behaviour such as lethargy and anhedonia in 

response to cytokine production (Perry, 2004); a cohort of 300 patients with AD showed 

correlation with sickness behaviour and elevated TNF-α and IL-6 in the serum (Holmes et al., 

2011).  

The immune response to infection or injury is primarily carried out by macrophages, DCs 

and lymphocytes, although all cells expressing TLRs can be involved. Macrophages and DCs are 

both derived from hematopoietic stem cells and are from the myeloid lineage from common 

precursors in the yolk sac, foetal liver and bone marrow, dependent on the different adult 

populations (Fogg et al., 2006; Epelman, Lavine and Randolph, 2014). Macrophages are resident 

within the tissue and display both pro- and anti- inflammatory roles through phagocytosis and 

production of cytokines (Lavin et al., 2015). These populations were shown to be maintained by 

monocytes derived from adult bone marrow progenitor cells. In the periphery, monocytes 

circulate within the blood stream with the capability of differentiation to DCs or tissue-resident 

macrophages, although the exact role of these cells and their peripheral population dynamics are 

still debated (Lavin et al., 2015). 

The innate immune response propagated by macrophage and DCs results in the activation 

of the adaptive immune response primarily in the form of B-cell and T-cell activation. DCs are the 

primary initiator of the adaptive immune response through antigen presenting (Steinman, 1983). 

DCs are professional antigen presenting cells (APCs); following an infection these cells will 

internalise antigens and present the associated peptides to T cells through upregulation of major 

histocompatibility complexes (MHC) (den Haan, Arens and van Zelm, 2014). The T-cell and B-cell 

lymphocytes are the crux of the adaptive immune response, derived from the thymus and bone 

marrow respectively. CD4+ and CD8+ cells both express T cell receptors, although they only 

recognise MHC class II and I respectively (Bonilla and Oettgen, 2010). MHCI class I (MHCI) is 

generally found endogenously due to either viral infection or bacteria which replicate within the 

cell. By contrast, MHC class II (MHCII) is commonly expressed on antigen presenting cells. MHCII 
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upregulation induces T-cell expansion and the release of cytokines. CD8+ cytotoxic T-cells become 

activated and phagocytic in nature to remove the pathogen by cell-mediated immunity. By 

contrast, CD4+ helper T-cells will promote B-cells, neutrophils and cytotoxic T-cells to the site of 

infection (Dempsey, Vaidya and Cheng, 2003). From this B-cells are able to produce antibodies 

from plasma cells in order to combat the pathogen through humoral immunity; phagocytosis and 

lysis of the pathogen can also occur by cytotoxic T-cells. There are then memory B-cells, helper T-

cells and cytotoxic T-cells which remain. It is evidenced that memory CD8+ and CD4+ T-cells are 

stored in the bone marrow in survival niches (Becker et al., 2005; Tokoyoda et al., 2009; Chu and 

Berek, 2013).  

This research refers to the periphery. By contrast the brain is far less understood, with 

different populations and stem cell niches. The peripheral immune system should be separate 

from the central immune system, yet there is evidence that by dysregulation through aging and 

neurodegenerative disease, these barriers are disrupted. Therefore, the peripheral infection can 

induce a response within the brain due to changes in the BBB, ranging from minimally to highly 

disruptive. 

1.3.3 Resident immune cells of the central nervous system 

In the brain there are populations of immune cells distinct from the periphery. The 

prominent immune cell in the parenchyma is the microglial cell, derived from erythro-myeloid 

progenitors in the yolk sac (Hashimoto et al., 2013; Mass et al., 2016). However, due to the 

isolated location of microglial cells within the brain they are ontogenically different to peripheral 

mononuclear phagocytes. Contribution from circulating monocytes is only found at postnatal day 

3 with no further renewal by peripheral progenitors from the bone marrow observed, and 

microglia self-renew through proliferation (Ginhoux et al., 2010; Askew and Gomez-Nicola, 2018). 

There are also border associated macrophages and DCs within the meninges and choroid plexus; 

they are now thought to be distinct populations yet do show similarity to the macrophages 

residing in the parenchyma (Goldmann et al., 2016). Leukocytes such as monocytes, B-cells, T-cells 

and eosinophils are reported in the CNS of a healthy 2-month old C57BL/6 mouse (Mrdjen et al., 

2018). The majority of these were found to be resident within the tissue as opposed to within the 

vasculature. The technical difficulties behind studying resident and infiltrating immune cell 

populations within the brain should be highlighted; these populations shift both in the healthy 

brain and in the presence of infection or disease, as a result there still remains uncertainty in this 

field.  
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Microglia are the most prominent immune cell in the CNS, although only between 5 and 

12% of the glial population are microglia (Lawson et al., 1990). In the healthy brain, each microglia 

surveys its own ‘microenvironment’ with long processes to detect potential pathogens. Microglia 

are proposed to be crucial for the control of neurogenesis during development, synaptic pruning 

and removal of cell debris (Paolicelli et al., 2011; Tremblay et al., 2011; Cunningham, Martinez-

Cerdeno and Noctor, 2013). However, there is a homeostatic regulation of microglia whereby in 

the steady-state, microglia exhibit different functions and a different phenotype than under the 

influence of infection or injury. Following neuronal cell death, there is release of nitric oxide (NO) 

and adenosine triphosphate (ATP). This evokes an initial response by microglia referred to as 

‘directed motility’ (Madry and Attwell, 2015), whereby microglia become polarised and extend 

their processes towards the source of ATP through the use of purinergic receptors such as P2Y12 

(Haynes et al., 2006). This denotes the progression of microglia from a ramified phenotype to an 

activated phenotype, the microglial processes shorten and microglia both proliferate and migrate 

towards the site of infection and/or injury. The resting and activated microglia were previously 

viewed to be separate M1 and M2 phenotypes (Cherry et al., 2014), however this is now 

considered to be a spectrum with most microglia exhibiting a mixed profile (Morganti, Riparip and 

Rosi, 2016). 

The primary function of microglia following an insult is to initiate the innate immune 

response. Similar to peripheral macrophages, microglia release pro-inflammatory cytokines such 

as IL-1β (Hartlage-Rübsamen, Lemke and Schliebs, 1999), TNF-α (Guadagno et al., 2013), IL-6 

(Burton, Sparkman and Johnson, 2011) and monocyte chemoattractant protein-1 (MCP-1) 

(Babcock et al., 2003) as chemoattractants to the source of injury or infection. CD11c+ microglia 

(transmembrane protein expressed on monocytes and macrophages) also have the capacity to 

recruit CD4+ T-cells (Wlodarczyk et al., 2014). Following infection microglia upregulate expression 

of CD11b, an integrin which is a subunit of complement receptor 3 involved in phagocytosis 

(Jurga, Paleczna and Kuter, 2020). Expression of high-affinity IgG-binding Fc receptors, such as 

FcγRI (also referred to as cluster of differentiation 64 (CD64)) are upregulated on microglia 

following infection or injury, this receptor plays a role in phagocytosis, antigen presentation and 

the release of cytokines (Nimmerjahn and Ravetch, 2007). Microglia begin to express activation 

markers such as MHCII (Mrdjen et al., 2018). Upregulated expression of MHCII following in vivo 

infection is mediated by the release of pro-inflammatory cytokine interferon gamma (IFNγ) (Zhou 

et al., 2007), allowing microglia to act as APCs. This cascade results in a population of activated 

microglia and the release of pro-inflammatory cytokines aforementioned. As a result, the BBB 

becomes increasingly permeable to infiltration from the periphery. Therefore, the microglial cells 
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play a crucial role both in the maintenance of the steady-state and following infection. However, 

the homeostatic regulation of microglia may become altered in AD. 

Microglia release both pro-inflammatory and anti-inflammatory cytokines, hence the 

multitude of roles they have been assigned within the brain. Infection or injury within the CNS 

requires pro-inflammatory cascades to be activated; it is crucial that these pathways are 

dampened following resolution to prevent excessive damage. One of the major differences 

between pro- and anti-inflammatory actions by microglia is their cytokine secretion; microglial G-

protein coupled chemokine receptors have two major groups, CC and CXC receptors, to which CC 

chemokines and CXC chemokines bind respectively (Biber, Vinet and Boddeke, 2008). Through 

downstream mitogen-activated protein kinase (MAPK) pathways such as the extracellular signal-

regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) pathway, chemokines are able to 

activate many microglial functions including chemotaxis (Fan, Xie and Chung, 2017).  

In aging, changes in microglial populations have been observed both in humans and 

animals, with significant increase in the microglial population of rhesus monkeys aged 25-35 

compared to monkeys aged 5 years (Peters, Josephson and Vincent, 1991). Regarding their 

function, the microglial cells in aging human populations are hypothesised to become increasingly 

senescent with loss or fragmentation of processes (Streit et al., 2004; Davies et al., 2017). It has 

been suggested using RNA-seq that in aging, there is an upregulation of interferon signalling and 

antigen processing in microglia, leading to an increasingly pro-inflammatory state and association 

with pathology (Olah et al., 2018).  

It has been proposed that microglia become ‘primed’ in AD, due to the presence of 

misfolded protein and changes in neuronal function. This suggests that microglia have a lowered 

threshold for secondary activation, meaning that an additional stimulus such as infection results 

in an aggravated response (Figure 1-6) (Perry and Holmes, 2014). Mrdjen et al. (2018) showed a 

shift in microglial signature in both the APP/PS1 mouse model (Table 1-1) and aged mice of 

increased markers of activation CD11c and CD14 (Mrdjen et al., 2018). Notably, homeostatic 

markers such as fractalkine receptor CX3CR1 were decreased and markers of activation MHCII 

increased (Mrdjen et al., 2018). When considering the reported loss in BBB integrity in AD post-

mortem tissue by plasma proteins such as fibrin in the parenchyma (Halliday et al., 2016), this 

suggests why there is such a significant shift in microglial profiles.  

More recently, disease-associated microglia (DAM) have been reported in models of 

neurodegeneration; these microglia show significant decrease in expression of ‘homeostatic’ 

markers and increase in phagocytic markers. DAM were first categorised in 5xFAD mice by 

increased expression of Itgax, Clec7a and Trem2 and a decrease in homeostatic Cx3cr1 and 



Chapter 1 

59 

P2ry12 (Keren-Shaul et al., 2017). These DAM have since been shown in APP/PS1 mice to co-

localise with amyloid plaques (Mrdjen et al., 2018) and express markers of senescence such as 

beta-galactosidase (Hu et al., 2021). This implies that immune cells within the brain respond to 

the aggregation of misfolded protein and permanent changes to microglia likely occur over time 

in AD. However, in human tissue, one study reported increase in markers such as APOE, Trem2 

and MHCII genes (Mathys et al., 2019), yet an alternative paper reported microglia populations 

distinct from the DAM profile observed in mouse models (Srinivasan et al., 2020). This again 

highlights the distinction between AD and the mouse models replicating pathology through gene 

mutations.  

This research suggests that both in aging and in AD, the microglia shift towards this pro-

inflammatory profile and homeostatic regulation is altered (Koellhoffer, McCullough and Ritzel, 

2017; S. Rangaraju et al., 2018). Increasingly senescent and dystrophic microglia may lead to 

disruption in both homeostatic and phagocytotic function (Figure 1-6). In the aging population, 

hospitalised AD patients often present with co-morbidities such as pneumonia and are more 

susceptible to infections than elderly patients without AD (Heun et al., 2013). Systemic infections 

are known to alter microglia within the brain; post-mortem tissue in patients who had sepsis 

showed significant upregulation of microglial markers MHCII and CD68 (Lemstra et al., 2007). To 

what extent systemic inflammation further alters the microglial population and so promotes 

greater disruption in the AD brain is not fully defined.  
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Figure 1-6: Microglial priming in neurodegenerative disease 

Microglia in the naïve brain play a crucial role both in synaptic pruning, clearing debris and 

responding to infection or injury. However, in aging and neurodegenerative disease there is 

evidence that microglia become increasingly pro-inflammatory, creating a neurotoxic 

environment. Therefore, whilst it is clear there is a change in microglial homeostasis, the exact 

expression profile and morphology of these cells in AD is unclear. Whether referring to 

‘primed’, ‘dystrophic’ or ‘disease-associated’ microglia, further clarification is required 

regarding how microglia are altered in AD and in response to tau pathology. Diagram based on 

Perry & Holmes, 2014. 
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1.3.4 The role of microglia in tau pathology 

It has been suggested that in chronic inflammatory diseases and AD there is an exaggerated 

increase in pro-inflammatory microglia. In the presence of neurodegenerative pathology, it is 

possible that a greater number of the microglia population become increasingly disrupted and 

increasingly neurotoxic (Luo, Ding and Chen, 2010). Inflammation and the release of pro-

inflammatory cytokines by microglia are shown to precede neuropil breakdown and tau pathology 

(Eikelenboom et al., 2012). 

One review found that activation markers MHCII, CD68 and CD11c were all increased in 

histology of AD post-mortem tissue compared to control, with inconsistent findings for CD11b 

(Hopperton et al., 2018). One study compared Iba1+ microglia and AT8+ tau and observed 

dystrophic microglia co-localised with NFTs and even prior to NFT detection in the middle 

temporal gyrus (Braak stage III) (Streit et al., 2009). Notably dystrophic microglia were not 

observed around amyloid plaques. Microglia positive for MHCII are localised around NFTs in post-

mortem AD brain (Perlmutter et al., 1992), suggesting that pathology may elicit a change in 

microglia function creating a vicious cycle. It was shown in a later study that post-mortem MHCII 

protein level inversely correlates with cognition in mild and moderate AD brain (Parachikova et 

al., 2007). There is an increased number of CD4+ T cells in post-mortem AD tissue (Togo et al., 

2002), suggesting that antigen presentation may be upregulated in AD brains to the detriment of 

microglial function. 

There have been a multitude of studies examining the role of microglia in Aβ accumulation 

and clearance alike. One hypothesis frequently investigated is that of the role of Triggering 

Receptor Expressed on Myeloid Cells 2 (TREM2). TREM2 is expressed on myeloid cells and 

proposed to play a role in microglia senescence and Aβ clearance (Wang et al., 2015). In vivo 

studies show that hTau;Trem2−/− mice exhibit both increased levels of AT8 and PHF-1 

phosphorylated tau, in the hippocampus and the cortex at 3 months of age (Bemiller et al., 2017). 

There is also a significant upregulation of phospho- GSK3β expression in both regions. In human 

AD patients, TREM2 has been proposed as a potential biomarker for AD associated with APOE-ε4; 

peripheral levels of TREM2 are significant upregulated in MCI patients (Casati et al., 2018). 

Therefore, microglia respond to the initial stages of the disease, however to what extent microglia 

may alter disease progression through interaction with tau is not fully understood. 

Studies suggest that microglia are capable of internalising tau through the fractalkine 

receptor. It has previously been observed that the fractalkine receptor is neuroprotective in its 

function (Cardona et al., 2006; Lauro et al., 2015); Cx3cr1−/− mice show significantly greater 

neuronal death in the dentate gyrus following repeated i.p. injection of LPS (100μl at 0.2mg/ml) 
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(Cardona et al., 2006). LPS, an endotoxin, is utilised as a bacterial mimetic which induces an acute 

inflammatory response (discussed further in section 1.4.1). In hTauCx3cr1-/- mice, an i.p. injection 

of LPS (10mg/kg) induced significantly higher levels of AT8-positive tau in the hippocampus 

(Bhaskar et al., 2010). The microglial fractalkine receptor interacts with the CX3CL1 ligand on 

neurons, this is shown to contribute to a suppressed immune phenotype through 

Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM) signalling (Perry and Teeling, 2013). ITIM 

signalling works in opposition to Immunoreceptor Tyrosine-based Activation Motif (ITAM) 

signalling, a pathway which utilises IgG Fc receptors to induce a downstream pro-inflammatory 

response. ITIM and ITAM signalling pathways work through but are not limited to fractalkine and 

IgG Fc receptors respectively (Perry and Teeling, 2013). These two pathways maintain 

homeostasis, enabling the immune response to infection or injury without detriment to the self. 

Therefore, loss of the CX3CR1-CX3CL1 interaction leads to increased neurotoxicity and increased 

expression of active p38 MAPK in neurons in vitro , resulting in aberrant phosphorylation of tau 

(Bhaskar et al., 2010). This highlights how the loss of ITIM signalling may lead to an imbalance in 

microglia favouring activation. 

The role of microglia in the spread and phosphorylation of tau protein is not yet fully 

understood. Deletion of CX3CR1 will alter more than microglial function, given steady-state 

immune cell populations in the brain (Mrdjen et al., 2018). Furthermore, an abundance of 

research has been carried out examining the clearance of amyloid by microglia, yet the role of 

microglia on tau spread and clearance is relatively novel. Microglia uptake tau, yet in AD neuronal 

death and neurotoxicity lead to dysfunction in neuronal-microglial interactions. As a result, 

regulation of microglial function appears disrupted in AD. If microglia lose anti-inflammatory 

signalling, to what extent will this propagate phosphorylation of tau? Microglia have a 

homeostasis between neuroinflammatory and neuroprotective roles within the brain, yet it 

appears this is altered in the aging brain, and potentially in response to neurodegeneration 

(Figure 1-5). To what extent systemic inflammation may further alter the function of microglia is 

a question crucial to the understanding of tau pathology in AD.  

1.4 Systemic Inflammation and its role in AD 

Bacterial infections have long been hypothesised to correlate with AD risk. Treponema 

pallidum spirochetes which cause syphilis and general paresis are proposed to replicate the 

pathology of AD in the human brain (Miklossy, 2015). Borrelia burgdorferi spirochetes have also 

been suggested in vitro to promote tau hyperphosphorylation in rat brain organotypic cultures 

(Miklossy et al., 2006). Bacteria produce amyloid, yet there is very little subsequent evidence that 

these bacteria have an effect on tau pathology. The initial amyloid hypothesis centred around the 
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idea that the presence of amyloid promotes microglial-mediated neurotoxicity and oxidative 

stress, prompting tau aggregation within these neurons (Hardy and Selkoe, 2002). To what extent 

this could be aggravated by amyloid-producing bacteria or systemic infection is unclear. 

The role of infections in AD development has also been highly examined through the role of 

Porphyromonas gingivalis (P. gingivalis), a bacterium which induces periodontal infection 

(Singhrao et al., 2015). A small case study of 38 healthy elderly people suggested that those 

presenting with periodontal disease had increased amyloid load within the brain (Kamer et al., 

2015). Furthermore, it has also been shown in a study with a small cohort from New York that AD 

patients tested for antibodies against P. gingivalis presented with significantly higher levels than 

the healthy controls, in addition to increased TNFα expression in the plasma (Kamer et al., 2009). 

A longitudinal study over six months did suggest that periodontitis is associated with greater 

cognitive decline in AD patients (Ide et al., 2016). These are a select few of the studies examining 

the role of P. gingivalis, in vivo models consistently point to activation of complement and release 

of pro-inflammatory cytokines as the potential mechanism behind clinical findings (Costa et al., 

2021). 

How the process of aging, chronic inflammatory diseases and systemic inflammation 

incidents alter the course of neurodegeneration development is not yet fully defined. It has been 

shown that peripheral plasma levels of IL-6 and IL-1β are elevated in AD patients compared to 

healthy controls (Licastro et al., 2000). A later paper examined cytokine expression in post-

mortem tissue from AD patients with systemic infection and showed significant upregulation of IL-

6, IL-1β and TNFα compared to AD patients without systemic infection reported (Asby et al., 

2021). Furthermore, patients that underwent systemic inflammatory events over a 6-month 

period showed a trend of greater cognitive decline than AD patients without reported infection 

(Holmes et al., 2009). This highlights that cognitive decline may be accelerated in the presence of 

chronic low-grade inflammation.  

The role of neuroinflammation in AD has been closely examined concerning amyloid-beta 

pathology (Cai, Hussain and Yan, 2014). However, the role of inflammation, including systemic 

inflammation in the development and spread of tau pathology is still relatively undetermined. 

Neuronal death is evidenced to be partially regulated by microglia through production of reactive 

oxygen species (ROS) and downstream cytokine production; microglial-induced neurotoxicity 

through oxidative stress is found increasingly in neurodegenerative disease (Lull and Block, 2010; 

Haslund-Vinding et al., 2017). This suggests that the activation of microglia may trigger toxicity in 

neurons promoting tau hyperphosphorylation; and vice versa the accumulation of pathological 

tau in turn induces microglial activation. This may be accelerated by the presence of systemic 
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infection, which would only serve to further activate these ‘primed’ microglia and so increase the 

burden of tau pathology. 

Research has examined mouse models of tauopathy to see if there is a similar increase in 

inflammation observed in these mice as in human patients. rTg4510 mice exhibit significant 

changes in markers of inflammatory signalling and neurotoxicity with age; there is a significant 

upregulation in the expression levels of genes such as the recognition of bacteria by PRRs and 

complement (Wes et al., 2014). Proteins of the complement pathway have been reported 

upregulated in the AD brains (Tenner, 2020). This suggests that the mouse models of tauopathy 

mimic to some extent this facet of the neurodegenerative disease observed in human patients.  

Systemic inflammation may alter phosphorylation of tau through microglial activation and 

kinase upregulation. However, which are the crucial pathways that regulate this? One area of 

increasing interest is the nucleotide-binding oligomerization domain (NOD)-like receptor protein 3 

(NLRP3) inflammasome. Inflammasome complexes are a crucial part of the innate immune 

response, regulating expression of active IL-1β and IL-18 (Liu and Chan, 2014). The inflammasome 

consists of three key parts: the NLR that acts as a PRR, the adaptor protein and finally the enzyme 

that cleaves the precursor of cytokines IL-1β and IL-18. Activation of the inflammasome is 

primarily triggered by activation of the TLR4 pathway by the bacterial endotoxin LPS. This induces 

downstream activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 

which in turn promotes Nlrp3, pro-IL-1β and pro-IL-18 production (Guo, Callaway and Ting, 2015). 

NLRP3 forms a complex with adaptor ASC (apoptosis-associated speck-like protein containing a 

caspase recruitment domain) and pro-caspase-1. Pro-caspase-1 then undergoes oligomerization 

to its activated form and cleaves pro-IL-1β and pro-IL-18 to active cytokines (Denes, Lopez-

Castejon and Brough, 2012).  

AD post-mortem tissue showed significantly higher protein expression of the active 

caspase-1 compared to healthy age-matched controls (Heneka et al., 2013). It has previously been 

shown that IL-18 protein expression is significantly upregulated in CSF of MCI patients (Ojala et 

al., 2009). No difference in IL-1β was found in this study, however significant increase in IL-1 

expression in temporal lobe AD post-mortem tissue was described in an alternate cohort (Griffin 

et al., 1989). The interaction of tau and the inflammasome in the context of AD has only recently 

been studied. Kitazawa et al. (2011) used 9 month-old 3xTg-AD mouse (which express APP, PS1 

and P301L mutations, Table 1-1) and gave an i.p. injection of IL-1 receptor antibody every week 

for 6 months (Kitazawa et al., 2011). These mice showed improved spatial memory function in the 

MWM, and decreased AT8, PHF-1 and AT100 expression whilst total tau expression remained 

constant. However, this may only isolate the role of alternate IL-1 signalling. Tau22 mice crossed 
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with Asc and Nlrp3 knockout mice showed a reduction in AT8-positive hippocampal pathology and 

improved spatial memory in the MWM (Ising et al., 2019). Therefore, there does appear to be a 

link between activation of these pathways and the modulation of tau phosphorylation; activation 

of the inflammasome may prompt greater tau aggregation and pathology though activation of the 

IL-1β and IL-18 inflammatory pathways. 

Therefore, it is understood that in aging there is a shift towards pro-inflammatory markers 

in immune cells, and peripheral cytokine production is further heightened if these elderly patients 

also suffer from AD. It appears there is a loss of homeostasis within the mediation of 

inflammatory pathways; is this due to increased cellular stress from the development of AD 

pathology? Does alteration in inflammatory pathway signalling alter tau phosphorylation and its 

spread? Aging and neurodegeneration promote increased inflammation, therefore systemic 

infection may further aggravate pathology through primed microglia and an already disrupted 

BBB. 

1.4.1 Models of systemic infection 

A multitude of studies have examined the effect of bacterial infections on AD risk and 

cognitive decline. These include systemic inflammatory episodes (Holmes et al., 2009) or gum 

disease caused by the presence of bacteria P. gingivalis (Ide et al., 2016). It is consistently 

observed that low-grade systemic infections are correlated with cognitive decline in AD patients. 

However, inducing systemic infections that mimic the human response in mice has many 

obstacles both biologically and technically. Therefore, the majority of in vivo studies use mimics of 

bacterial (LPS) or viral (Poly(I:C)) infections to induce reproducible inflammation, which may elicit 

a different immune response than an actual infection. 

In terms of modelling systemic inflammation, lipopolysaccharide (LPS) has been one of the 

most frequent model used. As the endotoxin on gram-negative bacteria, this infection model 

activates the innate immune system through TLR4 (Nemzek, Hugunin and Opp, 2008). Lee et al. 

(2010) also examined the pathology of tau seven days after intracerebral LPS challenge in the 

rTg4510 mouse model at 4.5 months of age (Lee et al., 2010). The rTg4510 mouse showed a 

significant increase in the staining for phosphorylated tau epitopes pSer396 and pSer199/202 in 

the hippocampus and wider limbic circuit including entorhinal cortex. Intraperitoneal injections of 

LPS in the 3xTgAD mouse have been reported to show a significant increase in AT8-positive tau 

phosphorylation, however this required repeated injections at 0.5mg/kg twice a week for 6 weeks 

(Kitazawa, 2005); they suggest that cdk5 activation mediated tau phosphorylation in response to 
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LPS. LPS repeatedly administered to 3xTg-AD mice (Table 1-1), caused an increase in 

phosphorylated tau including AT8, purportedly through increased GSK3β activity (Sy et al., 2011).  

If kinase activation is modulated by neuroinflammation this may provide a link between 

systemic inflammation and aberrant tau phosphorylation. LPS was administered by i.p. injection 

twice a week for 6 weeks to 4-month old 3xTgAD mice (Kitazawa, 2005). This induced increased 

AT8-positive tau phosphorylation in the hippocampus. This was inhibited by roscovitine, a 

selective cdk5 inhibitor. A previously discussed in vitro study examining fractalkine receptor 

function, showed increased phosphorylation at epitopes AT8 and AT180 in the hippocampus 

following LPS injection in hTauCx3cr1-/- mice (Bhaskar et al., 2010). These studies highlight how 

tau phosphorylation is induced by LPS administration, making it an obvious choice for use in such 

studies. 

However, the LPS model is not without disadvantages. For example it has been shown that 

repeated LPS injections show tolerance in pro-inflammatory cytokine expression in the serum, 

spleen and brain (Püntener et al., 2012). Furthermore, the chosen dose regimen and specific 

endotoxin utilised will vastly affect the observations in vivo (Neher and Cunningham, 2019). 

Furthermore, and essential to this experiment, the inflammatory response to LPS is only mediated 

through binding to TLR4 and its downstream pathways (Lu, Yeh and Ohashi, 2008). If the aim of 

this thesis is to establish a model of human systemic infection, establishing sustained low-grade 

inflammation in vivo is essential. 

There are a select few studies which use viral or parasitic infections such as the mouse 

hepatitis virus or Leishmania amazonensis respectively. 3xTg-AD and non-transgenic mice were 

given an intracerebral injection of 500 plaque forming units (PFUs) of the mouse hepatitis virus. 

These mice showed increased PHF-1-positive tau at 2 and 4 weeks-post injection in the 

hippocampus (Sy et al., 2011). By contrast, another study looked at the parasitic infection 

Leishmania amazonensis. The parasite was injected subcutaneously with 105 amastigotes in 

BALB/c mice at 6 weeks of age and tau phosphorylation examined four months later (Gasparotto 

et al., 2015). The mice treated with the parasite showed a significant increase in expression of 

pSer396, a site associated with PHF-1. Human immunodeficiency virus 1 (HIV-1) in rats is observed 

to induce increased hyperphosphorylation of tau again at pSer396 (Cho, Lee and Song, 2017), and 

as aforementioned there is a large amount of research looking at the role of spirochetes and P. 

gingivalis in AD risk (Miklossy, 2015; Ide et al., 2016). However, these aforementioned studies 

contribute the majority of our understanding to the role of real infection on tau pathology as 

discussed in Barron et al., (2017). Therefore, it is clear to see that there are few studies examining 

the role of real infections in mouse models of tauopathy and there is a necessity for novel study. 
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1.4.2 Salmonella enterica serovar Typhimurium as a model of infection 

S. typhimurium is a gram-negative intracellular enteric bacterium. This is a murine model of 

Salmonella enterica serotype typhi (S. Typhi), which causes typhoid fever in humans. Spread 

through food or contaminated water, as of 2010 there are estimated between 9.9 and 26.9 

million cases a year (Buckle, Walker and Black, 2012; Mogasale et al., 2014). This disease is both 

widespread and with a high morbidity, presenting with fever, malaise, gastrointestinal 

complications and even perforation of the intestinal wall (Neil et al., 2012). S. typhimurium is 

largely considered to be a representative murine model for S. typhi in humans, although reports 

suggest that the mice develop enteritis as opposed to typhoid fever due to presentation of the 

systemic disease (Santos et al., 2001). Whilst this may not be ideal for studying S. Typhi, the model 

has ideal overlap for our studies as mice injected i.p. with S. typhimurium develop sustained low-

grade systemic inflammation (Püntener et al., 2012).  

S. typhimurium belongs to the Enterobacteriaceae genus and is gram-negative. The majority 

of studies have examined S. typhimurium infection through oral administration. S. typhimurium is 

an intracellular pathogen, therefore once in the intestinal lumen, the bacteria invades the 

mucosal lining (Broz, Ohlson and Monack, 2012). The primary function of the intestinal wall is to 

act as a barrier to exogenous pathogens. The intestinal wall consists of an initial layer of simple 

columnar epithelial cells, secured by tight junctions, and separates the vascularised lamina 

propria, which contains lymphatic tissue, from the contents of the gut (Broz, Ohlson and Monack, 

2012). The primary method of invasion by S. typhimurium is through the microfold (M) cells of 

Peyer’s patches (PPs) in the intestinal wall (Jones, Ghori and Falkow, 1994), although invasion 

thorough normal epithelial cells has also been observed. PPs are lymphatic follicles present 

throughout the ileum to the jejunum (Gebert, Rothkötter and Pabst, 1996). M cells allow antigen 

transportation, which the bacteria exploit during invasion of host cells, as seen in Figure 1-7.  
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 Figure 1-7: The invasion of S. typhimurium from the intestinal lumen 

The bacterial invasion of the intestinal epithelia by S. typhimurium and the subsequent 

peripheral immune cells is largely dependent on the bacteria’s ability to survive and replicate 

within host cells. The above diagram depicts how S. typhimurium passes from the intestinal 

lumen into the mesenteric lymph nodes and peripheral organs such as the spleen and liver. 

This movement through intestinal epithelial and M cells, along with dendritic cells and 

macrophages stimulates an immune response through detection of PAMPs. This results in the 

recruitment of T-cells and B-cells for the adaptive immune response and resolution of the 

infection. Adapted from Broz et al., 2012. 
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In order for S. typhimurium to invade host cells, the bacterium adheres to the host cell 

using fimbrial adhesins, although the exact adhesin varies with serotype (Wagner and Hensel, 

2011). The bacteria is able to invade M cells by passive transcytosis (Jones, Ghori and Falkow, 

1994; Jepson and Clark, 2001). The bacteria are also able to invade epithelial cells, which are not 

phagocytic in nature. In addition to invasion of M cells and enterocytes, there is also evidence that 

S. typhimurium can be taken up by CX3CR1+ DCs which span the epithelial layer (Niess et al., 

2005). The main mechanism which underpins invasion of epithelial cells are Salmonella 

pathogenicity islands 1 and 2 (SPI1/2) (Hansen-Wester and Hensel, 2001). SPI1 and SPI2 both 

encode type III secretory systems (T3SS); T3SS form a needle-like structure which injects effector 

proteins into the epithelial cell (Marlovits et al., 2004). 

SPI1 has a key role in the invasion of epithelial cells and subsequent colonisation of the gut 

by S. typhimurium. By contrast, the function of SPI2 is involved in colonisation of peripheral 

organs and survival in cells such as macrophages and DCs (Hansen-Wester and Hensel, 2001). Two 

key effector proteins are SopB and SopE2 (which both disrupt tight junctions) (Haraga, Ohlson and 

Miller, 2008). These proteins induce significant cytoskeletal reorganisation through activation of 

Cell division control protein 42 (Cdc42) and Ras homology Growth-related (RhoG), which are 

involved in actin regulation; the bacteria is then able to become internalised through 

macropinocytosis (Friebel et al., 2001; Zhou et al., 2001). From this, the bacteria reside within 

Salmonella-containing vacuoles (SCVs) which allows intracellular replication and survival through 

expression of the T3SS encoded by SPI2. Once the bacteria have moved through the epithelial cell 

wall, S. typhimurium is phagocytosed by macrophages and DCs. The bacteria again uses the SPI2 

T3SS to survive within these cells in a SCV, as the associated effector proteins inhibit the 

production of ROS (Gart et al., 2016). This also prevents degradation by the endogenous 

endolysosomal system. The bacteria are capable of leaving macrophages to colonise additional 

cells. Once within CD11c+ DCs, migration occurs to the mesenteric lymph nodes in a CC chemokine 

receptor type 7 (CCR7)-dependent manner (Voedisch et al., 2009). From here S. typhimurium 

enters the blood through efferent lymphatic vessels and the bacterium largely invades the bone 

marrow, liver and spleen. In mouse models, S. typhimurium is also administered through i.p. 

injection. From the intraperitoneal cavity, the bacteria has been shown to move through the 

portal vein to the liver, whereby it colonises peripheral organs such as the spleen (Lukas, Brindle 

and Greengard, 1971). 

From initial invasion, the innate immune response is triggered. The membrane ruffling and 

actin remodelling within enterocytes induces detection of PAMPs (Broz, Ohlson and Monack, 

2012). The purpose of the innate immune response is to recruit neutrophils, activate 

macrophages for phagocytosis, and recruit T cells. For example, IFNγ production is proposed to be 
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essential for bactericide by phagocytes (Monack, Bouley and Falkow, 2004). Within the spleen, 

IFNγ has been shown to be initially produced by neutrophils and macrophages to restrict the S. 

typhimurium population whilst the adaptive immune response develops to fully resolve the 

infection (Kirby, Yrlid and Wick, 2002). If there is no eventual recruitment of CD4+ T-cells 

producing IFNγ then mice succumb to the bacterial infection (Ravindran et al., 2005). 

For the recruitment of the adaptive immune response, extracellular bacteria and the act of 

cell invasion allows detection of the PAMPs flagellin and LPS, initiating the immune response by 

the host. MAPK activation and downstream activation of NF-κB leads to IL-8 production. This in 

turn causes polymorphonuclear leukocyte migration and a pro-inflammatory response which 

should initiate T-cell recruitment (Haraga, Ohlson and Miller, 2008). Several TLR pathways are also 

activated within macrophages by detection of LPS (TLR4), CpG- rich bacterial DNA domains (TLR9) 

and lipoproteins (TLR1/2/6). This prompts production of inflammatory cytokines such as IL-23, IL-

10, pro-IL-1β and pro-IL-18 (Broz, Ohlson and Monack, 2012). Neutrophil recruitment by CXC 

chemokines then results in phagocytosis of the extracellular S. typhimurium (Aujla, Dubin and 

Kolls, 2007).  

However the innate immune system must recruit the adaptive immune system to 

overcome the infection; macrophages become antigen presenting in an attempt to recruit T cells 

(Moon and McSorley, 2009). DCs also detect both PAMPs and cytokine production, acting as APCs 

(Tam et al., 2008). DCs recruit S. typhimurium-specific T-cell populations, although this initial 

response is not adequate to overcome the infection; this is meant to regulate bacterial replication 

whilst a full adaptive immune response must be generated (Salazar-Gonzalez et al., 2006). 

Furthermore, the activation of NLR family CARD domain-containing protein 4 (NLRC4) and NLRP3 

inflammasomes in macrophages leads to the production of IL-1β and IL-18 (Broz et al., 2010; Qu 

et al., 2016). IL-18 prompts IFNγ production by T cells (Srinivasan et al., 2007), which serves to 

clear the bacteria. However, SPI2 can supress the APC action of DCs, and so the virulence of the 

bacteria increases and the infection cannot be quickly resolved (Swart and Hensel, 2012).  

Salmonella primarily invades the liver, bone marrow and spleen; this has been reported to 

occur via CD18+ phagocytes (Vazquez-Terres et al., 1999), and DCs (Swart and Hensel, 2012). 

Intraperitoneal injection of S. typhimurium in BALB/c mice shows colonisation of the spleen and 

liver within 4 hours of infection, although severity of infection was significantly reduced in the 

strain expressing a mutation in SPI2 T3SS function (Shea et al., 1999). There is debate as to the 

additional involvement of recruited monocytes, macrophages, natural killer cells and T-cells 

(Conlan and North, 1992; Moon and McSorley, 2009). Following S. typhimurium infection, renal 
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tissue becomes hypoxic, primarily by TLR signalling; this induces erythropoiesis both in the bone 

marrow and subsequently in the spleen (Jackson et al., 2011).  

In the spleen, S. typhimurium has been shown to colonise both macrophages and splenic 

cells with very little bacteria residing outside of a host cell (Jackson et al., 2011). As a result of 

colonisation within the spleen and the ensuing hypoxia, a significant expansion of immature 

erythroid reticulocytes occurs; furthermore, F4/80+ macrophage population in the red pulp 

expands and these two cell populations grow past the red pulp, invading the lymphatic white pulp 

(Rosche et al., 2015). This is proposed to be the primary cause of splenomegaly due to S. 

typhimurium. 

One way in which the virulence of S. typhimurium can be altered is by the use of different 

attenuated strains, often for vaccine development; mutations in effector proteins such as SifA 

which maintain the SCV, will significantly dampen the virulence of the infection (Haraga, Ohlson 

and Miller, 2008). The attenuated strain used previously by our lab and in this thesis (S. 

typhimurium SL3261) does not express the aroA gene. aroA knockout results in an auxotrophic 

strain which cannot synthesise aromatic amino acids, which are not readily available in host cells; 

however, aroA mutants have been reported to show increased virulence in BALB/c mice (Hoiseth 

and Stocker, 1981; Felgner et al., 2016).  

The strain used will significantly alter the virulence, which it is crucial to consider when 

comparing studies. Sickness behaviours are observed in S. Typhi infections along with (in rare 

cases) abscesses within the brain (Hanel et al., 2000); this highlights that the CNS is affected by 

this bacterial infection. A study which used oral infection of S. typhimurium in multiple inbred 

strains including BALB/c and C57BL/6, showed meningitis and bacteria within the brain (primarily 

BALB/c mice displayed infection) (Wickham et al., 2007). The strain used is strain SL1344, an 

experimental model in calves which was reported to sometimes be lethal (Wray and Sojka, 1978). 

However, the strain used by our lab is a non-neurotrophic aroA mutant, and similar studies 

showed no bacteria reached the brain after 72 hours (Yang et al., 2011). This suggests that in this 

thesis it will be the peripheral immune response or tau pathology causes potential changes in the 

microglial cells.  

Another factor which alters the virulence of the infection is different genetic backgrounds 

in inbred strains. One of the primary factors is the expression of the Natural resistance-associated 

macrophage protein 1 (Nramp1), encoded by the Solute Carrier Family 11 Member 1 (Slc11a1)  

gene. Lysosomal compartments of immune cells such as macrophages, neutrophils and DCs 

express Nramp1, and this protein is hypothesised to determine susceptibility to S. typhimurium 

infection (Brown et al., 2013). One of the methods by which Nramp1 alters S. typhimurium 
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susceptibility is through iron availability within the SCV, as iron uptake is crucial for S. 

typhimurium growth (Fritsche et al., 2012). Different genetic backgrounds in mouse models alters 

the response of the mice to S. typhimurium infection.  

To what extent the peripheral immune response to S. typhimurium infection alters AD 

progression is unclear. It has been shown in 5XFAD mice that intracerebral injection of S. 

typhimurium (strain SL1344) prompts increased Aβ deposition and bacterium was observed 

around plaques (Kumar et al., 2016). Despite this, the majority of work has been carried out using 

the bacterial mimic LPS, which only activates the TLR4 pathways and explores one facet of the 

acute immune response to an infection. Because S. typhimurium is a real, non-neurotrophic 

bacterial infection, this will allow us to reproduce both the innate and adaptive immune response 

seen in humans. S. typhimurium infection takes much longer to resolve than in LPS; S. 

typhimurium is resolved after approximately three to four weeks whereas LPS immune response 

is commonly resolved in several days (Püntener et al., 2012). 

It is also understood that repeated injections of LPS induces tolerance, and there is a 

gradual reduction in the systemic cytokine production. By contrast, following S. typhimurium 

injection there is a gradual increase in cytokines such as IFN-γ, IL-12 and IL-1β over three weeks 

post-injection primarily in the spleen, yet also partially in the brain and serum (Püntener et al., 

2012). Furthermore, MHCII expression was observed in cerebral endothelial cells, suggesting that 

S. typhimurium SL3261 infection induces cellular activation within the CNS. The length of systemic 

inflammation is a crucial consideration, especially to examine the effect of systemic infection on 

tau pathology spread. The nature of this study requires a sustained low-grade systemic 

inflammation in order to best establish whether the rate of tau spread is altered, and if so by 

what mechanisms.   
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1.5 Summary of literature and aims of thesis 

There is significant clinical evidence that the spread of tau pathology correlates with 

cognition in AD (Gomez-Isla et al., 1997; Ghoshal et al., 2002). Spreading models which initially 

injected preformed fibrils into the brain, are shifting to the use of lysate enriched with insoluble 

human AD tau (Narasimhan et al., 2017; He et al., 2020). These studies highlight how the 

conformation of tau plays a crucial role in the spreading observed. Understandably, these studies 

are primarily concerned with the mechanism of tau seeding itself and rarely look wider to the 

effect of the immune response. This thesis aims to induce tau spreading in the C57BL/6 and the 

H1Mapt-/- mice and then prompt a systemic infection. This is to examine the primary question; to 

what extent to low-grade systemic inflammation promote greater spread of tau pathology? 

There is now greater understanding that bacterial infections may in some way be linked to 

AD pathogenesis (Miklossy, 2015). However, there is still a large degree of heterogeneity in both 

mouse models and patient groups, resulting in a significant lack of clarity. Systemic inflammation 

shows a clear link with increased cognitive decline in patients (Giridharan et al., 2019). In mouse 

models, studies are predominantly restricted to LPS. The use of LPS is adequate to induce a pro-

inflammatory response, as the response is strictly limited to TLR4 expression. The effects of 

chronic low-grade inflammation have not yet been fully studied in the context of tau spreading in 

AD. Whilst studies have utilised LPS to show changes in tau phosphorylation (Lee et al., 2010), the 

limitations of using LPS as a mimic leave unanswered questions.  

Therefore, the ability to use a real bacterial infection would provide greater insight into 

how systemic inflammation may alter tau spread (Figure 1-8). S. typhimurium induces sustained 

low-grade systemic inflammation with both peripheral and central response. Therefore, this 

model of systemic inflammation may allow us to examine how prolonged inflammation alters 

spreading of existing tau pathology. By injecting tau isolated from AD post-mortem cases into the 

mouse brain, this should allow examination of tau spread and the subsequent effect of systemic 

infection. Utilising the H1Mapt-/- and C57BL/6 mice also allows us to observe whether the native 

protein within the mouse changes the spatiotemporal spread of tau pathology. 

Hypothesis 

It is hypothesised that systemic infection and the subsequent inflammatory response within the 

brain will increase the spatiotemporal spread of tau pathology. 

Aims for Chapter 3 

• To establish a mouse model which is susceptible to S. typhimurium 
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• To determine which immune markers within the brain will be used throughout this thesis 

to establish the degree of response to the infection 

Aims for Chapter 4 

• To establish whether there is an immune response to LPS intracerebral injection 

• To establish whether an acute inflammatory response in the brain is adequate to induce 

microglial priming 

Aims for Chapter 5 

• To generate a lysate from human post-mortem AD tissue  

• To confirm that the AD-tau lysate is enriched for AT8-positive HMW tau 

Aims for Chapter 6 

• To examine tau propagation through the brain in the H1Mapt-/- and C57BL/6 mice at 

three months post-injection 

• To confirm regional spread of tau both dorsal and ventral to the injection site 

• To determine whether systemic infection increases the pathology burden and the rate of 

spread 

Aims for Chapter 7 

• To determine if tau pathology induces an inflammatory response 

• To determine if S. typhimurium infection exaggerates microglial activation in the presence 

of tau pathology  

• To compare the inflammatory response in H1Mapt-/- mice and C57BL/6 mice 
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Figure 1-8: How systemic inflammation may alter the rate of tau spread 

The literature discussed above highlights how tau spreads between neurons, a facet of AD 

pathology thought to correlate with cognitive decline. It is now understood that tau interacts 

with immune cells of the brain and that this may propagate tau pathology further. Furthermore, 

systemic inflammation is linked to the development and progression of AD. By inducing 

systemic inflammation in a mouse model of tau spread, this may lead to elucidation of the 

mechanisms by which the spatiotemporal propagation of pathology is mediated. 
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Chapter 2 Materials and Methods 
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2.1 In vivo methods 

2.1.1 Experimental animals 

All mice were housed with water and food (standard chow, RM1, SDS, UK) ad libitum in a 

twelve-hour light cycle that begins at 7am (12h light: 12h dark) in a temperature-controlled room 

(19-23⁰C). All procedures were carried out according to the UK Home Office Licensing regulations 

and requirements under the UK Animals (Scientific Procedures) Act (1986), under project licences 

30/3056, 30/3057 and subsequently project licence P4155EEE0. C57BL/6J mice were bred and 

maintained at the Biomedical Research Facility (BRF), Southampton UK. A final cohort from 

Chapter 6 were brought in from Charles River (Margate, UK) and remained in house for two weeks 

prior to the beginning of the experiment. This was due to Covid-19 restrictions and subsequent 

changes to breeding within the BRF.  

In Chapter 3, female P301S and control C57BL/6 mice were used at 2-3 months-old (Allen et 

al., 2002). In Chapter 3, C57BL/6, H1Mapt-/- and Mapt-/- (Wobst et al., 2017) were all 2-3 

months-old. All C57BL/6 mice were female, yet H1Mapt-/- and Mapt-/- were male and female. In 

Chapter 4, female C57BL/6 mice which were culled at 24 hours post- i.c. injection were 4-5 

months old. In Chapter 4, female C57BL/6 which then went on to receive S. typhimurium i.p. 

injection were 3 months old at the time of the initial i.c. injection. In Chapters 6 and 7, female 

C57BL/6 mice were 3-4 months old whilst H1Mapt-/- mice (male and female) were 2-4 months old 

at the time of the initial i.c. injection. For Tg4510 mice (8 months old) (SantaCruz et al., 2005) 

used as positive controls in western blots, the Tg4510 brains were obtained from Eli Lilly 

(Windlesham, UK) and shipped on dry ice as snap frozen cortex samples. Tracey Murray carried 

out the perfusions and collection of Tg4510 tissue only. 

2.1.2 Intracerebral stereotaxic injection of LPS or saline 

Mice received a stereotaxic injection of 1μl of LPS (0.5mg/ml in sterile saline) from 

Salmonella abortus equi (Sigma). Mice (3 months old female C57BL/6 mice) were given an i.p. 

injection of ketamine/rompun (10ml/kg), pre-surgical weights were recorded both for clinical 

welfare and to calculate anaesthesia. After mice reached surgical plane, the skull was shaved 

(Wella), lacri-lube (Allergan) was applied to the eyes and lidocaine (5% m/m, Teva) to the ears. 

After this the mouse was fitted to a stereotaxic frame (Kopf) with ear bars (45° atraumatic ear 

bars, Kopf) to affix the skull. The surgical area was sterilised with Hydrex (Ecolab) before an 

incision in the skin along the midline of the skull was made. From this exposed region, Bregma 

was located and the coordinates recorded. From Bregma, the injection site was calculated (AP= -
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2.50, ML= -2.0, DV= -1.80). A burr hole was drilled into the skull using a dental drill with a drill bit. 

A 5μl Hamilton syringe (Model 75 RN, Hamilton) with a 33-gauge needle (Hamilton) affixed was 

then lowered into the parenchyma and the needle was then left for one minute. After this, 1μl of 

saline or LPS was slowly injected over a minute. Following this the needle was left for two minutes 

before being slowly removed from the brain. The incision was sutured (Mersilk 5-0 17mm, 

Ethicon) and superglue applied to the sutures to prevent premature tearing (RS Pro). Mice were 

kept in a heated recovery chamber (Datesand) and allowed to recover whilst closely observed. 

Once mice were fully recovered they were returned to their home cage. Mice were observed for 

clinical welfare twice a day for the first two days post-i.c. injection. Weights were recorded daily 

for the first week and then weekly afterwards. 

An additional group of female C57BL/6 mice (4-5 months old) also underwent this 

procedure, however a bilateral i.c. injection of saline or LPS was carried out (Injection site 1: AP= -

2.50, ML= -2.0, DV= -1.80; injection site 2: AP= -2.50, ML= +2.0, DV= -1.80). These mice were 

culled 24 hours post-i.c. injection. 

2.1.3 Intracerebral stereotaxic injection of AD-tau seed prep or vehicle 

C57BL/6 (3-4 months old) and H1Mapt-/- (2- 4 months old) mice were placed in an 

anaesthesia induction chamber (VetTech) and anaesthetised using isofluorane (IsoFlo, Zoetis). 

Once surgical plane is reached, the skull was shaved (Wella), lacri-lube (Allergan) was applied to 

the eyes and lidocaine (5% m/m, Teva) to the ears. Buprenorphine was also administered 

(10ml/kg) through an i.p. injection. Using ear bars (45° atraumatic ear bars, Kopf) the mouse is 

fitted into the stereotaxic frame (Kopf) and a nose cone placed over the nose to provide 

consistent isofluorane (VetTech) and oxygen. The surgical area was sterilised with Hydrex (Ecolab) 

and an incision made in the skin along the midline of the skull. The skull was exposed using sterile 

surgical spears (Fine Science Tools) and Bregma located. Using Bregma the injection coordinates 

were calculated, and the site located (Bregma: AP= -2.50, ML= -2.0, DV= -1.80 and -0.8). A drill 

hole was made and a 10μl Hamilton syringe (Model 701, Hamilton) with 26s-gauge needle 

(Hamilton) was inserted into the brain. The syringe either contained AD-tau seed prep (described 

in 1.5) or 50mM Tris buffer. At the first injection site in the hippocampus (Bregma DV= -1.80) the 

needle was left in place for 1 minute. After this 2.5μl of the lysate was injected over 2 minutes 

and then the needle was left in place for 3 minutes. This was then repeated at the second 

injection site (Bregma DV= -0.80); 2.5μl was also injected into the cortex. After the final 3 

minutes, the syringe was slowly drawn out of the brain. The incision was sutured (Mersilk 5-0 

17mm, Ethicon) and superglue was applied to the sutures (RS Pro). Mice were kept in a heated 

recovery chamber (Datesand) and once fully recovered they were returned to their home cage. 
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Mice were observed for clinical welfare twice a day for the first two days post-i.c. injection and 

then daily afterwards. Weights were recorded daily for the first week and then weekly afterwards. 

There was an initial cohort of C57BL/6 mice which received a tau i.c. injection. There were 

three C57BL/6 mice in each group (tau i.c./saline i.p. and tau i.c./S. typhimurium i.p.). These six 

mice received intracerebral injections using ketamine-rompun as the surgical anaesthetic. These 

mice are a separate group in the post-intracerebral injection weight change (Appendix A- Figure 

S3). These six mice also underwent perfusion with paraformaldehyde (PFA) fixation, however 

technical issues meant that the hippocampal neurons were destroyed likely due to the osmolarity 

of the fixative. Therefore, they are excluded from the tau histology in Chapter 6. In Chapter 7, 

they are included as the parenchyma was intact for staining of inflammatory markers.  

2.1.4 Intraperitoneal Injections of Saline and S. typhimurium 

Prior to S. typhimurium i.p. injection, mice were moved to the CL2 facility a week before. 

Male and female P301S, H1Mapt-/-, Mapt-/- and C57BL/6 mice were injected with either the aroA 

attenuated Salmonella enterica serovar Typhimurium strain (SL3261) (generously provided by Dr 

H. Atkins, DSTL, Salisbury, UK) (Püntener et al., 2012) or saline (Fannin, UK) and culled four weeks 

post-infection. S. typhimurium was injected via i.p. injection to induce systemic inflammation, 

10^6 colony-forming units (CFUs)/200μl were injected per mice (Püntener et al., 2012). 200μl of 

saline was injected i.p. into the control groups of mice. Once the mice have been injected, great 

care must be taken to ensure that the mice retain a healthy level of weight; any loss greater than 

15% is deemed the threshold at which the mouse must be culled. Prior to injection, baseline body 

weights were recorded. Following i.p. injection, weight was recorded daily for 7 days post 

infection and then recorded weekly until 4 weeks post infection. C57BL/6 mice in Chapter 4 were 

culled one-week post-i.p. injection. Alex Collcutt carried out the i.p. injections in the 2-month-old 

P301S and associated C57BL/6 mice and subsequent weight recording (Chapter 3).  

2.1.5 Burrowing tests 

Burrowing tests were performed as described previously (Deacon, 2009). Burrowing is 

measured by the total amount of RM1 standard chow displaced overnight from a plastic cylinder 

(20cm length x 6.8cm diameter). Each plastic cylinder initially contains 190g of RM1 standard 

chow and is placed in one corner of the burrowing cage. The corner is alternated throughout the 

cohort to account for darker and light areas within the cage. For training, all mice from a single 

home cage are placed within a burrowing cage together for five hours during the day and the 

group burrowing recorded. Subsequently, each mouse is placed in its own separate burrowing 
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cage for five hours during the day and then another final training session occurs overnight. These 

burrowing training sessions are spaced out over two weeks to prevent weight loss or undue stress 

due to single housing. 

Burrowing was carried out on C57BL/6 and H1Mapt-/- mice prior to the S. typhimurium i.p. 

injection as described above. Following S. typhimurium i.p. injection, burrowing was carried out 6 

days post-injection, subsequently burrowing was carried out weekly until the end of the 

experiment. Due to Covid-19 restrictions and limited access to the CL2 facility, Joe Chouhan 

assisted with several burrowing sessions. 

2.1.6 Nesting behaviour 

In Chapter 3, Alex Collcutt carried out nesting behaviour for the P301S mice and associated 

C57BL/6 mice following S. typhimurium injection. One day prior to perfusion, P301S mice and 

C57BL/6 mice were provided with 8-10g of nesting material and the quality of the nest was scored 

24 hours later from 1-5, as reported previously (Gaskill and Pritchett-Corning, 2016). These C57BL/6 

mice are separate to the C57BL/6 mice used as WT controls for the H1Mapt-/- study in Chapter 3. 

2.2 Tissue Collection 

All mice received terminal overdose of anaesthetic rat Avertin (2, 2, 2-tribromoethanol) at 

10ml/kg. Once anaesthesia is reached, an incision along the midline and across the diaphragm 

exposes the thoracic cavity. Prior to perfusion, an incision was made in the right atrium and blood 

collected from the thoracic cavity with a syringe. Transcardial perfusion with ice-cold 0.9% saline 

was then carried out through the left ventricle. The brain was dissected immediately following 

complete perfusion. In Chapters 3 and 4, the right hemisphere was mounted in OCT (optimal 

cutting temperature medium, Cell Path, UK) and frozen on isopentane (Fisher Scientific, UK). The 

left hemisphere was divided into frontal cortex, coronal section (enriched for the hippocampus) 

and cerebellar sections and snap frozen in liquid nitrogen. Alex Collcutt carried out the perfusions 

only for the P301S mice and the associated C57BL/6 mice following S. typhimurium infection in 

Chapter 3. 

In Chapter 6 and 7, saline perfusion was followed with 4% PFA and the whole brain was 

kept in 4% PFA for 24 hours at 4⁰C. Following 24-hour fixation, all brain tissue was placed in 30% 

sucrose (Fisher Scientific, UK) at 4⁰C; once the tissue sinks to the bottom of the sucrose solution it 

was embedded in OCT and frozen on isopentane (Fisher Scientific, UK).  
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The spleens of mice from all cohorts were collected and weighed (On Balance CT-250 Carat 

Scale, OurWeigh, UK); half of the spleen was mounted in OCT and the other half snap frozen. For 

Chapters 6 and 7 the whole spleen was kept in 4% PFA for 24 hours at 4⁰C, due to whole body 

perfusion with 4% PFA prior. Following this, spleens were also kept in 30% sucrose until the tissue 

sank and subsequently mounted in OCT for use on the cryostat. Immediately after tissue 

collection, the blood samples were spun at 4000 relative centrifugal force (rcf) for ten minutes in 

a centrifuge (5417R Eppendorf centrifuge) and the serum collected and frozen at -80⁰C. 

2.3 Genotyping  

The P301S mice were homozygous for the P301S mutation, therefore no genotyping was 

required. The H1Mapt-/- mice were genotyped for the expression of the H1 haplotype. However, 

the mice initially available for breeding expressed the Line102 construct, which was a transgenic 

APP mouse model, discussed in Chapter 1. This construct was selectively bred out whilst choosing 

mice with high expression of the H1 haplotype, and therefore likely to have homozygous 

expression. The mice have previously been confirmed to express no endogenous mouse Mapt 

expression. However, the first litter of a new breeding pair was tested for Mapt expression to 

ensure the mice remain Mapt-/-.  

Genomic DNA was extracted from ear clippings taken at 3 weeks of age. Ear clippings were 

initially lysed in lysis buffer (Appendix B- Table 1) by heating at 54⁰C for 30 minutes (Grant QBD2, 

UK). Once the tissue had been completely lysed, the samples were centrifuged for 10 minutes at 

13,000 revolutions per minute (rpm) at room temperature (RT) (SciSpin Micro, UK). The 

supernatant was aliquoted into RNase-free Eppendorfs and an equal amount of isopropanol 

(Sigma, UK) added to precipitate the DNA. The samples were then centrifuged for 5 minutes at 

10,000rpm and the supernatants discarded. 100μl of 70% ethanol was added to the pellet and 

centrifuged for 5 minutes at 10,000rpm. The ethanol was discarded and the Eppendorfs were 

stood upside down to dry for 30 minutes. Following this, 25μl or DNase-free water was added to 

re-suspend the pellet.  

Genomic DNA was then quantified (ng/μl) by nucleic acid absorption at 260nm using a 

Nanodrop (ND-1000 Spectrophotometer, Fisher Scientific, UK) and protein and ethanol 

contamination ratios recorded. The absorbance ratios at 260/280 nanometres (nm) and 

260/230nm were recorded to examine potential contamination of proteins or alcohols 

respectively. Ratio values equal or greater than 1.8 suggested the genomic DNA was of suitably 

high purity. 
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Samples were diluted to 50ng/μl with DNase-free water for quantitative polymerase chain 

reaction (qPCR). Samples were not diluted for polymerase chain reaction (PCR) experiments. Once 

the samples were diluted for qPCR, the master mix referenced in Appendix B (Table 7) containing 

SYBR green (Applied Biosystems) and the associated primers, was loaded on ice to the MicroAmp 

Fast 96-well reaction plate (Applied Biosystems). The corresponding primer sequences for analysis 

of the H1 haplotype and Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) respectively are 

listed in Table 2-1 (all primers ordered from Eurofins Genomics). The RNase-free water blanks, 

samples and standards (standards were diluted from a known hemizygous sample; listed in 

Appendix B, Table 6) were loaded to the 96-well reaction plate. Positive controls for known 

homozygous and known hemizygous samples were included in all experiments. The qPCR cycle for 

H1 and Gapdh genes were run separately, the different reaction conditions for each were detailed 

in Appendix B (Table 8 and 9) (StepOnePlus, Applied Biosystems). Following this, average 

threshold cycle (C(t)) values for the standards were plotted into a base-10 logarithmic graph. 

From this the average C(t) values from unknown samples were extrapolated using the equation 

from the line of best fit (see equation below; GOI= gene of interest, REF= reference gene). This 

was carried out both for the gene of interest and the housekeeping gene, the H1 expression was 

then normalised to GAPDH. Looking at the known samples, this provides a scale of expression 

whereby the known homozygous sample has significantly higher expression than the known 

hemizygous samples. The unknown samples can then be sorted based on expression as to 

whether they likely have hemizygous or homozygous expression of the H1 haplotype. Further 

confirmation may be required, a western blot looking a total tau can be used to determine if the 

mouse had homozygous or hemizygous H1 haplotype expression (Figure 2-1).  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑡𝑡𝑡𝑡 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) =  
�10^ �(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶(𝑡𝑡) − 𝑦𝑦 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ��

�10^ �(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶(𝑡𝑡) − 𝑦𝑦 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ��

 

For PCR there was no dilution of the DNA and the sample was loaded immediately into the 

plate with the master mix and then spun for 3 minutes at 3,000rpm at 4⁰C (Sorvall Legend RT). 96-

well certified thin wall plates (Starlab, UK) were loaded with the master mixes for Line 102 and 

endogenous Mapt, the master mixes contain REDTaq Master Mix (Sigma) and GoTaq Green 

Master Mix (Promega) respectively (Appendix B- Table 2 and 3). PCR reaction conditions are listed 

in Appendix B (Table 4 and 5) (GeneAmp PCR System 9700). Following the PCR reaction, the PCR 

products were analysed on a 1% agarose gel. One gram of agarose (Sigma) was dissolved in 100ml 

of 1X TBE (Tris/Borate/EDTA; see Appendix B). 10μl of GelRed (Cambridge Bioscience) was added 

to the solution (1:10,000), the solution was then poured into the gel casting mould and left to set 

for 30 minutes. The gel was placed into the electrophoresis tank (FisherBrand) and the tank was 
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filled with 1X TBE. The comb was removed from the gel and the wells were flushed with TBE to 

ensure no air bubbles. 6μl of DNA ladder (Both Hyperladder, Bioline and Quick-Load 1kb Plus DNA 

ladder, New England BioLabs were used) was added, followed by 10μl of PCR product into 

successive wells. The gel was then run at 120V using a power pack for 50 minutes (PowerPac 

Basic, Bio-Rad, UK). Once the gel had run it was imaged by a G:Box UV Transilluminator (SynGene, 

UK). Using the product sizes listed in Table 2-2, both the Mapt and Line102 genotype can be 

determined as seen in Figure 2-1; the western blot used to confirm H1 haplotype expression is 

also shown. C57BL/6 mice exclusively express four-repeat tau. By contrast, the H1Mapt-/- mouse 

model expresses all six isoforms of human tau. When establishing the model, it was demonstrated 

that the hemizygous H1Mapt-/- mouse model showed almost a quarter of total tau expression 

compared to WT mice (Wobst et al., 2017). The genotyping demonstrated that homozygous mice 

had almost twice the amount of total tau expression compared to the hemizygous mouse, 

although this was not significant (Figure 2-1). 

Table 2-1: Primers for the Line 102, H1Mapt-/- and Mapt-/- genotyping 

Primers (all from Eurofins Genomics) Oligonucleotide sequence (5’-3’) 

PrP-S-J GGGACTATGTGGACTGATGTCGG 

PrP-As-J AGCCTAGACCACGAGAATGC 

Tn10 CGCTGTGGGGCATTTTACTTTAG 

VP16 CATGTCCAGATCGAAATCGTC 

S36 CCGAGATCTCTGAAGTGAAGATGGATG 

PAC-MAPT up  Forward: ATGGCTCATAACACCCCTTG 

Reverse: GGTATGGGGGTCATTTTTCC 

PAC-MAPT down Forward: ACTGACCCCACCAAACCTC 

Reverse: CAATGACCTGACCATTTGATG 

Mapt WT Forward: TTGAATCTCTCCCTGGACATGG 

Reverse: TTGTGTCAAACTCCTGGCGAG 

Mapt KO Forward: TTGAATCTCTCCCTGGACATGG 

Reverse: CTTCTATCGCCTTCTTGA 

Gapdh Forward: TGAACGGGAAGCTCACTG 

Reverse: TCCACCACCCTGTTGCTG 
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Table 2-2: Genotyping primer products 

  

Primers for the Line 102, H1Mapt-/- and Mapt-/- genotyping 

 Gene Product size (bp) 

Line 102 PrP 750 

tTA 480 

APP 400 

Endogenous murine Mapt Mapt WT 700 

Mapt KO 500 

H1 haplotype H1 PAC upstream 397 

H1 PAC downstream 306 

 Gapdh 307 
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Figure 2-1: Genotyping of H1Mapt-/- mice 

A) Agarose gel showing the expression of PrP in all samples and then the selective expression of 

the APP and tTA gene at 400 and 480bp respectively. B) Agarose gel showing the expression of 

the H1 PAC both upstream and downstream sections with the Mapt KO and WT gene. C) Western 

blot showing confirmation of H1 haplotype expression; 15μl of lysate was loaded at 1μg/μl. Tau 

was stained for by Total Tau. Beta actin was used as the housekeeping gene. Quantification of 

expression of total tau normalised to actin (n=4 for homozygous, n=2 for hemizygous and Mapt-/- 

mice). Gapdh product shown in Figure 2-2. 
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2.4 PCR for Nramp1  

Ear clippings were used to determine Slc11a1 expression (Primers from Sigma-Aldrich; 

Table 2-3), with housekeeping gene Gapdh as a control. Primers were designed using Primer-

BLAST NCBI, to generate primers with a high GC percentage (60%) and a melting temperature of 

60°C. Initially, each ear clippings from C57BL/6 and P301S mice were heated at 56⁰C (Grant QBD2, 

UK) in 50ml of lysis buffer Type 1 and 10μl of proteinase K for an hour using the Illustra tissue mini 

kit (GE Healthcare, UK). The elution buffer Type 5 (GE Healthcare) was then pre-heated to 70⁰C. 

500μl of lysis buffer Type 4 (GE Healthcare) was added and the samples were vortexed for 15 

seconds. Each sample was added to a mini column within a collection tube and spun at 11,000rcf 

for one minute (Eppendorf Centrifuge 5415 R). This was then repeated with the flow-through 

discarded each time. Wash buffer Type 6 was subsequently added to the mini column, the 

samples were then spun at 11,000rcf for three minutes. The mini spin column was added to a new 

1.5ml Eppendorf. Pre-warmed elution buffer (GE Healthcare) was then added to the mini column, 

incubated for 1 minute at room temperature; the samples were spun at 11,000rcf for 1 minute, 

collecting the isolated genomic DNA within a new Eppendorf tube. Genomic DNA samples were 

stored at -20⁰C.  

The master mix was then added to PCR beads in a multi-well plate (illustra™ PuReTaq 

Ready-To-Go™ PCR Beads, UK), containing both primers for the gene of interest (Slc11a1) and the 

reference gene (Gapdh) listed in Table 2-3 (Appendix B, Table 10 for master mix dilutions). Each 

sample was added to the corresponding well and the plate was centrifuged at 3,000rpm for 3 

minutes at 4⁰C (Eppendorf Centrifuge 5810 R). The samples then undergo PCR reaction within a 

PTC20 Tetrad 2 Peltier thermal cycler (MJ Research, Canada) (full PCR cycle listed in Table 11). To 

visualise the samples on a gel, 1.6g agarose (Fisher Scientific) was dissolved in 100ml of 1X Tris 

Acetate-EDTA (TAE) buffer with 3μl GelRed (Biotium, USA). The solution was poured into a gel 

case and set for 30 minutes. Once set, the gel was placed in the electrophoresis tank (Fisher 

Brand, UK) and the tank was filled with 1X TAE buffer. 5μl of GeneRuler 1kb Plus DNA ladder 

(Thermo Scientific, UK) was added to the initial well. 5μl of 6X DNA loading dye (Thermo Scientific) 

was added to each PCR product, 15μl of each sample was then added to each subsequent well. 

The tank was connected to a power pack (PowerPac Basic, Bio-Rad, UK) and run at 100V for 1 

hour. The gel was then imaged in a UV Transilluminator (UVP, UK) PCR product size shown in 

Table 2-3 and Figure 2-2. 
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Table 2-3: Primer sequences for Slc11a1 PCR 

Gene NCBI Gene ID Product length (bp) Oligonucleotide sequence (5’-3’) 

Slc11a1 

 

18173 451 Forward: CGTGATGGAGGTGGGTATCG 

Reverse: CATGGGGCTCACCAGTAGAC 

Gapdh 14433 307 Forward: TGAACGGGAAGCTCACTGG 

Reverse: TCCACCACCCTGTTGCTGTA 

 

2.5 AD seed prep 

2.5.1 Post-mortem human brain samples 

Ten post-mortem human brain samples were obtained from the South West Dementia 

Brain Bank (SWDBB, Bristol, UK) under ethics approval from London-City and East NRES 

committee (08/H0704/128+5). All cases had a primary diagnosis of AD and cases were chosen 

dependent on a confirmed Braak staging of V-VI for tau pathology. Approximately 10g of frozen 

tissue from the frontal cortex was requested for each case and the frozen tissue was stored at -

80°C. Table 2-4 details both the age, post-mortem delay and comorbidities of each patient. 

Figure 2-2: Slc11a1 and Gapdh primer products 

A) Agarose gel showing the expression of Slc11a1 and Gapdh primer products at 451 and 307 

respectively. 



Chapter 2 

88 

Table 2-4: AD post-mortem tissue from SWDBB 

Case 

No. 

MRC ID Age Sex Post-

mortem 

delay (h) 

Primary 

diagnosis 

Secondary 

diagnosis 

Tertiary 
diagnosis 

859 BBN_4238 85 F 14 AD CVD CAA 

903 BBN_10252 89 F 22 AD VaD TDP43 

pathology 

912 BBN_14405 82 F 22 AD Hippocampal 

sclerosis 

TDP43 

pathology 

935 BBN_19632 91 M 43 AD Hippocampal 

sclerosis 

TDP43 

pathology, CVD 

959 BBN_24327 74 M 16 AD CVD LBD (amygdala 

only) 

962 BBN_24330 80 F 14.5 AD CAA VaD 

966 BBN_24334 82 M 61 AD CAA, CVD LBD and TDP43 

pathology 

(amygdala only) 

982 BBN_24898 76 M 47.5 AD CAA DLB 

1027 BBN006.28978 72 M 81.5 AD DLB CAA, TDP43 

pathology 

1033 BBN006.29162 81 M 7.5 AD DLB CAA, TDP43 

pathology 

AD= Alzheimer’s disease, CVD= Cardiovascular disease, VaD= Vascular dementia, CAA= 
Cerebral amyloid angiopathy, DLB= Dementia with Lewy bodies 

2.5.2 Seed prep method 

The three cases with the highest AT8-positive tau expression were to be identified by 

western blot. There were three stages to generating the seed prep. First, only 0.5g from each case 

was used to screen for the expression of AT8-positive tau and select the three cases with the 
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greatest tau burden. The following protocol was carried out for all 10 cases with 0.5g utilised from 

each sample. The western blot was run using S1 (Figure 2-3) to establish the three cases of 

interest. The second requirement was then to establish the protocol was feasible using a larger 

volume of tissue and that the high-speed centrifugation and sonication worked to enrich the 

lysate. To determine this 10g of tissue was chosen from a case which showed low AT8 expression, 

and the entire protocol was carried out (Figure 2-3). Finally, 30g of frozen tissue from the three 

cases with the highest AT8/total tau ratio was processed to produce the final AD seed, this AD tau 

lysate was then used in intracerebral injections to induce the tau spreading model. 

Once the three cases with the highest AT8/total tau ratio had been identified in 

Southampton, diagnostic images from the SWDBB were requested. These diagnostic images were 

from the cerebral cortex in the dorsolateral prefrontal region. At both 10x and 40x magnification, 

the slices were stained for AT8 showing high molecular weight pathological tau. These images 

were used to confirm the presence of high levels of tau burden. All processing of the fixed tissue, 

subsequent histology and images taken were carried out by the SWDBB. 

2.5.3 Homogenisation 

Prior to homogenisation, the exterior blood vessels were excised from the tissue. The tissue 

was weighed on a fine scale to calculate the volume of homogenisation buffer required. Tissue 

was homogenised at 20% weight by volume in ice cold, sterile Dulbecco’s PBS (DPBS) (Gibco, UK) 

supplemented with cOmplete Protease Inhibitor Cocktail (Roche, UK) using an SM1 polytron 

homogeniser (Stuart, UK) for 10 minutes. The SM1 polytron homogeniser has a maximum motor 

speed of 35,000rpm, the tissue was homogenised at this speed until there was no visible tissue 

remaining. An aliquot was taken of the homogenate for biochemical analysis. For the initial 

homogenisation of 0.5g of tissue from each case, the lysis buffer was also supplemented with 

Phosphatase Inhibitor Cocktails 2 and 3 (Sigma). The homogeniser probe was cleaned with dH20 

and 70% ethanol (Fisher Scientific, UK) twice between samples. 

The homogenate was centrifuged at 10,000rcf for 10 minutes at 4°C (Eppendorf, centrifuge 

5417R). The supernatant (referred to as S1) was filtered using a fine tissue (Scott, UK) and 

decanted into a glass beaker. The remaining pellet was homogenised at 40% weight by volume in 

ice cold, sterile Dulbecco’s PBS and the lysate centrifuged at 10,000 rcf for 10 minutes at 4°C. The 

second supernatant (S2) was filtered through a fine tissue (Scott) and pooled with S1. The 

homogenisation of the pellet at 40% weight by volume in PBS and subsequent centrifugation was 

repeated to produce the third supernatant (S3). All three supernatants (S1-S3) were pooled. 
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Aliquots of all supernatant (S1-3) and homogenate (P1-2) individually and pooled were taken for 

biochemical analysis.  

Approximately 10% of total volume is lost through filtration, leaving an approximate final 

volume of 270ml. The pooled supernatant was then incubated in N-Lauroylsarcosine sodium salt 

Figure 2-3: Protocol to establish seed prep 

This protocol demonstrates how sequential homogenisation and centrifugation of post-mortem 

tissue generates three supernatants from low-speed centrifugation (S1-3). These supernatants are 

then pooled and incubated in Sarkosyl. Following high-speed centrifugation, the insoluble 

fraction can be resuspended and sonicated to resuspend the pellet and finish the seed prep. 
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(Sarkosyl 20% solution, Sigma). The 20% Sarkosyl solution was added to the supernatant to give a 

final concentration of 1%. The supernatant was incubated in 1% Sarkosyl on a flat orbital shaker 

(Luckham R100) for one hour at room temperature.  

2.5.4 Ultracentrifuge and sonication 

Following Sarkosyl incubation, the pooled supernatant was centrifuged for 1 hour at 

100,000 rcf in an ultracentrifuge (Beckman Optima LE-80K Ultracentrifuge). The supernatant was 

aliquoted into polyallomer centrifuge tubes (Beckman Coulter, Catalogue No. 331374) and placed 

within the six swing bucket rotor tubes (SW40 TI, Beckman Coulter). The ultracentrifuge was 

balanced to within 0.1g and the rotor tubes were cooled to 4°C overnight prior to use. 

After centrifugation, the Sarkosyl-soluble supernatant was removed from the centrifuge 

tube and aliquoted. The Sarkosyl-insoluble pellet was washed gently in DPBS with cOmplete 

Protease Inhibitor Cocktail, the DPBS was then removed using a pipette. The Sarkosyl-insoluble 

pellet was resuspended in 50mM Tris (pH7.4) containing cOmplete Protease Inhibitor Cocktail. 

The final pooled sample was then sonicated (MSE Soniprep 150) for 10x 1-second pulses until 

pellet is in suspension. An aliquot of both Sarkosyl-soluble and Sarkosyl-insoluble fractions were 

collected for biochemical analysis. Prior to stereotaxic injection and biochemical analysis, the 

Sarkosyl insoluble lysate was sonicated for 60x 1-second pulses and the centrifuged at 5,000rcf for 

10 minutes. 

2.6 Western Blot 

2.6.1 Homogenisation of mouse tissue 

For western blot, frozen murine tissue must first be homogenised. The frozen frontal cortex 

tissue collected was weighed and the lysis buffer listed in Appendix B (Table 12) added to make a 

20% weight per volume solution. The lysis buffer for mouse tissue in Chapter 5 (Tg4510 and Mapt-

/- controls) contained PhosSTOP phosphatase inhibitor (Roche) and cOmplete Protease Inhibitor 

(Roche). However, mouse tissue homogenised in Chapter 6 following the tau propagation study 

used lysis buffer which contained Phosphatase Inhibitor Cocktails 2 and 3 (Sigma) and cOmplete 

Protease Inhibitor Cocktail (Roche).  

The tissue was then homogenised using a SHM1 polytron homogeniser and 5x75mm flat 

head probe (Stuart, UK); the homogeniser probe was cleaned with dH20 and 70% ethanol (Fisher 

Scientific, UK) twice between samples. The samples were homogenised and left on wet ice for 15 

minutes. The samples were then centrifuged at 4⁰C at 20,000 rcf for 30 minutes (Eppendorf, 
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centrifuge 5417R). The supernatant was aliquoted and the pellet stored at -80⁰C. The Pierce 

bicinchoninic acid assay (BCA) protein assay (Thermo Scientific, UK) was then used to determine 

the total protein concentration (μg/ml) of each sample. 90μl of buffer listed in Appendix B (Table 

12) was used to dilute 10μl of lysate. Protein standards were made using bovine serum albumin 

(BSA) included in the kit and lysis buffer listed in Appendix B (Table 12). 25μl of standard and 

unknown samples were added to a Greiner 96-well flat-bottomed plate (Sigma, UK). 200μl of the 

working reagent (50:1 dilution of reagent A: reagent B) (Thermo Scientific, UK) was then added to 

each sample. The plate was then mixed gently for 30 seconds and incubated at 37⁰C for 30 

minutes (INCU-line, VWR, UK). The total protein concentration was then read at 570nm using the 

Infinite F200 Pro plate reader and the i-control software (TECAN, Switzerland).  

In Chapter 6, the western blot was run with four mice for each group and frozen lysate from 

the rTg4510 mouse model used as a positive control. Tissue from the Mapt-/- mouse 

hippocampus was used as a negative control when staining for tau. For the western blot, 20μl 

total volume was to be added to each well, with a total protein load of 50μg in each well. This was 

calculated using BCA results for each individual sample to reach a total concentration of 2.5μg/μl. 

2.6.2 Homogenisation of post-mortem AD tissue 

The method of homogenisation for human tissue is described in section 2.5.3. Tg4510 and Mapt-

/- samples were included as positive and negative controls and homogenised as described in 

section 2.6.1.  

2.6.3 SDS-PAGE 

To prepare the samples for SDS-PAGE, protein concentration was normalised across 

samples using the BCA assay results. For each sample, 4x loading buffer was added at a consistent 

volume to reach a final 1x concentration. dH20 was added to normalise protein concentration and 

make a total volume of 25μl (this volume was used to account for subsequent boiling and ensure 

a final volume of 20μl). However, in Chapter 5 (except where specified in the figure legend) lysate 

from human tissue was not diluted with dH20 and only 4x loading buffer was added. After the 

addition of loading buffer and dH20, samples were then pulse centrifuged and heated at 95⁰C for 

five minutes (QBT1 Grant, UK). The samples were quickly moved to wet ice before being pulse 

centrifuged again and kept on wet ice until ready to load into the well.  

Migration (10%) and stacking (2.5%) gels were made for a gel of 1.5 millimetre (mm) as 

seen in Appendix B (Table 13). Tetramethylethylenediamine (TEMED) was only added to the 

migration gel and gently mixed; the migration gel was poured into the mini-PROTEAN short plate 
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and 1.5mm spacer plate set in the casting frame (Mini-PROTEAN, Bio-Rad, UK). Isopropanol 

(Sigma, UK) was pipetted on top of the migration gel to level the surface and set for 30 minutes. 

The isopropanol was poured off once the gel had set and the gel was washed three times with 

dH20. TEMED was then added to the stacking gel, mixed and pipetted on top of the migration gel 

in the casting frame. The 10 or 15-well 1.5mm comb was then placed into the casting frame and 

the stacking gel allowed to set for 30 minutes. Once set the gel was removed from the casting 

frame and placed in the Mini-PROTEAN tetra electrode module (Bio-Rad, UK). The module was 

placed in the buffer tank (Bio-Rad, UK) and filled with ~800ml 1X Laemmli buffer (listed in 

Appendix B). The comb was removed and the wells flushed out to ensure the removal of air 

bubbles. 5μl of Precision Plus Protein Kaleidoscope standard (Bio-Rad, UK) was added to the first 

well to compare kilodaltons (kD) through blot. Following this, 20μl of the samples were added to 

each subsequent well. The gel was run at 100 volts (V) using a power pack (PowerPac Basic, Bio-

Rad, UK) until the line of loading buffer reaches the bottom of the gel.  

Following this the transfer buffer was prepared (1X Laemmli with 20% methanol; listed in 

Appendix B) and the sponges and grade 0.34mm cellulose chromatography paper (GE Healthcare, 

UK) pre-soaked in the transfer buffer. The 0.45μm pore size PVDF transfer membrane 

(Polyvinylidene difluoride, Merck, Germany) was charged in methanol (Fisher Scientific, UK) for 2 

minutes. Once the gel had been run, half the pre-soaked sponges and chromatography paper 

were loaded into the mini gel holder cassette (Bio-Rad, UK). The charged PVDF membrane was 

then added and the gel removed from the glass plates and placed onto the PVDF membrane. The 

second half of the pre-soaked sponges and chromatography paper were then assembled on top of 

the gel. The mini gel holder cassette was then placed into the mini trans-blot central core in the 

mini trans-blot cell (Bio-Rad, UK) and filled with ~1L transfer buffer. The tank was then attached 

to a power pack (PowerPac Basic, Bio-Rad, UK) and run at 100V at 4⁰C for 90 minutes. 

 After transfer of the blot, the PVDF membrane was removed and placed into TBS (listed in 

Appendix B). The membrane was then blocked in 5% BSA (Fisher Scientific, UK) for an hour and 

subsequently incubated in primary antibodies overnight as listed in Table 2-5, on a rotator (Stuart 

SRT6B, UK). The next day, the membrane was washed in TBS and then washed with TBS-T (0.05% 

Tween, Fisher Scientific) three times for 5 minutes each. The membrane was then washed in TBS 

and incubated in secondary antibodies listed in Table 2-6 for 2 hours on a rotator (Stuart SRT6B, 

UK). The membrane was subsequently washed with TBS and then TBS-T three times for five 

minutes; after this, the membrane was then placed in TBS for a final time. Following this the 

membrane was either imaged on a ChemiDoc MP Imaging System (Bio-Rad, UK), Odyssey 9210 

Gel Imaging System or Odyssey Fc Imaging System (Both Odyssey Imaging Systems are LI-COR 
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Biosciences, USA). Images were taken with Image Lab software (Bio-Rad, UK) or Image Studio Lite 

(LI-COR Biosciences, USA). 

Analysis of the images was carried out using Image Studio Lite (LI-COR Biosciences, USA). 

The images were set to a global threshold and the signal for each sample recorded. The signal for 

both the protein of interest and the reference protein were recorded. All beta actin signals were 

standardised to the largest beta actin signal, forming a ratio. From this all values for the protein of 

interest were normalised to beta actin expression. The values for the protein of interest were 

then normalised to the mean of the C57BL/6 saline group. Western blots in Chapter 5 did not 

include beta actin and therefore analysis was carried out simply by examining the AT8/total tau 

ratio. 

Table 2-5: Primary antibodies used in western blot 

2.6.4 Dot blot 

A dry 0.45µm nitrocellulose membrane (Bio-Rad, UK) was placed flat on a surface cleaned 

with 70% ethanol. For each sample 1µl is pipetted onto the membrane and left to dry for 1 hour. 

The membrane is then blocked in 2% BSA (Fisher Scientific) in TBS-Tween (0.1%) for 1 hour at 

room temperature on a flat orbital shaker. The blot was then incubated in primary antibodies 

diluted in 2% BSA (see Table 2-5 for dilutions). The membrane was washed in TBS followed by 

three washes in TBS-T. The membrane was subsequently incubated in secondary antibodies 

diluted in 2% BSA (see Table 2-6 for dilutions) for 1 hour at room temperature. The blot was then 

imaged with the Odyssey 9210 Gel Imaging System (Li-Cor, USA). Analysis of the images was 

carried out using Image Studio Lite (LI-COR Biosciences, USA). The images were set to a global 

threshold and the signal for each sample recorded. The signal from the Mapt-/- sample was 

considered background and so each sample of interest had this background signal subtracted to 

determine the genuine signal. 

Primary 

Antibody 

Host species Class Company Clone number Dilution 

AT8 Mouse  Monoclonal Invitrogen MN1020 1:1,000 

PHF-1 Mouse  Monoclonal Kind gift 

from Peter 

Davies 

- 1:5,000 

Total Tau Rabbit  Polyclonal DAKO A0024 1:10,000 

Beta-Actin Mouse Monoclonal Sigma A2228 1:4,000 
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Table 2-6: Secondary antibodies used in western blot 

2.7 Homogenous Time Resolved Fluorescence assay 

Homogenous Time Resolved Fluorescence (HTRF) assay was used to support the findings in 

the western blot regarding the seed prep; HTRF uses the mechanism of fluorescence resonance 

energy transfer (FRET) technology. The HTRF assay detects the presence of Ser202 and Thr205 

phosphorylation epitopes of tau (Cisbio). The assay consists of diluent, anti-human tau-d2 

conjugate (acceptor) and anti-human tau-Tb3+ Cryptate conjugate (donor) to detect signal within 

the sample. Control wells within the 384-well microplate (Greiner) were included to test signal 

from the diluent and the cryptate conjugate individually. A negative control was also included 

which consisted of diluent and both conjugates but no sample. For all remaining sample readouts, 

the two conjugates were mixed and a 10μl conjugate mix added to each well. The sample itself 

underwent five three-fold dilutions (beginning 1:4000) and 10μl of each dilution was added in 

duplicate to the microplate. The microplate was sealed and incubated at room temperature for 2 

hours and 20 hours. After each time point the microplate was read on a Varioskan Flash (Thermo 

Scientific), with fluorescence emission recorded at both 665nm and 620nm. 

To calculate the HTRF ratio the following equation was applied: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 665𝑛𝑛𝑛𝑛
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 620𝑛𝑛𝑛𝑛

 𝑥𝑥 104 

Host 

species 

Target 

species 

Class Conjugate Company Reference 

number 

Dilution 

Goat Rabbit Polyclonal IRDye® 680RD Li-Cor 926-68071 1:2000 

Goat Rabbit Polyclonal IRDye® 800CW Li-Cor 926-32211 1:2000 

Goat Mouse Polyclonal IRDye® 680RD Li-Cor 926-68070 1:2000 

Goat Mouse Polyclonal IRDye® 800CW Li-Cor 926-32210 1:2000 

Goat Rabbit Polyclonal Alexa Fluor® 568 Invitrogen A-11011 1:500 

Goat Rabbit Polyclonal Alexa Fluor® 488 Invitrogen A-11008 1:500 

Goat Mouse Polyclonal Alexa Fluor® 488 Invitrogen A-11029 1:500 

Donkey Mouse Polyclonal NorthernLights™ 

557 

R&D 

Technologies 

NL007 1:500 
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From this delta ratio (ΔR) is calculated to determine the signal without the background recorded 

from the negative control (diluent and both conjugates but no sample): 

ΔR = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

This ΔR is then plotted against log dilution to observe the presence of phosphorylated tau 

epitopes within the sample. 

2.8 Histology 

Tissue mounted in OCT was cut into 10μm sections using the cryostat (Leica CM3050 S). 

Fresh-frozen tissue sections were mounted onto aminopropylsilane (APS)-coated slides and 

subsequently stored at -20⁰C. PFA-fixed tissue sections were mounted on gelatin-coated slides 

and subsequently stored at -20⁰C. Recipes for the slide coatings are listed in Appendix B. 

2.8.1 Immunohistochemistry 

To being immunohistochemistry (IHC), tissue was dried at 37⁰C for thirty minutes (INCU-

line, VWR, UK). If tissue was fresh frozen, then it was subsequently fixed in 100% ethanol (Fisher 

Scientific, UK) for ten minutes at 4⁰C. All slides were then washed in phosphate buffer saline (PBS) 

with 0.01% Triton (PBS-T) three times for 5 minutes each. In Chapter 6 and 7, Tris buffered saline 

(TBS) was used in place of PBS, including using 0.01% Triton in the washes (TBS-T). All protocol 

steps remained the same, the buffer was replaced throughout. 

Using a wax pen (Vector, UK) the sections were traced around to create a hydrophobic 

barrier. Slides were then quenched in 1% hydrogen peroxide (Sigma, UK) in PBS for 10 minutes, 

and washed in PBS-T three times for 5 minutes each. Slides were incubated in blocking buffer 

containing 10% Normal Animal Serum (Sigma, UK) and 2% BSA (Fisher Scientific, UK) diluted in 

PBS-T for 1 hour at room temperature. The slides were then incubated in primary antibodies 

(diluted in 1:5 diluted blocking buffer) (Table 2-7) overnight at 4⁰C.  

The brain sections were then washed in PBS-T and incubated in the secondary antibodies 

(Table 2-8) (made in a 1:5 diluted blocking buffer) for 1 hour at room temperature. Slides were 

washed in PBS-T again three times for 5 minutes each. Avidin Biotin Complex (ABC Vectastain, 

Vector, UK) was prepared by adding 50μl of both Reagent A and Reagent B to 5ml of PBS-T. The 

ABC complex was then left for 30 minutes at 4°C. ABC was then added to the slides for 30 minutes 

at room temperature. After a final PBS-T wash, slides were then exposed to DAB (3,3 Di-

aminobenzidine) solution and removed to PBS once sufficiently exposed (DAB substrate solution 

is listed in Appendix B). The slides were then placed in haematoxylin (Sigma, UK) for 3 seconds 
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and washed in tap water for 15 minutes. The slides were then placed in acid alcohol for 20 

seconds and washed in tap water for 15 minutes. The slides were dehydrated by the following 

steps: 

1. 70% Industrial methylated spirits (IMS) for 20 seconds. 

2. 80% IMS for 20 seconds. 

3. 90% IMS for 20 seconds 

4. Absolute alcohol for 1 minute 

5. Absolute alcohol for 1 minute 

6. Xylene (Fisher Scientific, UK) for 1 minute 

7. Xylene for 5 minutes 

Once dehydrated the slides were covered in DPX mounting media (Merck, Germany) and a cover 

glass slip (VWR, UK) placed on top. The slides were then kept at 4⁰C. Mike Hurley carried out the 

immunohistochemistry for the phosphorylated alpha-synuclein (pSer129) stain only (Table 2-7). 

Table 2-7: Primary antibodies for IHC and IF 

 

Primary Antibody Host species Class Company Clone number Dilution 

PHF-1 Mouse  Monoclonal Kind gift from 

Peter Davies 

- 1:500 

Ser396 Rabbit  Polyclonal Biolegend 807401 1:500 

Thr205 Rabbit  Polyclonal Biolegend 806901 1:500 

Biotinylated AT8 Mouse Monoclonal Kind gift from 

Eli Lilly 

- 1:2000 

FcγRI (CD64) Rat  Monoclonal BioRad MCA5997 1:500 

MHC II Rat  Monoclonal eBioscience M5/114.15.2 1:500 

CD11b Rat   Monoclonal ThermoFisher MA5-16527 1:500 

Laminin Rabbit  Polyclonal Sigma L9393 1:1000 

Alpha-synuclein 

(pSer129) 

Mouse Monoclonal Biolegend 825701 1:3500 

3D6 Mouse  Monoclonal Produced in-

house by 

James Fuller 

- 1:500 
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Table 2-8: Secondary antibodies for IHC and IF 

2.8.2 Immunofluorescence 

The protocol for immunofluorescence initially follows the same methods as with DAB IHC. 

Slides were dried at 37⁰C for 30 minutes and only fresh frozen slides were then fixed in 100% 

ethanol for 10 minutes. Both fresh and fixed slides were subsequently washed in PBS-T for 5 

minutes three times. The slides were then drawn around with a wax pen, blocked in blocking 

buffer (10% Normal Animal Serum (Sigma, UK) and 2% bovine serum albumin (Fisher Scientific, 

UK) diluted in PBS-T) as aforementioned for 1 hour at room temperature. The primary antibodies 

were incubated on the slides overnight (Table 2-7). The next day, the slides were washed in PBS-T, 

and incubated in the secondary antibodies (Table 2-8) at room temperature for sixty minutes. The 

slides were then incubated in 1:2000 dilution of DAPI (4',6-Diamidino-2-Phenylindole, 

Dihydrochloride) (d9542, Sigma, UK) nuclear stain at room temperature for three minutes. Slides 

were then washed in PBS-T, covered in Mowiol mountant and a glass clover slip (VWR, UK) placed 

on the slide. Slides were stored at 4⁰C.  

2.8.3 Thioflavin S staining 

Thioflavin S (Sigma) was diluted 1:500 in PBS and filtered 5 times. In order to carry out 

Thioflavin S staining, slides were dried at 37⁰C for 30 minutes. Following this the slides were 

washed three times in TBS-T for 5 minutes each. The slides were then incubated in 1:2000 dilution 

of DAPI (d9542, Sigma, UK) nuclear stain at room temperature for three minutes. Following this, 

slides were placed in Thioflavin S for 2 minutes and then immediately into 80% IMS for a further 2 

minutes. The slides were then dehydrated as follows: 

Host 
species 

Target 
species 

Class Conjugate Company Reference 
number 

Dilution 

Goat Mouse Polyclonal Biotinylated Vector BA-9200 1:200 

Rabbit Rat Polyclonal Biotinylated Vector BA-4001 1:200 

Goat Human Polyclonal Biotinylated Vector BA-3000 1:200 

Goat Rabbit Polyclonal Alexa Fluor® 568 Invitrogen A-11011 1:500 

Donkey Rat Polyclonal Alexa Fluor® 488 Invitrogen A-21208 1:500 

- - - Streptavidin, 

Alexa Fluor™ 488  

Invitrogen S32354 1:1000 
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1. 80% IMS for 2 minutes 

2. 95% IMS for 2 minutes 

3. 100% IMS for 2 minutes 

4. Xylene for 3 minutes 

5. Xylene for 2 minutes 

Slides were then mounted with cover slips as before using DPX mounting media. 

2.8.4 Imaging and quantification 

Immunohistochemistry and immunofluorescence images were captured using the Leica 

DM4B microscope (Leica Microsystems) with a sCMOS camera. Immunofluorescent images for 

Chapter 3 were captured using the Leica DM5000 microscope (Leica Microsystems). Images were 

captured with the use of Leica LAS-X and LAS-AF image acquisition software respectively. Images 

were scaled using ImageJ software, objective used was stated in corresponding figure legend. All 

subsequent analysis was carried out using ImageJ software. 

Analysis of immunohistochemical staining was carried out in different brain regions (Figure 

2-4). In Chapters 3 and 4, a minimum of three images of the hippocampal fissure from each 

mouse brain were taken for analysis. In Chapter 6, four images per region of interest (ROI) were 

taken in most brains, although 1-2 brains had fewer images per ROI. In Chapter 7, three images 

were taken per ROI for each brain. However, due to small brain regions in the ventral 

hippocampus (Bregma AP= -3.00) only two images from each brain were taken in these ROIs for 

MHCII and FcγRI (ventral hippocampus, perirhinal cortex and mammillary nuclei).  

For quantification, 20x objective images were de-convoluted using HDAB RGB values to 

produce a separate haematoxylin and DAB channel. HDAB RGB is an ImageJ plugin which 

separates a DAB immunohistochemistry image into three channels through colour deconvolution. 

This generates three distinct images based on colour, including one image with only the blue 

haematoxylin stain and one image with only the brown DAB staining. The image which isolated 

the DAB staining was converted to an 8-bit binary image and percentage area measured above a 

set threshold. The threshold for each ROI was determined by examining the histogram of two 

random images and establishing a threshold representative for all images within said ROI. All 

positive staining above the set threshold was measured as a percentage of the area. 

Quantification of DAB immunohistochemistry was carried out using an automated macro. All ROIs 

for the chapters are demonstrated below (Figure 2-4). 

 A small initial subset of images in Chapter 7 were analysed manually whereby images were 

assigned randomised titles by ImageJ to allow blinded analysis. The same threshold was set both 
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in the manual thresholding and in the macro for all images. In Chapter 6, due to the low levels of 

tau pathology any result below 0.02% mean percentage area was deemed to be background. A 

small percentage (~4% for most regions) of some images either had to be cropped due to folds in 

the tissue or the threshold changed due to significant background. This was specific only to the 

quantification in Chapter 6 for tau pathology. Cohort distribution for histology in Chapter 6 and 

Chapter 7 is described in Table 2-9. Tissue from Cohort 3 was stained for tau pathology but there 

was insufficient time to stain for microglial markers in this cohort, due to Covid-19 restrictions.  

 

Table 2-9: Cohort distribution for histology in Chapter 6 and Chapter 7 

Microglial cell count was also carried out on the same images from Chapter 7 which were 

stained for MHCII. Images were assigned randomised titles. For cell count analysis, the original 

image was measured for area (μm2). The results were then normalised to the area with the 

following equation: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚𝑚𝑚2) =
𝐼𝐼𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝜇𝜇𝜇𝜇2)
1𝑥𝑥106 �

  

 For quantification of fluorescent images, again images were randomised to allow blinded 

analysis. Images were converted into 8-bit files and a specific threshold was set for each marker. 

Again, three images of the hippocampal fissure from each brain were used for quantification 

(except for one WT brain in Chapter 4 for CD11b quantification where two images were taken). 

Mean % area was calculated as the signal above the set threshold.  

 

 

 Group size Chapter 6 Chapter 7 

Cohort 1 

 

n= 3 for tau i.c./saline i.p. 

n= 3 for tau i.c./S. typhimurium i.p. 
  

Cohort 2 n= 3 for tau i.c./saline i.p. 

n= 3 for tau i.c./S. typhimurium i.p. 

n= 5 for vehicle i.c./saline i.p. 

n= 6 for vehicle i.c./S. typhimurium i.p. 

  

Cohort 3 n= 3 for tau i.c./saline i.p. 

n= 5 for tau i.c./S. typhimurium i.p. 
  
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2.9 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 8 (GraphPad Software, USA). If 

normality assumptions were met, statistical analysis was carried out using repeated measures 

Analysis of Variance (ANOVA), three-way ANOVA, two-way ANOVA, one-way ANOVA, Student’s t-

test and mixed-effects analysis. For repeated measures ANOVA with Tukey’s post-hoc test, the F 

values were reported and the Greenhouse-Geisser correction was used if the Mauchly’s Test of 

Sphericity was significant. For three-way ANOVA, two-way ANOVA and one-way ANOVA the 

Tukey’s post-hoc test was used. Two-way ANOVAs in Chapter 6 and 7 had one between-subject 

effect and one within-subject effect, therefore in this analysis the Sidak’s post-hoc test was used. 

In the case of missing data values, mixed-effects analysis with Sidak’s post-hoc test was carried 

out. In Student’s t-test, Welch’s correction was used if standard deviations were unequal. If 

normality assumptions were not met, either the Mann-Whitney U test or the Kruskal Wallis test 

with Dunn’s multiple comparisons was carried out. All data is presented as Mean ± standard 

deviation (SD), except for quantification of histology where data is presented as Mean ± S.E.M. 

Statistical significance is denoted as follows; *p≤0.05, **p≤0.01 and ***p≤0.001. 

 

 

 

 

  

Figure 2-4: Regions of interest for IHC and IF quantification 

A) The cortex (yellow), corpus callosum (red) and hippocampus (green) were all key areas in 

Chapters 6 and 7. In Chapters 3 and 4, only the hippocampus area was the ROI as this area focused 

on the hippocampal fissure. B) The hippocampus ROI in the ventral hippocampus at Bregma AP= -

3.00, this ROI is only analysed in Chapters 6 and 7. C) The perirhinal cortex ROI in the ventral 

hippocampus at Bregma AP= -3.00, this ROI is only analysed in Chapters 6 and 7. D) The 

mammillary nuclei ROI in the ventral hippocampus at Bregma AP= -3.00, this ROI is only 

analysed in Chapters 6 and 7. E) The corpus callosum (red) and dorsal fornix (blue) at the Bregma 

AP= -1.00, this ROI is only analysed in Chapter 6 
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Chapter 3 S. typhimurium infection in the 

P301S and H1Mapt-/- mouse model 

of tauopathy  
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3.1 Introduction and objectives 

Systemic infection has been shown to correlate with cognitive decline in AD patients 

(Holmes et al., 2009). To investigate the potential mechanism behind this finding, this thesis 

hypothesises that systemic infection may increase the spread of tau through the mouse brain. 

Prior to inducing tau spread, it must first be confirmed that the mouse strain used is susceptible 

to S. typhimurium. S. typhimurium (SL3261) is an attenuated bacterial strain; when administered 

orally or through an intraperitoneal (i.p.) injection, there is low-grade inflammation induced which 

resolves within four weeks. Mice were injected i.p. with 106
 cfu of S. typhimurium as this has been 

established in our lab prior to induce an immune response within the brain without inducing 

excessive weight loss (Püntener et al., 2012).  

The response to systemic infection in two distinct mouse strains is described in this chapter, 

the P301S mouse model of tauopathy and the H1Mapt-/- mouse. The P301S transgenic mouse 

was first described as a murine model of FTDP-17 (Allen et al., 2002). The P301S mouse model 

was included given the quick development of pathology and the use of the P301S mouse in 

previous propagation studies (Ahmed et al., 2014). There has been no research thus far 

establishing the immune response to S. typhimurium bacterial infection in the P301S mouse 

model. Previous studies utilised LPS (Qin et al., 2016), however the endotoxin will only induce an 

inflammatory response through activation of the TLR4 pathway. Therefore, LPS only induces an 

acute inflammatory response, and so S. typhimurium was used to induce a low-grade sustained 

infection. 

The H1Mapt-/- mouse also received a S. typhimurium injection in this chapter. The H1Mapt-

/- mouse expresses all six isoforms of human tau with no disease-associated mutation and is bred 

on a pure C57BL/6 background (Wobst et al., 2017). In this chapter, I discuss the immune 

response of C57BL/6, P301S and H1Mapt-/- mice to an S. typhimurium infection. Mapt-/- mice are 

included to provide a control for the knockout of the Mapt gene but will not be used in the tau 

spreading model, as they express neither endogenous tau nor the H1 haplotype. The Mapt-/- 

mice may highlight potential confounding factors caused by the knockout of the Mapt gene. No 

current research demonstrates the immune response to S. typhimurium infection in tauopathy 

mouse models. Hence, prior to induction of the seeding model, a response akin to WT must be 

confirmed in these models. 

Aims addressed in this chapter are as follows: 

• To establish if P301S or H1Mapt-/- mice are susceptible to the attenuated Salmonella 

enterica serovar Typhimurium vaccine strain SL3261 through changes in body weight and 

spleen size 
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• To establish if there are inflammatory changes in immune markers in the brains of 

H1Mapt-/- and P301S mice following S. typhimurium infection 
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3.2 Methods 

3.2.1 S. typhimurium intraperitoneal injections 

2-3-month-old C57BL/6, P301S and H1Mapt-/- mice were moved to the containment level 2 

area (CL2) a week prior to the experiment. Mice were given an i.p. injection of 1 x 106
 colony-

forming units (CFUs) of S. typhimurium (SL3261) or 0.9% saline i.p. as previously described in 

Püntener et al. (2012). Alex Collcutt carried out all in vivo work for the P301S mice. Mice were 

weighed daily and observed for clinical signs of stress or pain in the first week. After this, weight 

was recorded once a week for three weeks.  

Table 3.1: P301S Group sizes 

 Saline i.p. S. typhimurium i.p. 

C57BL/6 8 8 

P301S 10 10 

Table 3.2: H1Mapt-/- Group sizes 

 Saline i.p. S. typhimurium i.p. 

C57BL/6 10 10 

H1Mapt-/- 10 10 

Mapt-/- 6 6 

3.2.2 Perfusion and collection of tissue 

Four weeks after i.p. injection the mice were transcardially perfused with ice-cold 0.9% 

saline. One brain hemisphere was embedded in OCT (Cell Path, UK). Punches from the 

hippocampal area and remaining cortical tissue were taken from the alternate hemisphere and 

snap frozen in liquid nitrogen. The spleen weight was recorded; half of the spleen was mounted in 

OCT and half of the spleen snap frozen for biochemical analysis. 

3.2.3 Quantification of DAB immunohistochemistry 

The hippocampal fissure (Figure 3-1) was imaged using a 20x objective for CD11b and 

FcγRI, and imaged using a 10x objective for MHCII expression levels. Analysis of mean percentage 

was carried out as described in Chapter 2.  
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Figure 3-1: Area of interest for DAB quantification 

The hippocampal fissure is highlighted; this area was used to analyse the relative expression of 

MHCII, CD11b and FcγRI at four weeks-post saline or S. typhimurium treatment. 
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3.3 Results  

3.3.1 Weight changes following S. typhimurium infection in the P301S mouse model of 

tauopathy 

Weight loss is measured in most murine models of infection to confirm a physiological 

response to the infection and the potential severity (Püntener et al., 2012; Linkenhoker and 

Linton, 2013). Therefore, weight change following S. typhimurium infection was examined to 

establish the response to infection in both C57BL/6 and P301S mice. 

One day post-injection both C57BL/6 and P301S mice lost on average 8% body weight 

following injection with S. typhimurium compared to the saline i.p. control group (C57BL/6 saline 

i.p.= 1.09% ± 1.50; C57BL/6 S. typhimurium i.p.= -8.88% ± 2.82, p<0.001; P301S saline i.p.= 1.48% 

± 1.29; P301S S. typhimurium i.p.= -7.95% ± 0.73, p<0.001) (Figure 3-2). When examining the 

P301S and C57BL/6 mice weight change, there was an overall significant main effect over time in 

weight change (F(2.12, 65.75) = 87.72, p < 0.001), a significant main effect of S. typhimurium i.p. 

injection (F(1, 31) = 94.73, p < 0.01) and a significant main effect of genotype (F(1, 31)= 11.5, 

p<0.01). Subsequently there was a significant interaction between i.p. injection and time (F(10, 

310) = 10.12, p<0.001). Furthermore, there was a significant interaction of time and genotype 

(F(10, 310)= 2.4, p<0.001). Eight days post-injection, P301S mice infected with S. typhimurium had 

returned to baseline weight and this was no longer significant to the saline i.p. group (saline i.p. 

injection= 6% ± 3.17; S. typhimurium i.p.= 5.44% ± 3.57, p>0.99). This, along with the significant 

main effect of genotype, suggests variability in the physiological response to S. typhimurium 

infection between C57BL/6 and P301S mice. Further confirmation using immune markers within 

the brain will be required to establish whether P301S mice undergo a systemic response to S. 

typhimurium akin to C57BL/6 mice. 

Starting weight can often highlight variations in weight change and acts as a method of 

control for significant weight loss. There was no significant difference in starting weight between 

the C57BL/6 and P301S mice (C57BL/6 = 24.78 ± 0.65; P301S = 24.99 ± 0.78) (t(33.90)= 0.2, p= 

0.84) (Figure 3-2). Therefore, it is unlikely the starting weight confounded the weight change 

results. Nesting has been used prior to document sickness behaviour or cognitive function in mice. 

Nesting did not change following infection (Figure 3-2) with S. typhimurium in either C57BL/6 or 

P301S mice, hence there is no significant main effect of infection observed (F (1, 31) = 3.498e-005, 

p = 0.99). However, there is a significant main effect between genotypes (F (1, 31) = 93.96, p < 

0.001), with the P301S mice exhibiting a significantly lower score of nesting than the C57BL/6 

mice both in the saline (C57BL/6 = 4.5 ± 0.53; P301S = 2.6 ± 0.97) and S. typhimurium groups 
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(C57BL/6 = 4.875 ± 0.35; P301S = 2.22 ± 0.67). Therefore, it is possible to conclude that whilst S. 

typhimurium has no significant effect on nesting, P301S mice do exhibit a significantly lower 

baseline of nesting activity. The implications of this observation in relation to pathology in the 

P301S mice are considered in the chapter discussion. 
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Figure 3-2: Weight change in C57BL/6 and P301S mice following S. typhimurium infection 

A) Weight change in C57BL/6 and P301S mice as a percentage of baseline weight following i.p. 

injection of saline or S. typhimurium. n= 8 for both C57BL/6 i.p. groups, n=10 for P301S for both 

i.p. groups. *= significance between C57BL/6 mice injected with saline or S. typhimurium i.p. #= 

significance between P301S saline i.p. and S. typhimurium i.p. injection (*p<0.05, **p<0.01. 

***p<0.001); repeated measures ANOVA with Greenhouse-Geisser correction and Tukey’s post-

hoc test was carried out for C57BL/6 and P301S weight change. B) Starting weight prior to i.p. 

injection of saline or S. typhimurium; unpaired Student’s t-test with Welch’s correction. C) 

Nesting score in C57BL6 and P301S mice after saline or S. typhimurium i.p. injection; two-way 

ANOVA with Tukey’s post-hoc test. All data is presented as mean ± standard deviation (SD). 

Alex Collcutt carried out all in vivo work detailed here; data analysis was carried out by the 

author. 
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3.3.2 MHC II expression in the hippocampus following S. typhimurium infection 

MHCII are cell surface proteins undetectable in the naïve brain, yet expressed on vascular 

endothelial cells following systemic infection with S. typhimurium (Püntener et al., 2012). To 

identify whether there was an immune response within the brain to S. typhimurium, MHCII 

expression levels were assessed in the hippocampal fissure between the dentate gyrus and CA1 

by histology. No positive staining for MHCII is observed in either C57BL/6 or P301S mice following 

saline injection (Figure 3-3). However, following S. typhimurium infection, MHCII is detectable in 

the C57BL/6 group but undetectable in P301S mice (Figure 3-3). The positive MHCII staining in 

the C57BL/6 mice overlaps with laminin, an extracellular matrix glycoprotein and a marker of 

basement membranes. Laminin is highly expressed in the endothelial cells surrounding blood 

vessels and is used as a marker to detect vasculature. Staining in the vasculature with laminin 

suggests that at 4 weeks post-infection, MHCII is expressed in association with the vascular 

endothelial cells. Imaging at a higher magnification allows for closer qualitative analysis of this 

staining overlap. Only the C57BL/6 mice that have been injected with S. typhimurium show 

positive MHCII staining. P301S mice do not exhibit MHCII expression in the hippocampal fissure 

following either saline or S. typhimurium. This data suggests that P301S mice do not undergo 

upregulation in MHCII expressions within the brain following S. typhimurium injection. 
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3.3.3 CD11b expression in the hippocampus following S. typhimurium infection 

CD11b expression was also examined in the hippocampus. CD11b forms a receptor with 

CD18 referred to as integrin alpha M or CR3. CD11b is found largely on the myeloid cell surface, 

and its expression is upregulated following LPS in vitro (Roy et al., 2006). This makes it an ideal 

activation marker to examine the expression of microglia cells following S. typhimurium infection. 

Following S. typhimurium infection in C57BL/6 mice there is no observable increase in 

fluorescence intensity (Figure 3-4). Both saline and S. typhimurium injected C57BL/6 and P301S 

mice show similar levels of expression (Figure 3-4). CD11b expression in C57BL/6 mice following 

infection shows macrophages in close proximity with the laminin staining. This is only clearly 

observable in this group. Both groups of saline injected mice show low-level staining of CD11b, 

and CD11b expression in P301S mice injected with S. typhimurium also shows no qualitative 

association with laminin staining. 

 

 

 

 

 

 

  

Figure 3-3: MHCII expression in the hippocampus following S. typhimurium infection 

A, E) C57BL/6 and P301S mice injected i.p. with saline. Slide is stained for MHCII to show non-

classical antigen presentation and laminin to stain for basement membrane; images taken with 20x 

objective. C, G) Images taken with 40x objective. B, F) C57BL/6 and P301S mice following S. 

typhimurium injection. Slide is stained for MHCII and laminin; images taken with 20x objective. 

D, H) Images taken with 40x objective; scale bar= 50μm for all images. n= 1 for all groups expect 

P301S S. typhimurium i.p. where n= 2. 
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Qualitative changes are also observable with DAB immunohistochemistry (Figure 3-5). 

CD11b expression levels appear comparable in the brain of C57BL/6 mice and P301S mice 

following S. typhimurium. Microglia in all groups appear ramified with processes extended and no 

signs of clustering. Whilst no significant conclusion can be made without statistical analysis, this 

suggests that there is no observable change in CD11b expression at four weeks post-infection.

 

Figure 3-4: CD11b and laminin expression in the hippocampus following S. typhimurium 

infection 

A) C57BL/6 and (E) P301S mice injected i.p. with saline. Slide is stained for CD11b as a 

microglia marker and laminin for basement membrane; Images taken with 20x objective. C, G) 

40x objective images of these groups. B, F) C57BL/6 and P301S mice following S. typhimurium 

injection, showing expression of CD11b and laminin. Images taken with 20x objective. D, H) 40x 

objective images of these groups. All scale bars= 50μm. n= 1 for all groups expect P301S S. 

typhimurium i.p. where n= 2. 
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3.3.4 FcyRI expression in the hippocampal fissure 

FcγRI, also referred to as CD64 is a receptor which strongly binds monomeric IgG. FcγRI is 

constitutively expressed on macrophages and microglia and is upregulated following LPS i.p. 

injection (Hart et al., 2012). Furthermore, FcγRI has been shown to mediate S. typhimurium 

internalization in murine bone marrow-derived macrophages in vitro (Uppington et al., 2006). 

FcγRI is expressed in microglia within the hippocampal fissure in both P301S and C57BL/6 mice 

injected with saline i.p. (Figure 3-6). The microglia appear largely ramified in morphology, and 

there are no large clusters indicative of proliferation visible at the larger magnifications. The 

P301S mice injected with S. typhimurium i.p. also appear to exhibit FcγRI expression akin to the 

saline controls (Figure 3-6). The microglia appear ramified and there is no clear indication of an 

inflammatory response. By contrast, in C57BL/6 mice injected with S. typhimurium i.p. microglia 

appear to be located around blood vessels. Microglia appear to have clustered and show signs of 

activation. This staining suggests that FcγRI is upregulated in response to S. typhimurium i.p., and 

so P301S mice do not appear to undergo this same inflammatory response following infection. 

 

 

 

 

 

 

 

 

Figure 3-5: CD11b DAB immunohistochemistry after systemic infection in P301S and 

C57BL6 mice 

A, C) CD11b expression in C57BL/6 mice and (E, G) P301S mice after saline i.p. injection. B, D) 

CD11b expression in C57BL/6 mice and (F, H) P301S mice after S. typhimurium i.p. injection. A, 

B, E, F) Images taken with 20x objective. C, D, G, H) Images taken with 40x objective. Scale bar 

for all images= 50μm. n= 1 for all groups expect P301S S. typhimurium i.p. where n= 2. 
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3.3.5 Slc11a1 polymorphism in P301S mouse model of tauopathy 

Nramp1 expression has been shown to play a crucial role in susceptibility to intracellular 

pathogens (Valdez et al., 2008). A loss-of-function allele present in the C57BL/6 mice confers 

susceptibility to S. typhimurium (Brown et al., 2013). However, CBA mice express functional 

Slc11a1 gene and so are not susceptible to S. typhimurium; the P301S mouse has both a partial 

CBA and C57BL/6 background. Given that there are significant variations in weight change 

between P301S and C57BL/6 mice (Fig. 4.6) this highlights a potential disparity in their 

susceptibility to S. typhimurium. As the P301S mice show initial weight loss, this suggests there is 

a response to the infection, but this is resolved. Furthermore, the absence of MHCII expression in 

the infected P301S group and variation in CD11b expression highlights a lack of 

neuroinflammatory response in the P301S mouse. 

Subsequently, a PCR looking at the presence of Slc11a1 was conducted to examine any 

potential differences between the genotypes. A polymorphism at 169aa in the gene has been 

reported to indicate susceptibility to S. typhimurium infection (Brown et al., 2013). The PCR was 

run with primers for Slc11a1 with a product size of 451 bp along with housekeeping gene Gapdh 

(Figure 3-7). It is possible to see that whilst both P301S and C57BL/6 mice express Slc11a1 (band 

at 451 bp) there are polymorphisms present in only the C57BL/6 samples (band at 169 bp), 

suggesting that the partial CBA background of the P301S is altering the Nramp1 expression.  

Figure 3-6: FcγRI in the hippocampus following S. typhimurium infection 

The hippocampus of (A, C) C57BL/6 and (E, G) P301S mice four weeks post-saline injection. 

Slide is stained for FcγRI to show Fc receptor expression with DAB immunohistochemistry. B, D) 

C57BL/6 and (F, H) P301S mice following S. typhimurium injection, stained as above. A, B, E, F) 

Images taken with 20x objective. C, D, G, H) Images are taken with 40x objective. Scale bar for all 

images= 50μm. n= 1 for all groups expect P301S S. typhimurium i.p. where n= 2. 
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3.3.6 Weight change following S. typhimurium infection in the H1Mapt-/- mouse model 

Following from evaluation of the infection response in P301S mice, H1Mapt-/-, Mapt-/- and 

C57BL/6 control mice were injected with S. typhimurium and tissue collected four weeks later. In 

order to establish whether C57BL/6, H1Mapt-/- and Mapt-/- mice all undergo a response to S. 

typhimurium injection compared to saline injection, weight change as a percent of baseline was 

plotted (Figure 3-8).  

Weight loss at one day post-injected was observed in all S. typhimurium i.p. groups 

regardless of genotype (C57BL/6= -9.42% ± 1.59; H1Mapt-/-= -5.43% ± 2.13; Mapt-/-= -7.48% ± 

2.98). In order to establish whether there were genotypic differences, a three-way repeated-

measures ANOVA was carried out. This analysis established there was no significant main effect of 

genotype on weight change (F(2, 46)= 1.63, p= 0.21). Subsequent statistical analysis was carried 

out using repeated-measure ANOVAs for each genotype. C57BL/6 mice were all female whilst the 

H1Mapt-/- and Mapt-/- mice were both male and female. There was no significant effect of sex on 

weight change found in H1Mapt-/- mice (Appendix A, Figure S1); due to cohort size no analysis 

was carried out on the Mapt-/- cohort. In C57BL/6 mice, there was a significant main effect of 

Figure 3-7: Slc11a1 in the P301S and C57BL/6 mice 

The DNA samples were run on a 3% agarose gel whereby it is possible to see the polymorphisms 

present only in the C57BL/6 samples. N= 5 for both C57BL/6 and P301S samples. The Gapdh and 

Slc11a1 products are consistent throughout the samples at approximately 307 bp and 451 bp 

respectively. 
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time (F(3.3, 59.86) = 52.24, p < 0.001) and infection (F(1, 18) = 40.84, p < 0.001). There was also a 

significant interaction of time and infection (F(10, 180) = 9.59), p < 0.001). H1Mapt-/- mice 

showed a significant main effect of time (F(3.84, 69.19)= 46.94, p<0.001), a significant main effect 

of i.p. injection (F(1, 18)= 5.50, p<0.05) and a significant interaction (F(10, 180)= 14.31, p<0.001). 

Notably, the main effect of S. typhimurium is to a lesser degree in H1Mapt-/- mice compared to 

C57BL/6 mice. Finally, Mapt-/- mice also show a significant main effect of time (F(1.66, 18.30)= 

15.75, p<0.001), a significant main effect of S. typhimurium (F(1, 11)= 32.99, p<0.001) and a 

significant interaction (F(10, 110)= 8.92, p<0.001). From these results it is possible to conclude 

that C57BL/6, H1Mapt-/- and Mapt-/- mice all show metabolic changes as a result of S. 

typhimurium i.p. injection. 

It is possible to observe that there are differences in the rate of recovery to baseline 

between genotypes after S. typhimurium i.p. injection (Figure 3-8). Within the first 24 hours post-

injection C57BL/6 mice lost more weight on average as a percent of baseline than H1Mapt-/- mice 

infected with S. typhimurium (C56BL/6 = -9.42% ± 1.59; H1Mapt-/- = -5.43% ± 2.13). Weight loss is 

observed until a week after infection in the C57BL/6 mice, at which point the S. typhimurium-

injected group return to their baseline weight (Figure 3-8). By contrast, H1Mapt-/- mice recover 

much faster than C57BL/6 mice, no significant difference is observed between the H1Mapt-/- 

saline and S. typhimurium i.p. groups from day 5 post-infection (Figure 3-8). This highlights 

potential strain differences in the response to systemic infection. 

Mapt-/- mice infected with S. typhimurium exhibit significant weight loss compared to the 

saline Mapt-/- controls and do not exhibit weight recovery until the end of the experiment four 

weeks later (Figure 3-8). Mapt-/- mice return to baseline weight in a delayed manner compared 

to C57BL/6 mice; significance between Mapt-/- mice injected with saline or S. typhimurium is still 

detected at day 14 post-infection. This suggests that whilst all mice regardless of genotype 

respond to infection, H1Mapt-/- mice recover sooner than C57BL/6 mice, whilst the Mapt-/- mice 

do not recover within the study period. This suggests that all genotypes are susceptible to S. 

typhimurium infection despite variability. Given the P301S data, further readouts both from the 

periphery and within the brain parenchyma are required to confirm this. 

3.3.7 Starting weight and spleen weight following four-week S. typhimurium infection  

Starting weights were recorded (Figure 3-9) and it was observed that although C57BL/6 

and H1Mapt-/- show similar starting weights, Mapt-/- mice have significantly higher starting 

weights. There was a significant weight difference when comparing Mapt-/- mice to both C57BL/6 

and H1Mapt-/- (Mapt-/- = 26.14g ± 4.17; versus C57BL/6 = 20.96g ± 1.13, p<0.01; versus H1Mapt-
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/- = 20.73g ± 1.68, p<0.001;). A Kruskal-Wallis test determined that there was a significant 

difference between starting weights (H(2)= 23.63, p<0.001). However, there was no significant 

difference in starting weight between the C57BL/6 and H1Mapt-/- mice.  

Following the four-week infection, spleen weights were recorded as a sign of splenomegaly 

and further confirmation of infection (Figure 3-9). All three genotypes show a significant increase 

in spleen weight following S. typhimurium infection, however there are significant differences in 

spleen weight between genotypes in the infected groups. There was a significant effect of 

genotype on spleen weight (F(2, 47) = 12.28, p<0.001) and a significant effect of infection on 

spleen weight (F(1, 47) = 180.8, p<0.001). As a result, there is a significant interaction of genotype 

and infection on spleen weight (F(2, 47) = 8.69, p<0.001). C57BL/6 mice that underwent S. 

typhimurium infection exhibit splenomegaly to a larger degree than both the H1Mapt-/- and 

Mapt-/- mice (C57BL/6 = 553.5mg ± 161.6; H1Mapt-/- = 305.7mg ± 87.5, p<0.001; Mapt-/- = 391.4 

± 87, p<0.01). These results highlight a potentially dampened response in the H1Mapt-/- and 

Mapt-/- mice to the bacterial infection. 
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Figure 3-8: Weight change following S. typhimurium infection in C57BL/6 and H1Mapt-/- mice. 

A) C57BL/6 mice weight change is displayed as a percentage of baseline weight subsequent to i.p. 

injection of saline or S. typhimurium. n=10 for saline-injected, n=10 for S. typhimurium-injected. 

B) Weight change from baseline of H1Mapt-/- mice following i.p. injection of saline or S. 

typhimurium. n=10 for saline-injected, n=10 for S. typhimurium-injected. C) Mapt-/- mice weight 

change is displayed as a percentage of baseline weight prior to IP injection of saline or S. 

typhimurium. n=6 for saline-injected, n=7 for S. typhimurium-injected. A-C) Repeated measures 

ANOVA with Greenhouse-Geisser correction and Tukey’s multiple comparisons test; (*p<0.05, 

**p<0.01, ***p<0.001). All data is presented as mean ± standard deviation (SD). 
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Figure 3-9: Starting weight and spleen weight following four-week S. typhimurium 

infection 

A) Starting weight for C57BL/6, H1Mapt-/- and Mapt-/- mice was recorded prior to i.p. 

injection of saline or S. typhimurium. n=20 for C57BL/6 and H1Mapt-/- mice, n=13 for Mapt-/- 

mice. Kruskal Wallis test with Dunn’s multiple comparisons test; (***p<0.001). B) Spleen is 

removed after perfusion with saline and weighed using a fine scale to the nearest 10mg. n= 10 

for both C57BL/6 groups, n= 10 for both H1Mapt-/- groups, n= 6 for Mapt-/- saline i.p., n= 7 

for Mapt-/- S. typhimurium i.p. Two-way ANOVA with Tukey’s multiple comparisons test; 

(**p<0.01, ***p<0.001). All data is presented as mean ± standard deviation (SD).   
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3.3.8 MHCII expression in the hippocampus following S. typhimurium infection 

Positive MHCII staining was detected in the hippocampus of C57BL/6, H1Mapt-/- and Mapt-

/- mice infected with S. typhimurium (Figure 3-10). This suggests that, unlike the P301S mouse 

model, both H1Mapt-/- and Mapt-/- mice do show upregulated MHCII expression within the brain 

following S. typhimurium infection. There was a significant main effect of infection (F(1, 12)= 

69.88, p<0.001), yet no significant main effect of genotype (F(2, 12)= 2.70, p = 0.11) on MHCII 

expression. There was a significant ten-fold increase in MHCII expression following systemic 

infection in C57BL/6 mice (C57BL/6 saline i.p.= 0.23% ± 0.07; C57BL/6 S. typhimurium i.p.= 2.79% 

± 0.20, p<0.01). The H1Mapt-/- mice showed a seven-fold increase in MHCII expression which was 

not significant, and no trend was observed (H1Mapt-/- saline i.p.= 0.23% ± 0.06; H1Mapt-/- S. 

typhimurium i.p.= 1.63% ± 0.4, p= 0.10). Finally, the Mapt-/- mice did show a significant eighteen-

fold increase in MCHII expression after systemic infection (Mapt-/- saline i.p.= 0.18% ± 0.02; 

Mapt-/- S. typhimurium i.p.= 3.19% ± 0.70, p<0.001). There is also a trend (p= 0.06) that shows 

MCHII expression in Mapt-/- mice after systemic infection is greater than observed in H1Mapt-/- 

mice. Despite this, because MHCII is expressed after systemic infection in all mice it is possible to 

include there is an immune response within the brain. However, there is a clear dampened 

immune response in H1Mapt-/- mice. 

Immunofluorescence was utilised to compare MHCII and laminin staining. As in the C57BL/6 

mice prior, it is possible to see that there is no MHCII-positive staining in the saline-injected 

groups of C57BL/6, H1Mapt-/- or Mapt-/- (Figure 3-11). MHCII-positive staining was confirmed in 

the S. typhimurium-injected C57BL/6, H1Mapt-/- and Mapt-/- mice (Figure 3-11). Furthermore, at 

higher magnification it is possible to see that the MHCII expression is found in the vasculature 

with laminin in all three genotypes of S. typhimurium-injected mice (Figure 3-11). This suggests 

that H1Mapt-/- and Mapt-/- mice are susceptible to S. typhimurium infection and MHCII is likely 

associated with cerebral endothelial cells. 
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Figure 3-10: MHCII staining following saline and S. typhimurium injection 

A, C, E) C57BL/6, H1Mapt-/- and Mapt-/- mice injected i.p. with saline. Slide is stained for 

MHCII. B, D, F) MHCII expression in C57BL/6, H1Mapt-/- and Mapt-/- mice injected i.p. with S. 

typhimurium. Slide is stained for MHCII. All images taken with 20x objective. Scale bar = 

100μm. G) Percentage of area stained was calculated at the hippocampal fissure, n= 3 for all 

groups. Two-way ANOVA with Tukey’s post-hoc test; **p<0.01, ***p<0.001. All data is 

presented as mean ± S.E.M. 
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Figure 3-11: MHCII and laminin in the hippocampus following systemic infection 

A, D, G) C57BL/6, H1Mapt-/- and Mapt-/- mice injected with saline i.p. Slide is stained for 

MHCII and laminin; 10x objective. Scale bar = 100μm. B, E, H) C57BL/6, H1Mapt-/- and 

Mapt-/- mice injected with S. typhimurium i.p.; 10x objective. Scale bar = 100μm. C, F, I) 

C57BL/6, H1Mapt-/- and Mapt-/- injected i.p. with S. typhimurium; 40x objective, scale bar = 

20μm. 
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3.3.9 CD11b expression in the hippocampus following S. typhimurium infection 

CD11b expression was examined in the hippocampus both in saline-injected and S. 

typhimurium-injected groups (Figure 3-12). There is a significant main effect of infection (F(1, 

12)= 7.70, p<0.05) yet no significant main effect of genotype (F(2, 12)= 0.46, p= 0.64). As a result, 

no significant interaction was observed (F(2, 12)= 0.20, p= 0.82). Following post-hoc tests, there 

was no significant upregulation of expression following S. typhimurium infection. In the C57BL/6 

mice, CD11b expression is increased 1.4-fold after systemic infection (C57BL/6 saline i.p.= 7.54% ± 

0.94; C57BL/6 S. typhimurium i.p.= 10.89% ± 3.30, p= 0.81). In H1Mapt-/- mice, CD11b expression 

was increased three-fold after systemic infection (H1Mapt-/- saline i.p.= 5.42% ± 1.78; H1Mapt-/- 

S. typhimurium i.p.= 9.39% ± 0.97, p= 0.69). The Mapt-/- mice showed a two-fold increase in 

CD11b expression after S. typhimurium i.p. injection compared to saline i.p. (Mapt-/- saline i.p.= 

5.22% ± 0.41; Mapt-/- S. typhimurium i.p.= 10.89% ± 2.4, p= 0.35). Therefore, considering the 

significant main effect of i.p. injection, there is an overall biological effect of systemic infection, 

but this time point may be too late to observe significant differences.
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Figure 3-12: CD11b immunohistochemistry following saline and S. typhimurium injection 

A, E, I) CD11b expression in C57BL/6, H1Mapt-/- and Mapt-/- mice after saline i.p. injection; 

20x objective. B, F, J) CD11b expression after saline i.p. injection; 40x objective. C, J, K) 

CD11b expression in C57BL/6, H1Mapt-/- and Mapt-/- mice after S. typhimurium i.p. injection; 

20x objective. D, H, L) CD11b expression after S. typhimurium i.p. injection; 40x objective. 

M) Mean percentage area stained at the hippocampal fissure, n= 3 for all groups. Two-way 

ANOVA with Tukey’s post-hoc test. All data is presented as mean ± S.E.M. 
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3.3.10 FcγRI expression in the hippocampus following S. typhimurium infection 

FcγRI expression was examined both in saline and S. typhimurium-injected mice. In all 

saline-injected mice, there is baseline expression of FcγRI in the hippocampus (Figure 3-13). 

There was a significant main effect of infection (F(1, 12)= 26.33, p<0.001), yet no significant main 

effect of genotype (F2, 12)= 1.41, p= 0.28). No significant interaction was observed (F(2, 12)= 0.88, 

p= 0.44). Following post-hoc tests, only C57BL/6 mice showed significantly upregulated expression 

following S. typhimurium infection compared to their saline group. In C57BL/6 mice, FcγRI 

expression was increased five-fold after systemic infection (C57BL/6 saline i.p.= 0.67% ± 0.15; 

C57BL/6 S. typhimurium i.p.= 3.37% ± 0.65, p<0.05). The H1Mapt-/- and Mapt-/- mice showed a 

three-fold and four-fold increase in FcγRI expression respectively after systemic infection, 

however neither showed post-hoc significance (H1Mapt-/- saline i.p.= 0.59% ± 0.06; H1Mapt-/- S. 

typhimurium i.p.= 2.18% ± 0.59, p=0.23) (Mapt-/- saline i.p.= 0.48% ± 0.07; Mapt-/- S. 

typhimurium i.p.= 2.11% ± 0.73, p=0.21). No significant difference in FcγRI expression was 

observed between genotypes, in the saline or S. typhimurium groups. FcγRI expression shows a 

clear effect of systemic infection, however these results highlight a potentially dampened 

response in the H1Mapt-/- mouse. 
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Figure 3-13: FcγRI in the hippocampus following saline and S. typhimurium injection 

A, E, I) FcγRI expression in C57BL/6, H1Mapt-/- and Mapt-/- mice after saline i.p. injection; 

20x objective. B, F, J) FcγRI expression after saline i.p. injection; 40x objective. C, J, K) 

FcγRI expression in C57BL/6, H1Mapt-/- and Mapt-/- mice after S. typhimurium i.p. injection; 

20x objective. D, H, L) FcγRI expression after S. typhimurium i.p. injection; 40x objective. M) 

Mean percentage area stained at the hippocampal fissure, n= 3 for all groups. Two-way 

ANOVA with Tukey’s post-hoc test; (*p<0.05). All data is presented as mean ± S.E.M. 



Chapter 3 

132 

3.4 Discussion 

3.4.1 Weight change and nesting behaviour following S. typhimurium infection 

S. typhimurium induces both an innate and adaptive immune response. This begins with 

recognition of PAMPs on the bacteria through invasion of macrophages and hepatocytes, which is 

eventually restricted and resolved through expansion of T cells and the acquired response of the 

adaptive immune system (Mittrücker, Köhler and Kaufmann, 2002; Ravindran and McSorley, 

2005). Following S. typhimurium infection, recording weight loss is a useful indicator of welfare 

and an indicator of susceptibility (Ren et al., 2009). Weight change following S. typhimurium is 

understood to be associated both with survival rates and the strength of the infection.  

During systemic infection it was found that P301S mice do initially show weight loss akin to 

what has previously been observed in the C57BL/6 mice (Püntener et al., 2012) (Figure 3-2). 

However, as there was a significant main effect of genotype, this suggested that there was an 

overall difference in response to the S. typhimurium infection. In LPS i.p. injections it is commonly 

observed that weight returns to baseline at approximately three days post-infection (Lawrence, 

Brough and Knight, 2012). Therefore, it is possible that P301S mice do lose weight simply through 

TLR4 activation by LPS; TLR4 activation promotes NF-κB activation and LPS also promotes caspase-

1 function which has been shown to regulate weight loss and severity of infection (Boulangé et al., 

2016; Lei et al., 2016). There is no significant difference in starting weight (Figure 3-2), a 

measurement which would have highlighted any gross phenotypic differences between the two 

genotypes. This suggests the differences observed are due to strain or genetic background of the 

mouse.   

Measuring sickness behaviour (such as lack of movement and hunched posture) during 

infection is well-established and allows correlation with pro-inflammatory cytokine production to 

determine the severity of infection (Cunningham et al., 2007). Nesting is a behavioural test that 

can be used to examine depression behaviour in mice (Negus et al., 2015), however it can also be 

used to observe sickness behaviour such as a reduction in movement (Jirkof, 2014). No significant 

change in nesting behaviour was observed because of S. typhimurium infection, nonetheless the 

P301S mice do show a significantly lower rate of nesting in both infection groups (Figure 3-2).  

MC1-positive misfolded tau has been detected in the P301S hippocampus from 2 months of 

age when behavioural deficits are first reported (Xu et al., 2014). This suggests that a significant 

decrease in nesting behaviour may correlate with the development of the tau pathology. Two 

month-old P301S mice show deficits in open field, yet nesting deficits have been first reported as 

late as 12 months old (Scattoni et al., 2010; Sun et al., 2020). Studies into AD transgenic mice such 
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as Tg2576 and the 3xTg-AD models both show deficits in nesting behaviour (Wesson and Wilson, 

2011; Torres-Lista and Giménez-Llort, 2013). Tg2576 and 3xTg-AD mice both express the P301L 

mutation, however tau pathology is evident at 3 months and 12 months of age respectively, this 

coincides with aforementioned deficits observed in nesting behaviour (Lewis et al., 2001; Oddo et 

al., 2003). 

To what extent the early misfolding and hyperphosphorylated stages of tau pathology link 

to dysfunction in behavioural paradigms is unknown. It is notable that C57BL/6 mice do not begin 

to show nesting deficits in the presence of systemic infection, suggesting S. typhimurium is not 

sufficient to induce chronic deficits in nesting. It would appear that the pathology in P301S mice is 

sufficient to induce nesting deficits, however as the infection was not robust enough the effect of 

S. typhimurium must be disregarded for the P301S mice. These findings suggest that examining 

hippocampal function using behavioural tests such as nesting, and burrowing may be a useful 

indicator of tau spread within this model. 

3.4.2 Immune cell marker expression within the hippocampus following systemic infection 

Immune markers are key to understanding how the brain is responding to an immune 

challenge. Four weeks post-infection, MHCII and CD11b were stained for as markers of cellular 

and microglial activation. Our lab has already established that MHCII and CD11b are upregulated 

in the brain following S. typhimurium, with the expression peaking at one week post-infection 

(Püntener et al., 2012). However, it was an aim to establish how the P301S mice responded 

compared to the C57BL/6 mice.  

All saline-injected mice show no MHCII expression due to the lack of infection or injury 

(Gottfried-Blackmore et al., 2009). There is strong MHCII expression in the S. typhimurium- 

infected C57BL/6 mice and laminin shows that MHCII expression is associated with the vascular 

endothelium (Figure 3-3). It is possible that MHCII may be expressed in perivascular 

macrophages. However, given the morphology of MHCII staining both in DAB 

immunohistochemistry and immunofluorescence it appears to reside within the endothelial cells. 

Furthermore, MHCII expression is reported in the cerebral vasculature weeks after S. typhimurium 

infection utilising the same strain (Püntener et al., 2012). In future experiments, co-staining of 

MHCII with CD31 as a marker expressed by endothelial cells would elucidate this further. MHCII 

expression in the brain is considered to be induced by expression of IFNγ and TNFα in the blood 

(Kim et al., 2002). Notably, there is no MHCII-positive staining in the brain of the infected P301S 

group. Considering the difference in weight change and MHCII expression to C57BL/6 mice after 
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systemic infection, this suggests that the infection was resolved prior to development of a 

neuroinflammatory response.  

It is possible that cell turnover will confound the detection of MHCII in the P301S. MHCII 

expression is observed in the vascular endothelial cells at four weeks post-infection. Vascular 

endothelial cell turnover in the brain is largely unknown despite research into peripheral 

endothelial turnover (such as intestinal) however it is widely understood to be slow with the 

shortest time reported as 47 days (Woywodt et al., 2002). Therefore, it is unlikely that these 

results are due to endothelial cell turnover in the P301S mice, especially when considering this is 

not observed in the C57BL/6 hippocampus. This suggests that the difference in MHCII expression 

observed is due to early resolution of infection by the P301S mouse, and subsequent absence or 

reduced release of cytokines inducing MHCII expression such as TNFα and IFNγ. 

CD11b expression was also examined in the hippocampus. CD11b regulates MyD88-

dependent TLR4 signalling of DCs following LPS injection (Ling et al., 2014). It is a useful marker to 

examine as CD11b-positive cells are shown to persist in peripheral tissue in vivo following S. 

typhimurium infection (Tam et al., 2014). Our lab has established that CD11b along with CD68 

show an expression peak at 1 week post-infection (Püntener et al., 2012). As the brains are 

examined at 4 weeks post-infection in this study, it may be too late to identify expression 

changes. CD11b in infected C57BL/6 and P301S mice does not show observable changes in 

expression (Figure 3-5). Potentially, CD11b expression would have benefitted from 

quantification, however limited time prevented this. 

Brain tissue was also stained for immunoglobulin Fc receptor FcγRI in the hippocampus. 

Due to its high affinity for IgG (Mkaddem, Benhamou and Monteiro, 2019), FcγRI clearly plays an 

important role in the processing of an immune response to S. typhimurium. 

Immunohistochemistry qualitative results confirm observations from MHCII. There is a clear 

upregulation of FcγRI expression in C57BL/6 mice injected with S. typhimurium (Figure 3-6). The 

microglia appear to increase both in population size and to be located around blood vessels. By 

contrast, P301S mice which received either saline or S. typhimurium i.p. injection show microglia 

which are notably similar in morphology to saline-injected mice. This suggests that FcγRI is not 

upregulated in P301S mice, further confirming that in the brains of P301S mice there is less 

infiltration of IgG suggesting the bacterial infection is resolved. 

By considering FcγRI, MHCII and CD11b expression, it is possible to propose that there has 

not been a neuroinflammatory response in the P301S mouse at 4 weeks post-infection, it remains 

to be determined if earlier time point would show evidence of such a response. This is a novel 

finding in a mouse model of tauopathy and suggests that the P301S mouse is less susceptible to S. 
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typhimurium than the C57BL/6 mouse. A faster resolution in the P301S mouse may explain these 

findings, however for this study a prolonged systemic inflammatory response is required, meaning 

the P301S is less suitable for future experiments. 

3.4.3 Nramp1 and infection susceptibility 

The results in this chapter suggest that the P301S mouse model is able to resolve S. 

typhimurium infection quicker than the C57BL/6 mouse. One protein, which is proposed to alter 

the host’s response to S. typhimurium, is Nramp1 (encoded by the Slc11a1 gene). Nramp1 is a 

cation transporter expressed on macrophages and other peripheral immune cells (Fritsche et al., 

2012). The cation transport removes iron from phagosomes. As a result, there is less iron 

availability for S. typhimurium, the bacteria are subsequently less able to colonise peripheral 

organs (Loomis et al., 2014).  

The resistance to intracellular bacterial infections is conveyed solely in WT Nramp1. By 

contrast, a mutation at 169aa leads to deficient Nramp1 and an inability to resolve the infection. 

Studies have examined the Slc11a1 gene in multiple inbred murine strains and those with Slc11a1 

deficiency include the C57BL/6 mice, meaning the C57BL/6 is susceptible to S. typhimurium and 

would not be able to resolve a lethal dose (Brown et al., 2013). By contrast, the P301S mouse is 

partially bred on a CBA background, a strain that encodes WT Nramp1 and is subsequently able to 

resolve S. typhimurium infection. Slc11a1 primers were used in a PCR and observed 

polymorphisms exclusively in the C57BL/6 DNA samples (Figure 3-7).  

However, P301S mice do lose a significant amount of weight, therefore the mouse model 

does initially respond to infection. From this, it can be concluded that it is likely the P301S mouse 

model is able to resolve intracellular pathogen infections such as S. typhimurium due to the 

expression of WT Nramp1 encoded in the partial CBA background. This puts into question 

whether the P301S mouse model is appropriate to answer the hypothesis of this thesis. 

3.4.4 The suitability of the P301S mouse model  

In conclusion, the data presented suggests that the P301S mouse model resolves S. 

typhimurium infection faster than C57BL/6 mice, resulting in a lack of sustained 

neuroinflammation. As a result, the P301S mouse model of tauopathy is not ideal to test the 

overall hypothesis as tau spreading in this model occurs over 2 months. If the mouse is able to 

resolve the established systemic infection model, it will not be possible to assess the effect of 

sustained low-grade inflammation within the brain. It has been shown that P301S mice do not 

express MHCII in the brain following systemic infection. It is most likely this is due to the lack of 
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inflammatory signals responsible for MHCII expression. Furthermore, the background of the 

P301S mouse, which has a partial CBA strain, confers greater resistance to S. typhimurium. If there 

is an acute immune response within the periphery and subsequently the brain, it is unlikely that it 

will be possible to examine the effects of systemic infection on tau spreading. Therefore, further 

investigation into different mouse strains must be carried out, such as the H1Mapt-/- mouse. The 

H1Mapt-/- mouse is bred on a C57BL/6 background, therefore following S. typhimurium infection 

a neuroinflammatory response within the brain should be observed. 

3.4.5 Weight loss in H1Mapt-/- mice following S. typhimurium infection 

The primary aim following the P301S study was to confirm that H1Mapt-/- mice are 

susceptible to S. typhimurium and develop neuroinflammatory changes following infection. The 

H1Mapt-/- mouse has undergone both a knock-out of the murine tau gene, and the knock-in of 

the H1 human haplotype. The Mapt-/- mice, which express no endogenous mouse tau were used 

as an internal control for the H1Mapt-/- mice. As the S. typhimurium infection is novel in this 

mouse model, the Mapt-/- mouse allowed us to examine solely the effect of Mapt deletion. As 

the H1Mapt-/- mice in this thesis are homozygous as opposed to hemizygous, based on previous 

studies by Wade-Martins et al. (Wobst et al., 2017), these C57BL/6 mice were not littermates. 

Whilst control littermates would be ideal, H1Mapt-/- mice are bred on a solely C57BL/6 

background. Therefore, C57BL/6 mice were included to establish a ‘wild type’ response to 

systemic infection and so highlight potential differences in the H1Mapt-/- mice.  

It was noted that all three genotypes injected with S. typhimurium lost weight 24 hours 

post-injection (Figure 3-8). There was no significant main effect of genotype. However, it possible 

to observe that H1Mapt-/- mice appear to gain weight at an earlier time point than C57BL/6 mice 

(Figure 3-8). The Mapt-/- mice also lost significant weight 24 hours post-infection. However, it 

was observed that the Mapt-/- mice do not return to baseline weight as quickly as either C57BL/6 

or H1Mapt-/- mice, and still had not fully resolved the weight lost four weeks post-injection. The 

largest variability is observed between S. typhimurium-injected H1Mapt-/- and Mapt-/- mice 

which exhibit differences in weight change from five days post-infection (Figure 3-8). This 

suggests that whilst there is significant weight loss following systemic infection, differences 

between genotypes are observed once again. 

There is also notable variability in the starting weights of these three different mouse 

strains. C57BL/6 and H1Mapt-/- mice both have similar starting weights, whilst Mapt-/- mice 

starting weights are significantly higher (Figure 3-9). Mapt-/- mice have been reported to exhibit 

hyperactivity and muscle weakness (Ikegami, Harada and Hirokawa, 2000; Wobst et al., 2017). It 
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has also been reported that these mice display insulin resistance, resulting in increased body 

weight (Marciniak et al., 2017). This paper suggested that tau may partially mediate peripheral 

metabolism as glucose intolerance is observed in these mice (Marciniak et al., 2017); glucose is a 

crucial metabolite used by S. typhimurium (Thompson, Fulde and Tedin, 2018). Therefore, it is 

likely that metabolism deficits in the Mapt-/- mice are responsible for the significant increase in 

starting weight and subsequent weight change following S. typhimurium. Glucose intolerance may 

lead to greater colonisation of host cells by S. typhimurium and so delay weight recovery. It is 

interesting that the H1Mapt-/- mice do not show increased starting weight and return to baseline 

weight after infection on average two weeks faster compared to Mapt-/- mice. This suggests that 

the H1Mapt-/- mice may not exhibit glucose intolerance. The findings regarding the Mapt-/- mice 

correlate with previous studies and suggest that the deletion of tau alters metabolism. A previous 

study examining an alternative hTau mouse model did not show a rescue of this insulin resistant 

phenotype (Gonçalves et al., 2020). In fact, the hTau mouse was the only strain in which this 

phenotype was observed. This study highlights how there are distinct differences between hTau 

models which express all six isoforms. In Chapter 3 it was possible to conclude that the Mapt-/- 

mice do show gross phenotypic differences not observed in the H1Mapt-/- mice. 

Increased spleen size is widely reported in S. typhimurium studies, although the degree of 

increase varies with duration of infection and dose administered (Jackson et al., 2011; Püntener et 

al., 2012; Betz et al., 2018). It was observed that all saline-injected mice, regardless of genotype, 

showed no significant change in spleen size (Figure 3-9). Following S. typhimurium infection, 

C57BL/6, H1Mapt-/- and Mapt-/- mice all exhibit significantly increased spleen size from their 

respective saline-injected controls. However, it is notable that for the S. typhimurium-injected 

groups of H1Mapt-/- and Mapt-/- mice, spleen size is significantly smaller than in the C57BL/6 

group. When weight change is plotted against spleen weight in the S. typhimurium-injected 

groups, there is a significant linear regression (F(1,24)= 10.17, p<0.01), however the R square 

value is very low (R2= 0.3) meaning there is a high level of variance in this data set (Appendix A, 

Figure S2). However, it is interesting that spleen weight does appear to partially correlate with 

weight loss and response to infection. Furthermore, the significantly smaller spleen size observed 

in H1Mapt-/- mice compared to C57BL/6 mice highlights a potentially dampened response to S. 

typhimurium infection. Even if the H1Mapt-/- mice do show a dampened reaction to S. 

typhimurium compared to C57BL/6 in weight change and spleen size, they are still a suitable 

model as the above results suggest they are susceptible. However, the response to S. 

typhimurium in the H1Mapt-/- brain must be fully characterised and variability from response in 

C57BL/6 mice highlighted.  
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3.4.6 Pro-inflammatory marker changes in the hippocampus of the H1Mapt-/- mouse model 

following systemic infection 

MHCII expression is increased following exposure of cells to TNFα and IFNγ, two cytokines 

released after S. typhimurium infection (Nauciel and Espinasse-Maes, 1992). MHCII expression 

induces professional APCs (such as DCs) to process the bacteria and present them to T cells, which 

mounts an immune response with the aim of eliminating the infection. Following LPS i.p. 

injection, MHCII expression is commonly reported in microglia; these classical APCs express MHCII 

as an immediate response to the infection (Henry et al., 2009). However, following sustained 

inflammation, MHCII expression on non-professional APCs has been reported. Vascular 

endothelial cell expression of MHCII has been reported on as a result of exposure to IFNγ 

(Geppert and Lipsky, 1985). Furthermore, S. typhimurium infection has been reported to inhibit T 

cell response through mediating APC function (McLaughlin and van der Velden, 2016).  

Our group has established MHCII expression in the brain three weeks-post infection with S. 

typhimurium; by contrast, single or repeated LPS injections did not elicit MHCII expression on 

vascular endothelial cells (Püntener et al., 2012). Increased expression of VCAM and ICAM was 

also observed following S. typhimurium infection, suggesting that BBB function is altered 

(Püntener et al., 2012). MHCII-positive staining was noted in both H1Mapt-/- and Mapt-/- mice 

following a four-week S. typhimurium infection (Figure 3-10). By staining for laminin to highlight 

basement membranes, it was possible to demonstrate that MHCII is associated with blood 

vessels, possibly on vascular endothelial cells. These results suggest that H1Mapt-/- mice are 

susceptible to S. typhimurium and undergo a response in the brain similar to that of the C57BL/6 

controls.  

The expression of CD11b (Figure 3-12) and FcγRI (Figure 3-13) were examined. For both 

markers there was a significant main effect of infection; this suggests that following S. 

typhimurium infection there is upregulated expression of these macrophage and microglial 

markers. Following post-hoc tests, significance was only observed in C57BL/6 mice for FcγRI 

expression after systemic infection. It is possible that the sample size for analysis needs to be 

increased. However, CD11b expression has been reported to peak at 1 week post-S. typhimurium 

infection (Püntener et al., 2012). At 3 weeks post-infection, there is still upregulated expression, 

yet this is reduced. This is likely due to macrophages and microglia playing a role in the initial 

immune response, and being able to migrate, self-renew and alter the inflammatory profile. By 

contrast, MHCII expression observed is likely located in cells which are not transient and so 

expression remains significantly higher in all mouse strains even four weeks post-infection. 
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3.4.7 Conclusions and future directions 

From this experiment it is possible to conclude that despite variability in the response, both 

the H1Mapt-/- and Mapt-/- mice are susceptible to S. typhimurium. This is clear both in the spleen 

weight and the MHCII expression in immunohistochemistry. Examining weight change, starting 

weight and spleen weight shows there are variabilities between genotypes. These results suggest 

that H1Mapt-/- may exhibit a dampened response to S. typhimurium; compared to C57BL/6 mice 

the H1Mapt-/- mice show less weight loss and smaller spleen weight. The Mapt-/- mice do also 

show variability, however a potential rescuing effect of gross phenotypic changes as a result of 

Mapt deletion is observed in the H1Mapt-/- mice. Therefore, whilst it is crucial to understand the 

mechanism behind the observed variability, these mice should respond to systemic infection in 

further experiments.  

Neither C57BL/6 mice nor the H1Mapt-/- mouse model express tau with pathological 

mutations and previous research suggests that S. typhimurium alone is not adequate to induce 

hyperphosphorylation in naïve tau (Alex Collcutt, thesis (2017)). Inducing pathological tau spread 

through intracerebral injection of AD-tau will allow us to properly assess the effect of systemic 

infection. Therefore, although there is deviation from the immune response in the C57BL/6 mice, 

it has been established that S. typhimurium does elicit a classical peripheral and central immune 

response in H1Mapt-/- mice. Subsequently, the H1Mapt-/- mice is a suitable model to examine 

tau spreading under the presence of systemic infection.  

Future aims: 

• To establish the effect of intracerebral injection on subsequent systemic infection 

• To isolate AD-tau from post-mortem AD tissue and enrich for HMW tau 

• To establish a tau spreading model using a mouse model expressing human tau  

• To determine if systemic infection alters the rate of tau spreading in vivo 
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Chapter 4 S. typhimurium infection following 

LPS i.c. injection  
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4.1 Introduction 

Priming is a widely researched phenomenon in microglia dynamics. ‘Priming’ begins with an 

initial insult in the parenchyma, either from an infection, injury or the presence of misfolded 

protein which induces a pro-inflammatory response (Perry and Holmes, 2014). This leaves the 

microglial ‘primed’, whereby a secondary insult induces a greater response by the microglia than 

observed without the prior event (Li et al., 2018). In neurodegenerative diseases, proteins such as 

tau become aggregated and disrupt protein degradation systems (Ciechanover and Kwon, 2015). 

It is hypothesised that the build-up of aggregated protein may induce a microglial response, 

whereby the loss of homeostatic function results in an increasingly activated profile after a 

secondary insult. Systemic infections are associated with accelerated cognitive decline in 

dementia, which may be a result of the activation of these ‘primed’ microglia (Hoeijmakers et al., 

2016).  

The aim of this thesis is to induce pathology through injection into the mouse brain; the 

combined effect of tau pathology and systemic infection on the microglial population is unknown. 

The question addressed in this chapter is whether an acute inflammatory process such as an i.c. 

injection of LPS results in priming, or if this only occurs if the initial stimulus is sustained such as 

with aggregated pathology. C57BL/6 mice infected with the bacterial strain S. typhimurium show 

sustained, low-grade neuroinflammation (Püntener et al., 2012). Subsequent LPS challenge 

through i.c. injection results in exaggerated activation of microglia, suggestive that systemic 

infection and following changes in the brain resulted in priming. However, repeated LPS injections 

show induction of tolerance as opposed to priming. This is proposed to be due to TLR4 activation 

from LPS injection, as endotoxin is a TLR4 agonist (Liu et al., 2019). To model an acute 

inflammatory response, C57BL/6 mice received an i.c. injection of LPS followed by an i.p. injection 

of S. typhimurium. Control mice also received an i.c. injection of saline which examines to what 

extent the damage caused by injection alone is adequate to result in reactivation of immune cells. 

In this study it is investigated whether prior activation of microglia using an acute challenge with 

LPS, influences microglial response to systemic infection with S. typhimurium. 

Aims addressed in this chapter are as follows: 

• To establish whether there are changes in microglial marker expression following LPS 

intracerebral injection 

• To establish whether an acute inflammatory response in the brain is adequate to induce 

microglial priming 
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4.2 Methods 

4.2.1 Lipopolysaccharide intracerebral injection 

C57BL/6 female mice (3 months old) underwent stereotaxic injections into the cerebrum as 

described in Chapter 2.1.2. The Bregma position for injection is as follows: Anterior-Posterior (AP): 

-2.5, Lateral-Medial (LM): -2.0, Dorsal-Ventral (DV): -1.8. The choice of injection site refers to 

previous experiments and published data carried out by industrial collaborators (Ahmed et al., 

2014). Bregma coordinates place the injection site above the dentate gyrus. A 33-gauge needle 

with a 7 series Hamilton syringe was used to inject 1μl of either saline or LPS (0.5μg/μl) 

(Salmonella enterica serotype Abortus Equi; L5886 Sigma), unilaterally into the hippocampus. A 

low dose was chosen considering that these mice would receive a systemic infection one week 

later. Group sizes are found below in Table 4-1. After i.c. injection monitoring and recording was 

carried out as reported in Chapter 2. Four to five-month-old C57BL/6 mice also underwent the 

same procedure of an i.c. injection of either LPS or saline (n= 3 for both groups), histology shown 

in Figure 4-2 and Figure 4-3. However, this injection was bilateral, and the mice were culled 24 

hours post-injection. 

Table 4-1: Group sizes for i.c. and i.p. injection 

 Saline i.p. S. typhimurium i.p. 

Saline i.c. 3 3 

LPS i.c. 3 3 

4.2.2 S. typhimurium intraperitoneal injections and perfusion 

One-week post-i.c. injection, mice received a 200μl intraperitoneal injection of either saline 

or S. typhimurium as described in Chapter 2. Mice were weighed daily for seven days. On the 

seventh day the mice were transcardially perfused with 0.9% saline as described in Chapter 2. The 

brain tissue was collected, mounted in OCT and frozen on isopentane.  

4.2.3 Histology 

Images were taken at the hippocampal fissure and with 20x objective for MHCII, CD11b and FcγRI, 

all analysis was carried out as described in Chapter 2. 
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4.3 Results 

4.3.1 Acute inflammatory marker changes 

The first question posed is whether the LPS dose (0.5μg/μl) would induce an acute 

inflammatory response in the brain. C57BL/6 mice underwent an intracerebral injection of either 

LPS or saline. Prior to examining the effect of systemic infection following LPS, a cohort of mice 

were perfused 24 hours post-LPS or saline injection and the brain tissue stained for inflammatory 

markers.  

The tissue was stained for MHCII, CD11b and FcγRI. It is possible to observe that at one day 

post-injection, there is considerable expression of inflammatory markers. There is MHCII-positive 

staining in the parenchyma 24 hours post-LPS injection (Figure 4-1). There is also MHCII 

expression in the corpus callosum, showing cross-talk between the two hemispheres. When 

examining higher magnification images of MHCII expression, the cells appear to be ameboid in 

morphology in the hippocampus and cortex (Figure 4-2). It is unclear whether this MHCII 

expression is in classical or non-classical APCs. However, the ameboid appearance of the staining 

suggests a more acute response with activation of classical antigen presenting cells such as 

microglia. 

Expression levels of FcγRI were also investigated and a similar pattern of expression to 

MHCII was observed. Whilst there is a low level of endogenous FcγRI expression in the naïve 

murine brain, the injection site displayed observably higher expression (Figure 4-1). At a higher 

magnification, the FcγRI positive macrophages also appear to be ameboid in morphology. FcγRI 

staining also suggests that 24 hours post-injection of LPS, a localised inflammatory response is 

induced.  

Expression levels of CD11b showed visibly increased expression following LPS i.c. injection 

(Figure 4-1). The CD11b positive macrophages observed in the brain suggest recruitment of 

immune cells to the injection site as a result of the inflammatory response. At the injection site 

CD11b-positive macrophages are ameboid in morphology, suggesting a localised inflammatory 

response which then dissipates as the distance from the injection site increases. This 

inflammatory response appears localised to the ipsilateral hemisphere (Figure 4-2). 
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Figure 4-1: 24 hours post-LPS and saline I.C injection 

One day post-i.c. injection, the parenchyma was stained for A) MHCII expression B) 

FcγRI expression C) CD11b expression. All images taken at 2.5x objective; scale bar= 

40μm. 
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Mice which underwent saline intracerebral injection also showed activation of immune 

markers within the parenchyma at one day post-injection. However, MHCII expression levels at 

both high and low magnification showed very minimal staining. This suggests that saline injection 

and the damage caused by the needle does not indue MHCII activation on macrophages to the 

same degree that LPS i.c. injection does (Figure 4-3). CD11b staining showed observable 

activation of macrophages to ameboid morphology. However, it is notable that this staining is 

visibly weaker than CD11b staining observed following LPS injection. It is possible to see that the 

activation of macrophages is more highly localised to the needle path. This would suggest that 

local microglial populations were activated due to the injury, yet there is no response to the 

saline. Furthermore, FcγRI showed similar dampened activation compared to LPS injection 

(Figure 4-3). Whilst the main readout is the effect of this i.c. injection on a subsequent systemic 

infection, it is important to note that LPS i.c. injection does induce a very acute inflammatory 

response. By then examining metabolic changes and peripheral readouts it will be possible to 

observe the effects of a bacterial mimic versus a murine bacterial infection. 
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Figure 4-2: Comparison of immune markers 24 hours post-LPS injection  

A, B) Representative staining of MHCII at 24 hours post-LPS i.c. injection. The MHCII is 

primarily focused on the hippocampal fissure. C, D) Staining of FcγRI at 24 hours post-LPS i.c. 

injection in the (C) hippocampal fissure and (D) cortex. E, F) Representative staining of 

CD11b at 24 hours post-LPS i.c. injection in the (E) hippocampal fissure and (F) cortex. A, C, 

E) 10x image objective; scale bar= 100μm. B, D, F) 20x objective; scale bar= 100μm. 
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Figure 4-3: Immune markers 24 hours post-saline intracerebral injection 

A, B) MHCII, (C, D) CD11b and (E, F) FcγRI staining in mice which underwent saline i.c. 

injection 24 hours prior. A, C, E) The hippocampal fissure and (B, D, F) the injection site are 

imaged. A, C, E) 10x objective used; scale bar= 100μm. B, D, F) 20x objective used; scale 

bar= 100μm. 
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4.3.2 LPS and S. typhimurium induce metabolic changes yet differ in immune activation 

Having established that LPS i.c. injection at 0.5μg/μl induces an acute inflammatory 

response, it was then possible to examine the effects of a subsequent systemic infection. This 

experimental procedure requires two key steps. Firstly, the intracerebral injection of LPS or saline 

followed by the intraperitoneal injection of S. typhimurium or saline. Firstly, starting weights were 

recorded; all mice injected were littermate C57BL/6 female mice. There was no significant 

difference in starting weight between any group (F(3, 8) = 0.76, p= 0.55). 

Injection of saline into the cerebrum causes minimal weight loss, even one day post-saline 

injection (weight change (% baseline); -2.69% ± 2.2 (Mean ± SD). By contrast, injection of LPS into 

the cerebrum causes significant weight loss compared to the saline i.c. group one day post-

injection (weight change (% baseline); -11.3% ± 1.7, p<0.001) (Figure 4-4). This weight loss is 

observed one day post-injection; by three days post-injection the LPS-injected mice have returned 

to baseline weight comparable to saline-injected mice. There was a significant main effect of time 

(F(7, 70)= 22.18, p<0.001), however there was no significant main effect of LPS injection (F(1, 10)= 

2.11, p= 0.18). There was a significant interaction of time and i.c. injection on weight loss (F(7, 

70)= 7.61, p<0.0001), suggesting that the use of LPS or saline significantly altered the degree of 

weight change in the initial 24 hours, yet the weight change was not significantly different for the 

remaining six days. This confirms that there was an initial metabolic response to the LPS injection, 

yet as LPS is a bacterial mimic this was quickly resolved. 

By contrast, following the intraperitoneal S. typhimurium injections, the weight loss 

observed is over a greater number of days. There was no significant main effect of previous i.c. 

injection on the response to S. typhimurium (F(1, 8)= 0.39, p= 0.55). Therefore, the previous 

intracerebral injection of LPS appears to have no significant effect on weight change during 

bacterial infection. Mice which previously underwent saline i.c. and then a subsequent saline i.p. 

injection showed minimal weight loss from baseline at one day post-i.p. injection (0.55% ± 1.86). 

S. typhimurium-injected mice displayed greater weight loss however this was not significant 

compared to the saline i.c./saline i.p. group (saline i.c./S. typhimurium i.p.= -6.79% ± 3.08, p= 

0.43). This weight loss is observed until seven days post injection at which point both groups 

reach baseline weight (Figure 4-4). There was a significant main effect of time (F(2.07, 16.53)= 

24.04, p<0.001) and there was a significant main effect of S. typhimurium (F(1, 8)= 12.41, p<0.01). 

There was also a significant interaction of time and systemic infection (F(7, 56)= 5.63, p<0.001). 

Notably, there is no significant difference in the weight change between the two groups injected 

with S. typhimurium. The lack of post-hoc significance is likely due to the small sample size within 

these groups.  
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One-week post-injection, the mice were perfused, and the spleen weights recorded (Figure 

4-4). S. typhimurium -injected mice show significant splenomegaly, with an approximate four-fold 

increase in spleen weight regardless of i.c. injection (Saline i.c./saline i.p.= 113.67mg ± 14.57; 

saline i.c./S. typhimurium i.p.= 479.33mg ± 132.68; LPS i.c./saline i.p.= 99.67mg ± 6.66; LPS i.c./ S. 

typhimurium i.p.= 438.67mg ± 103) and there was a significant main effect of bacterial infection 

(F(1, 8)= 52.32, p<0.0001). Notably, the prior intracerebral injection did not have a significant 

main effect on spleen weight (F(1, 8)= 0.31, p= 0.59) and no interaction was observed (F(1, 8)= 

0.07, p= 0.79).  
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Figure 4-4: Body weight changes and spleen weights following LPS and S. typhimurium 

injections 

A) Weight change is shown as a percentage of baseline from weight measured prior to both i.c. 

and i.p. injection. n=3 for each group. Repeated measures ANOVA with Greenhouse-Geisser 

correction and Tukey’s post-hoc test. *= significance between saline i.c. and LPS i.c. groups 

(**p<0.05). B) Starting weight for C57BL/6 female mice prior to saline or LPS i.c. injection. 

One-way ANOVA with Tukey’s post-hoc test. C) Spleen weights one-week post-i.p. injection. 

Two-way ANOVA with Tukey’s post-hoc test; (**p<0.01). All data is presented as mean ± 

standard deviation. 
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4.3.3 MHC II expression in the hippocampus following S. typhimurium infection 

Within 24 hours of intracerebral injection of LPS, MHCII is upregulated at the injection site 

in the ipsilateral hemisphere (Figure 4-1). Yet how does this compare to MHCII expression 

following a bacterial infection? One-week post-i.c. injection, mice were injected intraperitoneally 

with either saline or S. typhimurium. One-week post-S. typhimurium the brains were processed 

and stained for several inflammatory markers, specifically examining expression in the 

hippocampal fissure. MHCII was co-stained with laminin to show how MHCII staining overlaps 

with the vasculature (Figure 4-5). There is no positive MHCII staining in the hippocampal fissure 

of mice which received an i.c. and i.p. injection of saline. Mice which underwent LPS i.c. injection 

followed by saline i.p., showed MHCII-positive staining, but this was a very low level of staining 

and was not significant compared to the saline i.c./saline i.p. group. All mice injected with S. 

typhimurium show positive MHCII staining, confirming and inflammatory response to the 

infection. Due to the proximity with laminin the vasculature can be clearly observed and MHCII 

expression appears to be located proximal to the basement membrane (Figure 4-5). This suggests 

that by one-week post-injection of S. typhimurium, the expression has been restricted 

predominantly to the basement membrane, as opposed to the resident microglia observed at 24 

hours post-LPS injection.  

A three-way ANOVA determined that there was no significant main effect of hemisphere 

(F(1, 8)= 3.21, p= 0.11), therefore all subsequent analysis was carried out as two-way ANOVAs for 

each hemisphere. Following analysis of MHCII staining in the ipsilateral hemisphere, there is a 

significant main effect of S. typhimurium (F(1, 8)= 14.43, p<0.01). By contrast, there was no 

significant main effect caused by LPS i.c. injection (F(1, 8)= 1.14, p= 0.32). There was also no 

significant interaction found between the i.c. and i.p. injections (F(1, 8)= 2.58, p= 0.15). Following 

S. typhimurium i.p. injection there was a 40-fold significant upregulation in MHCII expression in 

the saline i.c. group (saline i.c./saline i.p.= 0.06% ± 0.02; saline i.c./S. typhimurium i.p.= 2.42% ± 

0.84, p<0.05) (Figure 4-5). There was no significant difference found between the LPS i.c. groups 

regardless of subsequent i.p. injection (LPS i.c./saline i.p.= 0.30% ± 0.16; LPS i.c./S. typhimurium 

i.p.= 1.26% ± 0.17, p= 0.45), despite the MHCII-positive staining in the LPS i.c./S. typhimurium i.p. 

group. This suggests there is reduced MHCII express in the LPS i.c./S. typhimurium i.p. group 

compared to the saline i.c./S. typhimurium i.p. group. 

There was no significant difference when comparing relative ipsilateral versus contralateral 

expression in all treatment groups (Figure 4-5, Figure 4-6). This suggests that the changes in 

MHCII expression were ubiquitous across both hippocampal fissures, suggesting a more global 

response to S. typhimurium that is not determined by the coordinates of the intracerebral 
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injection prior. In the contralateral hemisphere there was once again no significant main effect of 

i.c. injection (F(1, 8)= 2.41, p= 0.16), and a significant main effect of S. typhimurium i.p. injection 

(F(1, 8)= 10.50, p<0.05). As observed in the ipsilateral hemisphere, there was no significant 

interaction (F(1, 8)= 3.36, p= 0.10). The post-hoc comparisons only showed significance between 

the saline i.c./S. typhimurium i.p. group and both saline i.p. groups, regardless of saline or LPS i.c. 

injection prior. There is an almost 100-fold increase in MHCII expression after systemic infection 

in the saline i.c. group (saline i.c./saline i.p.= 0.04% ± 0.01; saline i.c./S. typhimurium i.p.= 3.57% ± 

1.38, p<0.05). When comparing MHCII expression in the LPS i.c./saline i.p. group to the saline 

i.c./S. typhimurium i.p. group, a significant increase is observed after systemic infection (LPS 

i.c./saline i.p.= 0.23% ± 0.09; saline i.c./S. typhimurium i.p.= 3.57% ± 1.38, p<0.05). No significant 

effect of systemic infection is observed in post-hoc between the LPS i.c. groups (LPS i.c./saline 

i.p.= 0.23% ± 0.09; LPS i.c./S. typhimurium i.p.= 1.21% ± 0.16, p= 0.76). Overall, this suggests that 

MHCII expression may be reduced after systemic infection in the LPS i.c. injection group. To what 

extent there is a significant dampening effect would require further investigation and potentially a 

higher powered study.
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Figure 4-5: MHCII expression in the ipsilateral hemisphere following i.c. and i.p. injection 

Ipsilateral hemisphere staining of MHCII and laminin. Saline i.c. followed by (A, C) saline i.p. or 

(B, D) S. typhimurium i.p. injection. LPS i.c. followed by (E, G) saline i.p. or (F, H) S. 

typhimurium i.p. injection. A, B, E, F) Image taken with 20x objective, scale bar= 50μm for all 

images. C, D, G, H) Image taken with 40x objective, scale bar= 50μm for all images. I) Two-way 

ANOVA for the ipsilateral hemisphere with Tukey’s post hoc test (*p<0.05). n= 3 for all groups. 

Data is presented as mean ± SEM. 



Chapter 4 

155 

 



Chapter 4 

156 

 

4.3.4 Expression of CD11b following acute and systemic inflammation 

CD11b staining at 24 hours post-LPS injection was indicative of microglial activation in the 

ipsilateral hemisphere localised to the injection site (Figure 4-1). CD11b expression was then 

quantified when examining the effect of LPS injection and subsequent systemic infection (Figure 

4-7). CD11b expression showed a significant difference between hemispheres (F(1, 8)= 39.77, 

p<0.001). There was a significant main effect of i.c. injection (F(1, 8)= 7.98, p<0.05) whilst there is 

no significant main effect of S. typhimurium i.p. injection (F(1, 8)= 0.04, p= 0.84). There is no 

significant interaction between i.c. and i.p. injection (F(1, 8)= 1.97, p= 0.20). There was a 

significant two-fold upregulation in CD11b expression in the ipsilateral LPS i.c/saline i.p. group 

compared to the saline i.p./saline i.p. group (saline i.c./saline i.p.= 3.72% ± 0.28; LPS i.c./saline 

i.p.= 10.73% ± 2.07, p<0.05). The ipsilateral LPS i.c./saline i.p. group also showed significant two-

fold upregulation of CD11b compared to the ipsilateral saline i.c./S. typhimurium i.p. (LPS 

i.c./saline i.p.= 10.73% ± 2.07; saline i.c./S. typhimurium i.p.= 4.59% ± 1.25, p<0.05). This highlights 

how LPS i.c. injection induces upregulation of CD11b. However, there is no significant difference 

in CD11b expression between the two LPS i.c. groups in the ipsilateral hemisphere despite one 

group also receiving S. typhimurium i.p. injection (LPS i.c./saline i.p.= 10.73% ± 2.07, LPS i.c./S. 

typhimurium i.p.= 8.12% ± 0.43, p= 0.78). Notably both LPS i.c. groups showed significant 

upregulation in the ipsilateral hemisphere compared to the corresponding contralateral 

hemisphere. These results suggest that LPS is the predominant factor inducing upregulation of 

CD11b expression and one-week post-i.p. injection may be premature to observe the effect of S. 

typhimurium infection. 

Figure 4-6 MHCII expression in the contralateral hemisphere following i.c. and i.p. injection 

Contralateral hemisphere staining of MHCII and laminin. Saline i.c. followed by (A, C) saline i.p. 

or (B, D) S. typhimurium i.p. injection. LPS i.c. followed by (E, G) saline i.p. or (F, H) S. 

typhimurium i.p. injection. A, B, E, F) Image taken with 20x objective, scale bar= 50μm for all 

images. C, D, G, H) Image taken with 40x objective, scale bar= 50μm for all images. I) Two-way 

ANOVA for the ipsilateral hemisphere with Tukey’s post hoc test (*p<0.05). n= 3 for all groups. 

Data is presented as mean ± SEM. 
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4.3.5 FcγRI expression following LPS and S. typhimurium treatment 

FcγRI expression 24 hours post-LPS injection demonstrated that FcγRI-positive 

macrophages were predominantly expressed in the ipsilateral hemisphere compared to the 

contralateral (Figure 4-2). The morphology of the macrophages was observably ameboid. By 

contrast, when observing microglia two weeks post-LPS injection, the morphology of the 

microglial population is more ramified (Figure 4-8). Therefore, it was of interest to examine the 

effects of LPS injection and systemic infection. There was a significant main effect of hemisphere 

when examining FcγRI expression (F(1, 8)= 12.26, p<0.01). There was no significant effect of i.c. 

injection (F(1, 8)= 0.04, p= 0.84), and no significant main effect of S. typhimurium i.p. injection 

(F(1, 8)= 0.48, p= 0.51). There was also no significant interaction of i.c. and i.p. injection (F(1, 8)= 

0.001, p= 0.97). As a result, there is also no post-hoc significance when comparing any of the 

groups which underwent either saline or LPS i.c. injection initially. This suggests that in this 

experiment there is no biologically notable change in FcγRI expression either across either i.c. or 

i.p. injection.  

  

Figure 4-7: CD11b expression following LPS i.c. injection and S. typhimurium i.p. 

injection 

A-H) CD11b expression in the ipsilateral hemisphere of mice which had received (A, B) saline 

i.c./saline i.p., (C, D) saline i.c./S. typhimurium i.p. injection, (E, F) LPS i.c./saline i.p. or (G, 

H) LPS i.c./S. typhimurium i.p. injection groups. I-P) Contralateral hemisphere images of 

CD11b expression in groups which had received (I, J) saline i.c./saline i.p. or (K, L) saline 

i.c./S. typhimurium i.p. injection. CD11b expression in the contralateral hemisphere of (M, N) 

LPS i.c./saline i.p. or (O, P) LPS i.c./S. typhimurium i.p. injection groups. A, C, E, G, I, K, M, 

O) Images taken with 20x objective, scale bar= 50μm for all images. B, D, F, H, J, L, N, P) 

Images taken using 40x objective, scale bar= 50μm for all images. Q) Mean % area analysis at 

hippocampal fissure. n= 3 for all groups. Three-way ANOVA with Tukey’s post-hoc test 

(*p<0.05, **p<0.01). All data is presented as mean ±SEM.  
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4.4 Discussion 

4.4.1 Variability in peripheral changes following LPS and S. typhimurium injection 

The primary aim of this experiment was to determine to what extent prior inflammatory 

insults can alter the central response to a systemic infection. Microglial priming and tolerance can 

significantly alter the immune cell environment within the brain. Tolerance refers to a reduction 

in microglial activation due to repeated exposure to endotoxin such as LPS and activation of the 

TLR4 pathway. This appears highly dependent on the serotype and dosing schedule of LPS 

injections. Priming refers to microglia which upon secondary insult mount an inflammatory 

response much greater than observed without the initial insult. (Neher and Cunningham, 2019). 

It has been previously reported that even one LPS i.p. injection (1mg/kg) induced deficits in 

memory through the T maze and reduced IL-1β in vivo (Schaafsma et al., 2015). A similar study 

used APP23 transgenic mice and i.p. injections of LPS (500μg/kg) daily for four days. Mice which 

received one LPS i.p. injection showed a significantly increased number of plaques, whereas the 

aforementioned repeated LPS group showed a reduction in plaque number (Wendeln et al., 

2018). Both of these papers show changes in histones, highlighting how tolerance is linked to 

epigenetic changes. By contrast, one i.p. injection of S. typhimurium leads to IL-1β and IL-12 

cytokine production in the brain which slowly increased over three weeks (Püntener et al., 2012) 

showing no signs of tolerance.  

The initial aim was to examine the effects of saline and LPS through intracerebral injection. 

Injection of LPS into the cerebrum induced an acute inflammatory response 24 hours later, shown 

by the localised expression of MHCII, CD11b and FcγRI (Figure 4-1). This experiment use S. 

Figure 4-8: Expression of FcγRI following LPS and S. typhimurium injection 

A-H) FcγRI expression in the ipsilateral hemisphere of mice which had received (A, B) saline 

i.c./saline i.p. or (C, D) saline i.c./S. typhimurium i.p. injection. FcγRI expression in the 

ipsilateral hemisphere of (E, F) LPS i.c./saline i.p. or (G, H) LPS i.c./S. typhimurium i.p. 

injection groups. I-P) Contralateral hemisphere images of the same injection groups which had 

received (I, J) saline i.c./saline i.p. or (K, L) saline i.c./S. typhimurium i.p. injection. FcγRI 

expression in the contralateral hemisphere of (M, N) LPS i.c./saline i.p. or (O, P) LPS i.c./S. 

typhimurium i.p. injection groups. A, C, E, G, I, K, M, O) Images taken with 20x objective, 

scale bar= 50μm for all images. B, D, F, H, J, L, N, P) Images taken using 40x objective, scale 

bar= 50μm for all images. Q) Mean % area analysis at hippocampal fissure. n= 3 for all groups. 

Three-way ANOVA with Tukey’s post-hoc test. All data is presented as mean ±SEM.  
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abortus equi LPS serotype, previously used by our lab in the aforementioned study (Püntener et 

al., 2012). This study injected mice with 1μl of 100pg/1μl LPS, however these mice had an existing 

S. typhimurium infection. For this chapter, an i.c. injection of 1μl at 0.5mg/ml of the S. abortus 

equi LPS serotype was decided as this should induce an acute inflammatory response resolved 

within days. If the response to the LPS injection is resolved quickly then the effect of systemic 

infection one week later could be observed and the effects of these two interventions teased 

apart. Comparing an acute and resolved inflammatory response versus the slow build-up of 

cytotoxic aggregated protein is important for future study into the interaction of 

neurodegeneration and systemic infection. 

Following intracerebral injection of LPS, mice lost a significant amount of weight compared 

to saline mice within the first 24 hours (Figure 4-4). However, this significance was lost two days 

post-injection. By contrast, S. typhimurium injection caused a significant main effect of weight loss 

regardless of previous i.c. injection, with the majority of mice still not returned to baseline weight 

by the time of perfusion seven days later. Due to the use of a three-way repeated measures 

ANOVA, significance was not shown in the post-hoc tests and likely underpowered. Based on the 

weight loss data, a power calculation suggested a sample size of 5 mice per group would be 

sufficient (α= 0.05, power= 90%). Despite this, the significant main effect of S. typhimurium and 

the significant interaction with time supports the conclusion that the infection was the 

predominant factor in weight loss observed, with i.c. injection having no effect. This suggests that 

the mice had recovered from their LPS infection and supports the hypothesis that an acute 

inflammatory response is resolved. The mice do show a mild dampened response in MHCII 

expression, possibly due to some degree of tolerance in the microglia. 

One previous study has examined the peripheral effects of S. typhimurium following prior 

LPS injection. Lehner et al. (2001) injected BALB/c mice with S. abortus equi LPS i.p. at 1mg/kg 

daily for three days prior to systemic infection. Following LPS injection, an i.p. injection (107 

bacteria/kg body weight) of S. Typhimurium LT2 strain was administered. Three hours post-S. 

typhimurium i.p. injection, the mice which had previously undergone LPS i.p. injection showed 

significant reduction in TNFα and IL-6 in the spleen, plasma and liver compared to mice which had 

only undergone i.p. injection of S. typhimurium (Lehner et al., 2001). This suggests that injection 

of LPS is sufficient to induce cytokine tolerance in the peripheral organs.  

In this chapter no effect of LPS on splenomegaly or weight change was observed after S. 

typhimurium injection. Had a peripheral or repeated dose of LPS been administered, tolerance 

may have been observed. However, this is unlikely given the mechanism behind splenomegaly 

and the importance of the adaptive immune system. In this experiment S. typhimurium was 
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injected i.p. one week-post LPS. Due to the observable weight recovery (Figure 4-4) in the mice, 

this suggests that there was enough time provided between interventions for the immune 

response to LPS, to be predominantly mitigated before S. typhimurium. Therefore, administering a 

single i.c. injection of LPS and waiting to give S. typhimurium i.p. suggests that a resolved acute 

inflammatory response within the brain does not affect the adaptive immune response in the 

periphery. 

4.4.2 LPS induces tolerance of MHCII expression following S. typhimurium 

Having established the effects of LPS and S. typhimurium injection on body weight and 

spleen weight, inflammatory markers within the brain were subsequently examined. This study 

demonstrated that MHCII, CD11b and FcγRI-positive staining is clearly visible along the needle 

tract and so likely upregulated in macrophages 24 hours post-i.c. injection of LPS (Figure 4-2). 

Further reports show that CD11c is significantly upregulated five days post-intracerebral injection 

of LPS (4μg E. coli LPS in 3μl of saline injected) (Roy et al., 2006). This is a much higher dose than 

administered in this study, however it does suggest that infiltration of circulating monocytes 

occurs following intracerebral injection of LPS. To what extent this is resolved prior to the S. 

typhimurium injection is unclear. Therefore, it is possible that the infiltration of peripheral 

immune cells and subsequent activation of classical antigen presenting cells alter immune 

markers within the brain. 

MHCII expression was significantly upregulated after systemic infection, with a significant 

main effect of S. typhimurium i.p. injection observed (Figure 4-5). MHCII expression in the saline 

i.c./S. typhimurium ip. group was significantly higher than in both the saline i.c./saline i.p. and LPS 

i.c./saline i.p. groups. However, the LPS i.c./S. typhimurium i.p. group did not show significantly 

upregulated MHCII expression compared to either saline i.p. group. This data suggests that a 

single LPS injection may be adequate to induce tolerance in microglial populations during a 

subsequent systemic infection if sufficiently powered. This was noted in both the ipsilateral 

hemisphere and contralateral hemisphere, suggesting this effect is not restricted to the injection 

site. However, there was no significant difference between the groups which received systemic 

infection and so to make further conclusions would require greater investigation with a more 

highly powered experiment. 

Within the hippocampal fissure, a highly vascularised area of the parenchyma, MHCII 

expression is localised to the cerebral vasculature in mice injected with S. typhimurium regardless 

of i.c. injection. It is proposed that expression of MHCII is induced by IFNγ and is expressed within 

the vascular endothelial network to act upon effector memory T cells. However, without the 
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presence of activation markers such as CD86, it is unlikely that long-term recruitment of CD4+ T-

cells is occurring through vascular endothelial cell expression of MHCII (Pober et al., 2017). To 

what extent MHCII expression in the endothelial cells is capable of activating T-cell recruitment is 

unclear; it would be necessary to examine whether markers of T cells are expressed within the 

parenchyma.  

4.4.3 CD11b and FcγRI following LPS and S. typhimurium injection 

Inflammatory markers CD11b and FcγRI were also stained for, due to their role in the 

immediate microglial response. CD11b expression was previously examined after S. typhimurium 

injection at one day, one week and three weeks post-injection (Püntener et al., 2012). CD11b 

expression appeared to increase at three weeks post-injection, and it is possible that one-week 

post-S. typhimurium injection is too premature to observe enough difference. In this chapter 

CD11b expression showed a significant main effect of i.c. injection (Figure 4-7). The groups which 

had received LPS i.c. injection showed significant upregulation of CD11b in the ipsilateral 

hemisphere both in relation to contralateral hemisphere and compared to the saline i.c. groups 

(regardless of i.p. injection). Previous studies have shown that the TLR4 pathway increases CD11b 

expression in vitro (Zhou et al., 2005). This suggests that one-week post-injection may be too early 

to observe the effects of S. typhimurium on CD11b.  

In AD post-mortem cases, CD11b expression did not correlate with Braak stages (Sanchez-

Mejias et al., 2016). Therefore, CD11b may not be the most suitable marker if it is not possible to 

detect changes following the induction of tau pathology. However, it must be considered that 

there is a high degree of variability in findings amongst these papers; post-mortem delay, co-

morbidities and ongoing systemic infections during the time of death may all significantly alter 

CD11b expression within the brain.  

In this chapter, FcγRI expression showed minimal change after either i.c. or i.p. injection 

(Figure 4-8) with only a significant main effect of hemisphere. This is likely due to only looking at 

one-week post-infection, especially when considering the results in Chapter 3 concerning FcγRI 

expression. By comparison to CD11b, FcγRI has been shown to be upregulated in AD post-mortem 

tissue compared to healthy control tissue (Rakic et al., 2018). In those cases where the patient 

had died with systemic infection such as bronchopneumonia or urinary tract infection, FcγRI 

showed further upregulation in histology compared to those cases with AD but no systemic 

infection (Rakic et al., 2018). Considering the results observed in Chapter 3, this potentially makes 

it a preferable marker to CD11b for this study. Furthermore, prioritising FcγRI as a marker gives 

capacity to examine IgG in depth, for investigation into BBB integrity. 
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4.4.4 Conclusions and future directions 

This experiment establishes that there are peripheral changes such as weight loss following 

LPS i.c. injection but these can be quickly resolved and have no effect on S. typhimurium-induced 

changes. MHCII expression is increased by systemic infection, yet TLR4-activated tolerance of may 

occur from one LPS intracerebral injection. This is not observed with CD11b whereby the LPS 

injection is the main determinant of CD11b expression and no tolerance is observed. FcγRI shows 

no significant change in expression within any group. These results allow us to conclude that one-

week post-injection is likely too early, and four weeks is the most suitable time point to observe 

the effect of S. typhimurium infection on inflammatory markers in the brain. The primary 

limitation of this study is the group size, n= 3 across all groups may prevent biological effects from 

becoming statistically significant. Therefore, these results are a glimpse into the effects of LPS and 

S. typhimurium and how the two interact.  

There are distinct differences between LPS and AD-tau. The injection of tau lysate isolated 

from AD post-mortem tissue is unlikely to induce tolerance due to the nature of the Sarkosyl-

insoluble lysate and the subsequent inflammatory response. Aggregated, HMW tau cannot be 

resolved as easily as LPS. This instead points to the overarching hypothesis; an increasingly 

cytotoxic environment where protein cannot be degraded will only be worsened by the presence 

of systemic infection. If the protein cannot be degraded, then the microglial profile cannot be 

resolved, and so priming is the natural conclusion. This remains to be determined in subsequent 

chapters. 

Future aims:  

• To isolate AD-tau from post-mortem AD tissue and enrich for HMW tau 

• To establish a tau spreading model using a mouse model expressing human tau 

• To determine if systemic infection alters the rate of tau spreading in vivo 
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Chapter 5 Generating a lysate enriched for 

high molecular weight AD-tau 
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5.1 Introduction 

The results from Chapter 3 have established the infection response to S. typhimurium in 

C57BL/6 and H1Mapt-/- mice. Subsequently, Chapter 4 has shown that allowing four weeks post-

S. typhimurium injection before collection of tissue allows establishment of low-grade infection. 

Furthermore, that dependent upon whether saline or LPS is injected intracerebrally, there may be 

a variability in response following S. typhimurium. A remaining question is whether i.c. injection of 

tau will cause spread of pathology through the brain, and whether systemic infection will promote 

the rate of spread. The hypothesis of this thesis states that injection of lysate enriched for AT8-

positive tau will induce propagation of tau pathology; this will be exacerbated by S. typhimurium 

injection. Chapter 6 examines the spread of pathology whilst immune markers are examined in 

Chapter 7, to determine how both the i.c. injection of pathological tau and S. typhimurium affect 

microglial populations. 

In order to test the hypothesis, it is essential to generate a ‘seed prep’. The ‘seed prep’ is a 

lysate enriched for HMW tau which is predominantly AT8-positive. AT8-positive tau has previously 

been shown to have the highest seeding capacity, through a spreading model which 

intracerebrally injected different tau lysate fractions separated along a sucrose gradient (Jackson 

et al., 2016). This study used the P301S mouse model, however recent studies have injected tau 

from human post-mortem cases of dementia into wild-type mice. For example, one study injected 

lysate from varying tauopathies such as PSP, CBD and AD into the brains of ALZ17 mice which 

express wild-type human tau and observed differences in the seeding capacity (Clavaguera et al., 

2013). This study concluded that it was possible to echo the tau pathology observed in the human 

disease within the mouse brain, simply just by injection of lysate enriched for said pathology. This 

highlighted the importance of tau conformation. Therefore, utilising lysate from AD post-mortem 

tissue should enable us to recapitulate the spreading observed in AD itself. Validation of the seed 

prep generation should be confirmed by high levels of AT8-positive HMW tau. As this study will 

only last three months, in order to induce significant pathology deposition, it would be 

advantageous to inject tau that possesses high seeding capacity.   

Aims addressed in this chapter are as follows: 

• To isolate and compare the tau burden across ten human AD post-mortem cases 

• To process the three cases with highest tau burden for a ‘seed prep’ enriched for HMW tau 

• To confirm that AT8-positive HMW tau can be detected in the seed prep 

 



Chapter 5 

167 

5.2 Methods 

5.2.1 Processing of post-mortem human AD tissue 

In order to generate a lysate enriched for HMW tau, frozen post-mortem AD tissue was 

homogenised in DPBS. This is detailed fully in Chapter 2.5. Figure 5-1 provides an overview of the 

process and how the subsequent supernatant (S), pellets (P) and Sarkosyl fractions are referred to 

within the chapter. 

Figure 5-1: Overview of tissue processing to generate Sarkosyl-insoluble fraction 

This diagram depicts the sequential homogenisation and centrifugation steps to generate 

supernatant 1-3 (S1-3) and the associated pellets (P1-P2). The pooled S1-3 then allows for 

Sarkosyl incubation and subsequent ultracentrifugation. 
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5.3  Results 

5.3.1 Comparison of AT8 positive tau across ten post-mortem AD cases 

The initial step in generating the AD ‘seed prep’ was to determine which case had the 

highest AT8 signal and AT8 to total tau signal ratio. Ten separate post-mortem cases were 

selected by the South West Dementia Brain Bank (SWDBB), with 10g of frontal cortex tissue from 

each case used for detection of tau pathology. All ten cases were confirmed to be Braak stages V-

VI in the frontal cortex; with a primary diagnosis of AD for each case observed in Table 5-1. 

Secondary and tertiary diagnoses are included for each case. It is possible to observe there is 

variability in age, gender and post-mortem delay. The comorbidities of each case were noted yet 

because the intention is to homogenise the tissue and enrich for aggregated forms of tau, these 

criteria are not crucial determining factors. Nonetheless, potential of confounding factors are 

discussed later in this chapter.
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Table 5-1: Diagnosis of separate post-mortem AD cases 

Chapter No. Case No. MRC ID Age Sex Post-mortem delay 

(h) 

Primary diagnosis Secondary diagnosis Tertiary diagnosis 

1 859 BBN_4238 85 F 14 AD CVD CAA 

2 903 BBN_10252 89 F 22 AD VaD TDP43 pathology 

3 912 BBN_14405 82 F 22 AD Hippocampal sclerosis TDP43 pathology 

4 935 BBN_19632 91 M 43 AD Hippocampal sclerosis TDP43 pathology, CVD 

5 959 BBN_24327 74 M 16 AD CVD LBD (amygdala only) 

6 962 BBN_24330 80 F 14.5 AD CAA VaD 

7 966 BBN_24334 82 M 61 AD CAA, CVD LBD and TDP43 pathology 

(amygdala only) 

8 982 BBN_24898 76 M 47.5 AD CAA DLB 

9 1027 BBN006.28978 72 M 81.5 AD DLB CAA, TDP43 pathology 

10 1033 BBN006.29162 81 M 7.5 AD DLB CAA, TDP43 pathology 

AD= Alzheimer’s disease, CVD= Cardiovascular disease, VaD= Vascular dementia, CAA= Cerebral amyloid angiopathy, DLB= Dementia with Lewy bodies, 

LBD= Lewy Body Dementia, TDP43= TAR DNA-binding protein 43 
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A small-scale homogenisation was used to run a pilot test of this protocol. I utilised 0.5g of 

tissue from each case and homogenised at 10% weight per volume in DPBS. Complete protease 

and phosphatase inhibitor cocktails were added to the DPBS to prevent degradation of the 

protein and phosphorylated tau epitopes respectively. Following the first centrifugation the crude 

homogenisation (S1) was used to determine the initial tau burden present in each of the 10 cases. 

An overview of the homogenisation protocol, first detailed in Chapter 2, can be further referred to 

in Figure 5-1. 

An initial western blot was carried out to stain for total tau and AT8 to see if 

phosphorylated tau could be observed in 0.5g of tissue (Figure 5-2). The amount of protein 

loaded for each sample was not normalised; the BCA results can be referred to in Appendix A 

(Table S1). This was deliberate, to avoid normalisation of high tau burden within the crude 

homogenisation. Furthermore, total tau detection will allow the generation of an AT8/total tau 

Figure 5-2: Western blot depicting AT8 and total tau in 0.5g tissue crude prep 

A) AT8 detection at 50-64kDa and B) Total tau where six clear bands are visible. 15μl of lysate and 

5μl of 4x sample buffer were loaded per sample into each well. Mapt-/- and Tg4510 lysate was 

included as a negative and positive control respectively. The ladder is shown in white. 
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ratio, detailing which case has the highest signal of hyperphosphorylated tau as a percentage of 

total available tau. Total tau is clearly visible with a mix of isoforms in all 10 cases (Figure 5-2). 

However, likely due to the low volume, the western blot was not sensitive enough to detect levels 

of AT8 only using 0.5g of tissue. The single isoform overexpressed in Tg4510 is visible due to the 

presence of hyperphosphorylated AT8 epitopes. Due to confirmation of protein within the 

sample, it was decided a dot blot may allow accommodation for the small levels of AT8 present 

within the sample. 

Subsequently a dot blot was carried out using the same neat samples from the crude 

homogenisation (S1). From there it was possible to compare the relative presence of AT8-positive 

tau (Figure 5-3). Again, Tg4510 and Mapt-/- samples were included as positive and negative 

controls respectively. Figure 5-2 confirms that the Mapt-/- lysate contains neither total tau nor 

AT8-positive signal. However, because the protein is stacked within a dot blot, background must 

be accounted for. Therefore, quantification of dot blot results were carried out by subtracting the 

Mapt-/- signal from all cases.  

From the dot blot it was apparent that cases 6, 7 and 8 had the highest AT8 signal, with 

case 7 showing highest AT8 detection. When examining the total tau signal, case 6 showed low 

total tau signal, yet cases 7 and 8 were situated within the middle of the group. Therefore case 6 

had the highest AT8/total tau ratio, yet all cases 6, 7 and 8 were within the top four of the 

AT8/Total Tau ratios. Case 10 had the fourth highest AT8 signal, yet a low AT8/total tau ratio due 

to its very high total tau signal. The total protein concentration for all cases ranged from 1.4-

2.6mg/ml and case 10 had a protein concentration of 2.3mg/ml, this was deemed unsuitable as 

the results are likely due to protein load. Case 9 had a high AT8/total tau ratio, yet due to the very 

low total tau detection, this case was removed from consideration. Confirmed by the BCA assay, 

case 9 had the lowest protein concentration at 1.4mg/ml. Therefore, even if there is a high 

AT8/total tau ratio, with a low protein concentration this may still lead to inadequate enrichment 

of aggregated tau. Despite the low total tau detection in case 6, this case showed the second 

highest AT8 signal and therefore is an excellent candidate for the final ‘seed prep’. Given the high 

AT8/total tau ratios and adequate total protein concentration (1.7-1.9mg/ml), these three cases 

(6, 7 and 8) were deemed the most suitable. Comparison between the total tau detection 

measured in western blot and dot blot showed a non-significant trend (F(1, 8)= 5.29, p= 0.0505). 

The three selected cases are highlighted to show that cases 7 and 8 are consistent to the 

trendline, although case 6 is further from the trendline. The decision to choose these cases is 

therefore supported by the initial western blot and dot blot results. 
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Figure 5-3: Dot blot comparing AT8 signal across ten AD post-mortem cases 

A) AT8-positive tau in ten post-mortem cases using dot blot. 1μl of neat lysate added to blot from 

each sample. B) Blot depicting total tau. C) Graph comparing relative AT8 signal. D) Graph 

depicting relative total tau signal. E) Graph comparing the AT8 to total tau ratio for each post-

mortem case. F) Linear regression comparing the total tau signal from a western blot and dot blot; 

R= 0.4. 
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5.3.2 Confirmation of chosen cases through histology 

Pathology images from the SWDBB were then requested from the three cases. The SWDBB 

had taken slices of the dorsolateral prefrontal cortex and stained for AT8 at both high and low 

magnification (Figure 5-4). Cases 6, 7 and 8 all showed substantial AT8-positive inclusions, 

confirming the presence of AT8-positive tau pathology within the chosen cases. These images 

confirm that there is high tau burden in the area selected for homogenisation. Notably, case 7 

showed visibly higher expression of AT8 than the other two cases. In the crude prep analysis, case 

7 had the highest expression of AT8. This further supports the decision to proceed with cases 6, 7 

and 8 for the generation of the final ‘seed prep’. 

5.3.3 Generation of the final seed prep 

Following on from confirmation of the dot blot, homogenisation of 10g of tissue was carried 

out to confirm this protocol was successful on a large scale. As case 3 had the lowest signal of 

AT8, this case was chosen and all 10g of this tissue was processed as a pilot test. This involved 

homogenising the tissue at 10% weight/volume and subsequent low-speed centrifugation; this 

method was then repeated twice more. The three supernatants (S1, S2 and S3) were then pooled 

Figure 5-4: Histological confirmation of tau burden 

A-C) AT8 (Sigma) positive staining at 10x objective of dorsolateral prefrontal cortex in cases A) 

6, B) 7 and C) 8. A-C) 10x objective; scale bar= 200μm. D-F) AT8 staining at 40x objective in 

cases D) 6, E) 7 and F) 8. D-F) 40x objective; scale bar= 50μm. Tissue processing, histology and 

images taken by SWDBB. SWDBB case number in brackets. 
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and incubated in 1% Sarkosyl for one hour (Figure 5-1). Following incubation, the lysate was 

centrifuged at 100,000rcf for one hour. Afterwards, the Sarkosyl-soluble lysate was removed. The 

Sarkosyl-insoluble pellet was washed and reconstituted in 50mM Tris using sonication. The 

Sarkosyl-insoluble fraction was then run in a western blot along with all stages of supernatant and 

pellet.  

Prior to this, the initial 0.5g tissue from case 3 which underwent the crude prep (generation 

of S1) was also processed through the full protocol in Figure 5-1. The 10g Case 3 seed prep was 

run alongside the 0.5g Case 3 seed prep to allow for comparison. Tg4510 and Mapt-/- samples 

were included again as positive and negative controls (Figure 5-5). Both the 0.5g and 10g preps 

run in a single western blot showed total tau present in the first supernatant and pellet. Total tau 

signal markedly decreases in the second supernatant and pellet as the homogenate moves 

through homogenisation and centrifugation steps. Total tau signal is found in both Sarkosyl-

soluble and Sarkosyl-insoluble fractions. The Sarkosyl-insoluble fraction showed greater total tau 

enrichment than the Sarkosyl-soluble fraction. This is to be expected as this lysate will be 

specifically enriched for aggregated tau, therefore even though the AT8/total tau ratio will be 

greater in the SI fraction it will still contain greater total tau than the Sarkosyl-soluble fraction. 

AT8 (pSer202 and pThr205)-positive tau is denoted by a single isoform in the Tg4510 lysate. 

No samples of the 0.5g seed prep show AT8-positive tau, this confirms that a western blot is not 

sensitive enough to detect hyperphosphorylation when a sample this small is used. However, 

when examining the 10g seed prep, there are clear AT8-positive bands in both repeats of the 

Sarkosyl-insoluble fraction (the same lysate was loaded twice to account for potential technical 

issues). PHF-1 epitopes (pSer396-Ser404) show a very similar detection level, also only present in 

the Sarkosyl-insoluble fractions. This confirms that if 10g of tissue is used, it is possible to visualise 

the enrichment of the lysate for hyperphosphorylated tau. 
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Figure 5-5: Western blot of 0.5g and 10g seed prep 

A) Western blot showing staining for AT8 for processing steps both in the 0.5g and 10g 

preparation of case 3. 15μl of lysate and 5μl of 4x sample buffer were loaded per sample into each 

well. B) PHF1 staining for the seed prep carried out using case 3, both 0.5g and 10g C) Western 

blot showing total tau detection. S1= 1st supernatant, S2= 2nd supernatant, S3= 3rd supernatant, P1= 

1st pellet, P2= 2nd pellet, P3= 3rd pellet, SS= Sarkosyl-soluble, SI= Sarkosyl-insoluble.  
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Following this confirmation, the homogenisation and centrifugation steps were carried out 

with 30g of tissue for the final ‘seed prep’. This consisted of 10g from cases 6, 7 and 8; all three 

cases were homogenised together with subsequent low-speed centrifugation and all three 

supernatants (S1-S3) were pooled. This lysate was incubated in 1% Sarkosyl for one hour and then 

centrifuged at 100,000rcf for one hour. Following reconstitution of the Sarkosyl-insoluble fraction 

and sonication, the western blot was run to stain for AT8, PHF-1 and total tau as before (Figure 

5-6). 

The 10g seed prep was included as an internal control, along with Tg4150 and Mapt-/- 

samples. Total tau was shown to have a similar result to the 10g seed prep. Total tau signal was 

strong in the initial supernatant and pellet, with detection slowly decreasing through the 

processing steps (S2-S3). Total tau was present in the Sarkosyl-soluble fraction and the Sarkosyl-

insoluble fraction.  

This confirms that the lack of signal in the 0.5g and 10g seed prep was likely due to the 

tissue sample being too small, as a result the low concentration of AT8-positive tau loaded in the 

well is undetectable. Notably, PHF-1 epitopes are detectable in the first supernatant of the 30g 

final seed prep. AT8 was not visible in the first supernatant, however this is likely due to the AT8 

antibody being weaker in western blot and more commonly utilised in histology rather than 

epitope presence, so this is to be expected. However, AT8 is present in the Sarkosyl-insoluble 

fraction. This confirms that it is possible to enrich lysate for AT8-positive tau. PHF-1 was also 

present in the Sarkosyl-insoluble fraction. There is the issue of excess protein within the well. 

However, despite this it is clear to observe there is positive staining for HMW tau.  
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AT8-positive tau was enriched in the 30g prep, especially compared to the 10g pilot. 

However, the protein concentration in the SI fraction resulted in staining at all molecular weights. 

Following this, I diluted the Sarkosyl-insoluble fraction (Figure 5-7). This was to determine 

whether reducing the protein volume would reduce any non-specific binding and reveal the bands 

associated with AT8-positive staining and the total tau isoforms. Dilutions were carried out and 

run within the same blot, prior to this all samples (S1-3, P1-2, SS and SI) have all been run neat 

with 4x sample buffer. Therefore the 75% dilution has the same protein load as all previous 

figures. Subsequent dilutions are listed in the figure legend. 

It is possible to see that at 12.5% dilution AT8-positive bands are clearly visible. PHF-1 and 

total tau still are unclear at 12.5% dilution. This is likely due to the PHF-1 antibody binding to a 

much larger range of epitopes, rather than the two epitopes associated with AT8. Furthermore, 

the method states that for every 10g of initial tissue, the SI fraction is reconstituted in 50μl of Tris 

buffer (in the final seed prep 30g of tissue is reconstituted to 1,500μl of final lysate). Therefore, 

this lysate is highly enriched. These results highlight that this lysate contains AT8-positive tau and 

to detect the bands, dilution of the protein is required. 

Following this result, a final western blot was carried out to demonstrate the AT8-positive 

tau in comparison to the supernatant and pellet samples (Figure 5-8). The Sarkosyl-insoluble 

fractions were diluted, dilutions are denoted in figure legend. The pellets were also diluted, this 

was due to the pellets being predominantly lipids and DNA with high viscosity which caused 

technical issues with SDS-PAGE. Whilst faint, it is possible to observe AT8-positive tau in the 

Sarkosyl-insoluble fraction (once again SI was repeated to ensure optimal running of the gel and 

avoid technical issues). AT8 is detected from 50 to ~64kDa, where the single Tg4510 isoform is 

detected. There is also visible AT8-positive tau at 100kDa and ~37kDa as the HMW and low 

molecular weight (LMW) tau respectively. When staining for total tau, there is a range of 

unfocused bands. This is likely multiple isoforms overlaid by varying phosphorylation states. 

Figure 5-6: Western blot of final 30g seed prep 

A) Western blot showing AT8-positive tau in both the 10g prep of case 3 and the final 30g seed prep 

of cases 6, 7 and 8. 15μl of lysate and 5μl of 4x sample buffer were loaded per sample into each well.  

B) Western blot showing PHF1-positive tau in the 10g seed prep of case 3 and the final 30g seed prep 

of cases 6, 7 and 8. C) Total tau in the 10g pilot seed prep using case 3 as a comparison the final 30g 

seed prep from cases 6, 7 and 8. S1= 1st supernatant, S2= 2nd supernatant, S3= 3rd supernatant, P1= 1st 

pellet, P2= 2nd pellet, P3= 3rd pellet, SS= Sarkosyl-soluble, SI= Sarkosyl-insoluble. 
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Crucially, it is possible to observe that there is HMW AT8-positive tau within the Sarkosyl-

insoluble fraction which is the overarching aim of this chapter. 
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Figure 5-7: Titration of volume loaded for Sarkosyl-insoluble fraction 

A) AT8-positive tau in the Sarkosyl-insoluble fraction titrated to observe the individual isoforms 

B) PHF1-positive tau in titrated Sarkosyl-insoluble fraction C) Western blot showing total tau and 

the titrated lanes of Sarkosyl-insoluble tau. The 75% dilution contains 15μl of lysate and 5μl of 4x 

sample buffer loaded into the well. 50%, 25% and 12.5% dilutions contain 10μl, 5μl and 2.5μl of 

lysate respectively diluted with dH2O and 4x loading buffer to a total volume of 20μl per well.  
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5.3.4 HTRF assay to confirm AT8-positive tau in biochemical analysis 

Having established AT8-positive tau within the western blot, AT8-positive tau in the final 

30g seed prep was quantified. In order to do this, a Homogenous Time Resolved Fluorescence 

(HTRF) assay was used. The HTRF assay is limited to showing AT8-positive tau within the Sarkosyl-

insoluble fraction. This is due to a lack of a standard sample; pre-formed fibrils are normally used 

to establish a standard for tau concentration. Therefore, due to this experimental limitation the 

HTRF assay was used to examine the presence of AT8-positive tau. This particular kit detects 

phosphorylation of tau at the two AT8 epitopes (pSer202 and pThr205) and therefore will detect 

both soluble and insoluble tau. In this specific experiment the Sarkosyl-insoluble fraction was 

examined, however the presence of soluble AT8-positive tau cannot be ruled out through this 

test. The Sarkosyl-insoluble fraction showed clear signal, and despite an outlier there is a 

response to the serial dilutions (Figure 5-9). Neither the diluent control, antibody control or 

negative control showed any signal. Whilst this method requires further experiments with a 

Figure 5-8: Final western blot showing AT8-positive Sarkosyl-insoluble fraction 

AT8 and total tau in sequential supernatant and pellet samples. Sarkosyl-soluble and Sarkosyl-

insoluble fractions showed detection of total tau and AT8 despite significant protein dilutions. For S1-

S3 samples, 15μl of homogenate was used. For P1-P2 samples, 5μl of homogenate was used and for 

SS and SI fractions, 2μl of homogenate was included in each total 20μl volume. All samples were 

made up with 4x loading buffer and dH20 for a total volume of 20μl loaded per well. 
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standard to allow quantification, it is possible to observe that there is a signal detected, 

suggesting that the Sarkosyl-insoluble fraction does have detectable levels of the AT8 epitopes. 

Therefore, I have been able to generate a lysate which has been enriched for seed-competent tau. 

 

 

 

 

 

Figure 5-9: HTRF assay to show delta ratio for detection of the HTRF signal 

Detection of S202 and T205 tau phosphorylation epitopes. Log dilution plotted against ΔR to show 

that there is lower detection of the HTRF signal through the serial dilutions. The diluent control, 

negative control and the control for the cryptate antibody are shown with no signal detected 
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5.4 Discussion 

5.4.1 Selection of post-mortem case  

Enrichment for HMW tau has previously been cited for analysis of seeding capacity (Guo et 

al., 2016) and for the induction of in vivo seeding models (Jackson et al., 2016). Using lysate 

enriched for aggregated tau leads to greater propagation in tauopathy models, and when using 

lysate isolated from post-mortem tissue. A lysate enriched for AT8-positive human tau from AD 

post-mortem cases was generated. Injection of tau from AD post-mortem cases has previously 

been shown to emulate AD pathology in mice (Narasimhan et al., 2017). This paper also utilised 

AT8 as an antibody to examine the tau burden following AD-tau injection. If it is feasible to 

examine the relationship between tau propagation and systemic inflammation, mimicking tau 

propagation in the AD brain makes this study more translational to our understanding of the 

human disease. 

All 10 post-mortem cases from the SWDBB were confirmed to be Braak stages V and VI, 

with abundant tau pathology in the frontal cortex. The final seed prep consisted of 30g of tissue. 

At 50μl reconstitution buffer per initial gram of tissue, this would generate 1500μl of lysate. This 

is to ensure only a single prep is needed for the entire project. Furthermore, as observed in this 

chapter, a large amount of tissue is required to generate a lysate adequately enriched for 

aggregated HMW tau (Figure 5-1).  

As the initial test, a section of tissue weighing 0.5g was homogenised and centrifuged once 

(Figure 5-2). This first supernatant (S1) was then used to determine which of the ten post-

mortem cases showed high burden of AT8-positive tau. It must be noted that neither this blot nor 

subsequent blots were normalised to protein levels generated by the BCA. This was a deliberate 

decision as one of the most important readouts is the AT8/total tau ratio. By normalising protein 

levels loss of resolution on total tau burden may occur. Protein extraction was successful in all 

samples, and the range of total protein concentration was 1.4-2.6mg/ml. The presence of total 

tau in all samples and AT8-positive tau in the Tg4510 sample suggested that there was protein 

within these samples. However, despite a clear total tau staining, it was determined that 0.5g was 

too small a sample for detection of AT8 by western blot.  

Therefore, a dot blot protocol was utilised instead. The dot blot allows bypassing of certain 

issues when using western blots, in this case when there are high levels of protein required for 

detection. The dot blot showed both AT8 and total tau staining (Figure 5-3). Accounting for the 

background present in a dot blot, the signal produced by the Mapt-/- mouse was deducted from 

all sample signals. The total tau results were then compared to the western blot signals for all ten 
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cases. Despite a few variable cases, the signal ranking in both dot blot and western blot results 

aligned. Whilst this was not significant, it must be considered that this is a comparison of two 

different techniques. This allowed us to confirm the dot blot findings and conclude that cases 6, 7 

and 8 were the three cases with the highest AT8-positive tau burden. Notably, cases 6, 7 and 8 

each had a protein concentration between 1.7-1.9mg/ml and so this cannot be explained simply 

by overloading of protein compared to other cases. Cases 6, 7 and 8 all show high AT8/total tau 

ratios, with every case showing both adequate total tau signal and protein concentration. 

Therefore, it was decided to progress with these three cases for the final seed prep. 

All post-mortem cases had a primary diagnosis of AD, yet the SWDBB also provided 

secondary and tertiary diagnoses (Table 5-1). Cases 6, 7 and 8 did not have secondary diagnosis of 

Lewy Body Dementia (LBD), although case 7 and 8 did have a tertiary diagnosis of LBD and DLB 

respectively. It must be noted that case 7 only showed LBD pathology in the amygdala. 

Interestingly, cases 6, 7 and 8 were the only cases with a secondary diagnosis of CAA (Table 5-1). 

One small study suggested that within CAA patients, those with memory loss show how higher tau 

burden in PET imaging than those without. They further suggest that cognitive deficits correlated 

with the PET results (Schoemaker et al., 2020). The additional diagnosis of CAA and LBD may lead 

to the presence of other amyloidogenic proteins in the lysate. How the presence of other 

aggregates may impact this study is discussed in Chapter 5.4.2 below. 

5.4.2 Generation of seed prep enriched with seed-competent tau 

 Having established which three cases showed the most AT8 pathology and an AT8/total tau 

ratio which was indicative of aggregation of tau, histology from these three cases was requested 

from the SWDBB (Figure 5-4). Sections stained for AT8 demonstrated high levels of pathology 

present in the three cases chosen. As aforementioned, the histology supports the findings in the 

dot blot experiment. There is clear AT8-positive pathology in all three cases, both filamentous 

staining and large neuronal inclusions. However, case 7 clearly has greater pathology deposition 

than the other two cases. This supports the findings which suggests case 7 has the highest level of 

AT8-positive pathology. From these methods I can progress to optimising the seed prep method. 

Prior to the final seed prep, case 3 was processed as a pilot seed prep. Case 3 had the 

lowest signal of AT8 and a low AT8 to total tau ratio. Case 3 was still classed as Braak stage V-VI 

and so it was expected that the protocol would be successful, even if there was a low tau load in 

the final SI fraction. Following Sarkosyl incubation, a western blot proved that in the Sarkosyl-

insoluble fraction there was AT8-positive tau, detected at ~64kDa. Figure 5-5 confirms that the 

protocol is optimal for enriching lysate for aggregated tau. However, it also highlights that whilst 
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it is possible to detect protein changes in 0.5g seed prep using a dot blot, this is lost in the 

western blot. By contrast, the 10g seed prep shows clear AT8-positive tau in the Sarkosyl-

insoluble fraction when run through a western blot. Once again, normalisation to protein level 

was not carried out and all samples loaded neat with 4x sample buffer. This was to avoid skewing 

the data and to try visualise the distribution of AT8-positive tau as the lysate is homogenised and 

undergoes sequential processing. 

 Following this, a final AD seed prep was carried out using 30g of post-mortem tissue with 

10g each from cases 6, 7 and 8. A western blot was carried out looking at both the supernatant 

and pellet steps of the final seed prep. Again, AT8-positive tau was strongly detected in the 

Sarkosyl-insoluble fraction, confirming the lysate is enriched for seed-capable tau. PHF-1 epitopes 

are detectable in the first supernatant, suggesting that in this protocol a sample as large as 30g is 

required to observe phosphorylation epitopes in the first supernatant of human post-mortem 

tissue. PHF-1 is still a marker heavily associated with aggregated tau pathology in AD and 

therefore this further supports that the lysate is enriched with seed-competent tau. In addition, 

the comparison of AT8-positive tau in the 10g vs 30g Sarkosyl-insoluble fraction shows that the 

degree to which tau can be enriched is dependent upon the volume of tissue used initially. The 

30g final ‘seed prep’ shows much higher levels of AT8-positive tau, which supports the use of this 

lysate in future in vivo work.  

 Following confirmation of the AT8-positive tau, a titration western blot was carried out. 

This western blot was used to confirm that the smear observed in Figure 5-6 was not simply due 

to non-specific binding. It is possible to observe in Figure 5-7 that as the Sarkosyl-insoluble 

fraction undergoes serial dilution, isoforms become visible in bands. However, this blot still 

showed smear-like staining especially with total tau antibody. Therefore, it was attempted to run 

a blot with S1-3 and P1-2 with a further dilution for the Sarkosyl-insoluble fraction. In this blot, 

the Sarkosyl-insoluble fraction shows AT8-positive bands if not as strong as the undiluted blot. A 

final blot was carried out with all homogenisation steps included with the SI fraction diluted, this 

blot again confirmed detection of AT8-positive tau both HMW and 50kDa-64kDa (Figure 5-8). The 

HTRF assay also confirmed the presence of AT8 phosphorylation epitopes in the SI fraction 

(Figure 5-9). Therefore, given the successive western blots and HTRF assay it can be confidently 

stated that this lysate is enriched for AT8-positive tau. 

Detecting aggregated forms of tau from human AD brain tissue is often reported as a smear 

in SDS-PAGE. One study suggested that tau protein was five-fold greater in AD tissue compared to 

non-AD controls (Zhou et al., 2018). The authors also reported HMW AT8-positive tau at ~100kDa, 

similar to observations in Figure 5-6, Figure 5-7 and Figure 5-8. This was not observed in any of 
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the control tissue, suggesting that their protocol does not induce this HMW AT8-positive tau and 

this is an AD-specific observation. The authors also suggest that the HMW tau is predominantly 

made of N-terminal truncated tau, by comparing tau antibodies which detect a range of epitopes 

(Zhou et al., 2018). By contrast, LMW tau is detected in control brains, yet is 2.5-fold lower than in 

AD tissue. Furthermore, they suggest that truncation of tau at the D421 epitope is found 

predominantly in the LMW tau. This truncation has been shown to correlate with aggregated tau 

in aging Tg4510 mice using the AlphaScreen assay (Gibson et al., 2013). Both in the 10g and 30g 

seed prep, it is possible to observe there is LMW tau at ~37kDa. This would correspond to 

truncated tau and suggests that there is tau present in the lysate prone to aggregation within the 

HMW tau and potentially even the LMW tau. 

It has been shown that amyloid and other proteins such as APOE associated with AD may 

be found in Sarkosyl-insoluble fragments. One paper suggested that MAPT, APP, APOE and even 

snRNP70 a small nuclear ribonucleoprotein were present in multi- and single-step fractionation 

(Diner, Nguyen and Seyfried, 2017). He et al. (2020) showed Thioflavin S positive staining was 

present in 6htau mice three months post-injection of the AD-tau. Yet the authors suggest that this 

was induced by the injection of tau rather than the presence of amyloid β-sheet structures in the 

lysate. The authors also reported, with an almost identical protocol to this study, a tau purity of 

between 20 and 30% (He et al., 2020). Therefore, it is possible to conclude that whilst the lysate 

generated in this chapter is high in yield for AT8-positive tau, due to time constraints the purity 

cannot be confirmed. 

It must be considered that intracerebral injection of AD-tau is not equivalent to the 

injection of pre-formed fibrils. It has previously been demonstrated that tau purified from post-

mortem tissue propagates through the brain of C57BL/6 mice at a faster rate compared to pre-

formed fibrils. The authors reported that without overexpression of native tau observed in 

transgenic models such as Tg4510, preformed fibrils do not have the same seeding capacity 

compared to tau lysate derived from AD post-mortem tissue (Guo et al., 2016). Therefore, the 

conformation of AD-tau must be different and how purity affects this spreading mechanism is as 

of yet unknown. This paper is from the same group as He et al. (2020) and they again reported a 

tau purity of 10-28%. Following ELISA analysis in both papers the authors also demonstrate low to 

undetectable concentrations of Aβ and α-Synuclein (Guo et al., 2016; He et al., 2020). Therefore, 

aggregation of amyloid or α-Synuclein is unlikely yet not impossible. α-Synuclein pathology 

specifically is deposited primarily in regions other than the dorsolateral prefrontal cortex, with 

cognitive deficits related to this region only observed later in the disease (Peavy et al., 2013).  
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In this study, lysate purified from human brain tissue will not have the same properties as 

preformed fibrils in a laboratory setting. The tau purity is likely to be between 10-30% based on 

published results using similar protocols to ours (Guo et al., 2016; He et al., 2020). Therefore, the 

lysate may contain protein which may enhance aggregation of tau or change the pathology. 

However, these papers cited above are primarily concerned with the mechanism of seeding and 

how tau conformation alters propagation. These studies seek to determine how different 

tauopathies can be recapitulated and how the arrangement of tau protein confers this 

information even when injected into the mouse brain. It must be noted that this is not the aim of 

this study.  

The aim of this thesis is focused on how systemic inflammation alters the propagation of 

tau. Therefore, the group which will undergo i.c. injection of tau and then i.p. injection of saline 

form part of the control group. The primary comparison is the effect of systemic infection. 

Therefore, it may even be beneficial to the research question to generate a lysate which contains 

mixed aggregates found in real disease. 

 Given more time and resources, this project would have been best carried out with an 

additional control group. It would have been ideal to generate the lysate and then from that same 

lysate, immunodeplete for phospho-tau. This would have formed the basis of a new experimental 

plan with two intracerebral injection groups, one group would undergo injection of the lysate 

containing tau whilst the other group would undergo i.c. injection of the immunodepleted lysate. 

However, this was not possible with the initial seed prep given the low final lysate volume and so 

further recruitment of cases would have been required. The lysate both with and without tau 

must be processed at the same time from the same case, with a set amount of volume then set 

aside for immunodepletion. Otherwise, co-morbidities and even variability in processing could 

alter the results and the same initial tissue must be used for both the tau and the 

immunodepleted lysate i.c. injection. Whilst it would be preferable to have the immunodepleted 

tau group, in this current study the vehicle group will control for the needle injection itself and 

the buffer the Sarkosyl-insoluble pellet is reconstituted in.  

Given further time, analysis of the lysate through Elisa or even characterisation through 

western blot of other aggregate components such as Aβ40-42 or α-Synuclein would be beneficial. If 

given more time, the use of control brains may provide a suitable alternative. However, it must be 

considered that once the i.c. injection is administered, mice will then undergo a bacterial 

infection. Brains which are classed as healthy aged controls may still contain factors which, when 

purified to a Sarkosyl-insoluble lysate which could be significantly upregulated in the presence of 
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a bacterial infection. S. typhimurium has not been used prior to this and so as a novel study, the 

effects of bacterial infection on any lysate other than a simple Tris buffer must be considered. 

5.4.3 Conclusion 

These results confirm that the AD-tau ‘seed prep’ has produced a lysate highly enriched for 

tau that is AT8-positive. Despite the HTRF assay having limitations, I have shown through three 

different methodologies that the final seed prep is highly enriched for AT8-positive tau. This 

suggests that the tau is seed-competent and if injected into the brain parenchyma should go on to 

propagate and form inclusions. There was evidence of both HMW and LMW tau in the Sarkosyl-

insoluble fraction. This suggests that there is seed-competent tau suitable to induce a spreading 

model in vivo. 

Future aims:  

• To establish a tau spreading model using a mouse model expressing human tau 

• To determine if systemic infection alters the rate of tau spreading in vivo 

 

 

 

  



Chapter 6 

189 

Chapter 6 Propagation of tau in vivo following 

systemic inflammation 
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6.1 Introduction and objectives 

The main aim of this chapter is to explore the hypothesis that a systemic, low-grade 

bacterial infection promotes the rate of tau spreading. Both systemic inflammatory episodes and 

tau pathology spread have been linked to worsening cognitive decline in AD patients (Holmes et 

al., 2009; Malpetti et al., 2020). Therefore, mimicking both AD tau pathology and systemic 

inflammation in AD patients within the mouse was attempted in this chapter. Mice exposed to 

viral infections such as mouse hepatitis virus and parasitic infections show increased tau 

phosphorylation at four weeks and four months post-infection respectively (Sy et al., 2011; 

Gasparotto et al., 2015). However, these models looked at native mouse tau, and not human tau 

pathology from AD post-mortem tissue. In Chapter 5, AD-brain derived lysate enriched for AT8-

positive HMW tau was generated. This lysate provides the ability to observe the effect of systemic 

infection on AD-tau propagation in the mouse, which should closely mimic the mechanism of 

spread observed within AD. Understanding the spatiotemporal spreading of tau and which factors 

alter this rate is essential for translating this research to the human disease.  

Studies examining bacterial infections have predominantly utilised LPS, a bacterial mimetic 

which is an endotoxin found on the surface of real bacteria. Whilst LPS has been reported to 

induce human tau hyperphosphorylation (Lee et al., 2010), LPS induces an acute inflammatory 

response and does not induce systemic infection. A real bacterial infection, induced by S. 

typhimurium leads to sustained neuroinflammation in mice (Püntener et al., 2012), but if 

propagation of tau is affected is not known. This chapter will compare the spreading of human 

Sarkosyl-insoluble AD tau in wild type C57BL/6 and H1Mapt-/- mice expressing human tau. Both 

C57BL/6 and H1Mapt-/- mice underwent intracerebral injection of tau lysate or vehicle, followed 

by an i.p. injection of saline or S. typhimurium. Histology of AT8-positive tau will be the primary 

readout to determine the effect of systemic infection. By further combining these findings with 

behavioural readouts, a more complete picture of tau propagation and associated changes in 

hippocampal function can be formed.   

The objectives for this chapter are as follows: 

• To examine tau propagation through the brain in the H1Mapt-/- and C57BL/6 mice at 

three months post-injection 

• To confirm regional spread of tau both dorsal and ventral to the injection site 

• To determine whether systemic infection increases the tau burden and the rate of spread 

 



Chapter 6 

191 

6.2 Methods 

6.2.1 In vivo experimental data 

 

C57BL/6 (3-4 months old) and H1Mapt-/- (2- 4 months old) received an i.c. injection of 

either the AD-tau lysate or 50mM Tris buffer as vehicle under anaesthesia using isofluorane 

(Figure 6-1). Initially mice recevied a unilateral intracerebral injection of either tau lysate or 

vehicle. These were unilateral intracerebral injections, carried out in the ventral hippocampus and 

the cerebral cortex. Therefore, whilst there were only one set of anterior-posterior and lateral-

medial coordinates (AP: -2.50, LM: -2.00) there were two dorsal-ventral coordinates (DV: -1.80 

and -0.80) for the hippocampus and cortex respectively (Figure 6-2). This reduced damage with 

only one drill hole in the skull, and one needle tract within the parenchyma. 

Two months post-i.c. injection, mice received an i.p. injection of either 200μl of 0.9% saline 

or S. typhimurium (SL3261, 106 cfu). The group sizes are listed in Table 6-1 and Table 6-2 for 

C57BL/6 and H1Mapt-/- mice respectively. One-month post-i.p. injection, mice were transcardially 

perfused with 0.9% saline and then the groups for histology were further perfused with 4% PFA. 

This was to allow for optimal tau phosphorylation epitope fixation. The brains either underwent 

PFA fixation or were snap frozen in liquid nitrogen for biochemical analysis; the sample sizes are 

also listed in the subsequent tables. All mice underwent stereotaxic injections using inhalation 

anaesthetic isoflurane.  

 

Figure 6-1: Methodology for stereotaxic injections and subsequent i.p. injection 

This figure shows the overview of the method for this chapter. C57BL/6 or H1mapt-/- mice 

underwent stereotaxic injection and received either vehicle or AD-tau lysate into the cortex and 

hippocampus. Two months post-injection the same mice then received an i.p. injection. This figure 

also denotes the weekly burrowing sessions in relation to the i.p. injection. 
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Table 6-1: Number of C57BL/6 wild type mice used in behaviour, histology and biochemical 

studies described in this chapter 

 Overall Burrowing  Histology Biochemical 
analysis 

C57BL/6 Vehicle 
i.c. Tau i.c. Vehicle 

i.c. Tau i.c. Vehicle 
i.c. Tau i.c. Vehicle 

i.c. Tau i.c. 

Saline i.p. 9 13 9 10 5 9 4 4 

S. 
typhimurium 

i.p. 
10 15 10 10 6 11 4 4 

Table 6-2: Number of H1Mapt-/- mice used in behaviour, histology and biochemical studies 

described in this chapter 

 Overall Burrowing  Histology Biochemical 
analysis 

H1Mapt-/- Vehicle 
i.c. Tau i.c. Vehicle 

i.c. 
Tau 
i.c. 

Vehicle 
i.c. Tau i.c. Vehicle 

i.c. Tau i.c. 

Saline i.p. 9 10 8 8 4 6 5 4 

S. 
typhimurium 

i.p. 
9 11 8 8 4 5 5 6 

6.2.2 Histology regions of interest 

Brain regions included for the analysis of AT8-positve tau included the hippocampus 

(Bregma AP -2.50 and -3.00), the parahippocampal gyrus, the mammillary nuclei (both at Bregma 

AP -3.00) and the dorsal fornix (Bregma AP -1.00). The corpus callosum (Bregma AP -2.50 and -

3.00) was included as area of white matter. ROIs are demonstrated in Figure 2-4, and the 

injection sites highlighted in Figure 6-2. 

In Chapter 5, AT8 antibody was used to detect HMW AT8-positive tau in the seed prep. Due 

to the AT8 antibody being anti-mouse, a biotinylated antibody (bAT8) provided by Eli Lilly was 

utilised in histology. Histological methods were carried out as described in Chapter 2, however the 

ABC step was omitted for the bAT8 antibody due to the antibody being biotinylated.  
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6.2.3 Statistical analysis 

Due to the absence of AT8-positive tau within the vehicle i.c. injection groups, these groups 

were excluded from statistical analysis. All two-way ANOVAs carried out compare one between 

subject effect (i.p. injection) and one within subject effect (hemisphere). Within all graphs 

showing quantification, a dotted line at 0.02% denotes an established mean % area threshold. 

Individual measurements below this threshold were deemed to be background. 

Figure 6-2: Histology ROIs in reference to Bregma coordinates 

The injection sites (Bregma AP= -2.50, ML= -2.00, DV= -0.80 and -1.80) are shown by asterisks. 

The posterior parietal cortex (yellow) and the hippocampus (green) are the two regions where 

either vehicle or AD-tau lysate was injected. As a result, these regions and the corpus callosum 

(red) which is sandwiched between, were the initial focus of histology to detect tau pathology. 
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6.3 Results 

6.3.1 Physiological changes as a result of S. typhimurium infection 
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C57BL/6 and H1Mapt-/- mice displayed no difference in starting weight (Figure 6-3). 

Intracerebral injections in mice were carried out with isoflurane and as a result, there was small 

weight change (Appendix A, Figure S3). Two months post-intracerebral injection, mice received an 

intraperitoneal injection of either saline or S. typhimurium. Baseline was established one day prior 

to i.p. injection, and there was no significant main effect of genotype (F(1, 78)= 0.19, p= 0.67). 

Therefore, analysis of weight change was separated by genotype. C57BL/6 mice infected with S. 

typhimurium showed significant weight loss compared to mice receiving the saline injection, with 

the greatest weight loss observed one day post-injection. This was observed both in the group 

which underwent vehicle i.c. injection (saline i.p. injection group= 1.22% ± 1.82; S. typhimurium 

i.p.= -6.2% ± 3.62) and the group which underwent tau i.c. injection (saline i.p.= -0.61% ± 2.24; S. 

typhimurium i.p.= -7.19% ± 2.05). There was a significant main effect of time (F(3.81, 163.7)= 

33.64, p<0.001), a significant main effect of i.p. injection (F(1, 43)= 33.85, p<0.001) and a 

significant main effect of i.c. injection (F(1, 43)= 5.88, p<0.05).  

The H1Mapt-/- mice underwent the same experimental design. Figure 6-3 shows weight 

loss in both tau i.c. and vehicle i.c. groups, following infection with S. typhimurium. Neither 

vehicle i.c./saline i.p. or tau i.c./saline i.p. groups lost weight one day post-i.p. injection (vehicle 

i.c./saline i.p.= 0.54% ± 1.35; tau i.c./saline i.p.= 0.1% ± 1.24). By contrast, both groups which 

Figure 6-3: Weight change post S. typhimurium injection in C57BL/6 mice  

A) The body weight change of C57BL/6 mice after saline or S. typhimurium i.p. injection, two 

months post-i.c. injection of the human tau lysate or vehicle control. n= 9 for vehicle 

i.c./saline i.p; n= 13 for tau i.c./saline i.p; n= 10 for vehicle i.c./S. typhimurium i.p.; n= 15 for 

tau i.c/S. typhimurium i.p. Three-way repeated measures ANOVA with Geisser-Greenhouse 

correction and Tukey’s post-hoc test. . *= significance between tau i.c. groups which received 

saline i.p. or S. typhimurium i.p.; #= significance between vehicle i.c. groups which received 

saline i.p. or S. typhimurium i.p. (*p,0.05, **p<0.01, ***p<0.001). B) H1Mapt-/- mice which 

received either vehicle or tau i.c. injection show weight loss following S. typhimurium i.p. 

injection. N= 9 for the vehicle groups, n= 10 for tau i.c/saline i.p. and n= 11 for tau i.c./S. 

typhimurium i.p. three-way repeated measures ANOVA with Geisser-Greenhouse correction 

and Tukey’s post-hoc test. *= significance between tau i.c. groups; #= significance between 

vehicle i.c. groups; (*p,0.05, **p<0.01, ***p<0.001). C) Spleen weights of mice which were 

given saline or S. typhimurium i.p. injection, Mann Whitney U test (*p,0.05). D) Starting 

weight of C57BL/6 and H1Mapt-/- mice. Unpaired t-test. All data is presented as mean ± SD. 
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underwent S. typhimurium i.p. injection show significant weight loss at one day post-infection 

(vehicle i.c./S. typhimurium i.p.= -6.65% ± 1.13; tau i.c./S. typhimurium i.p.= -4.25% ± 2.91). There 

is a significant main effect of time (F(3.02, 105.7) = 28.13, p<0001) and i.p. injection (F(1, 35) = 

22.02, p<0.001). There was also a significant main effect of i.c. injection (F(1, 35)= 9.16, p<0.05). 

This is likely due to the recovery in weight of H1Mapt-/- mice from the tau i.c./S. typhimurium i.p. 

group. Both C57BL/6 and H1Mapt-/- mice show significant weight loss following infection, 

although H1Mapt-/- mice which also received a tau i.c. injection appear to recover quicker. This is 

likely due to biological variability within the group. However, it must be considered when 

comparing the tau burden.  

6.3.2 Splenomegaly observed after S. typhimurium infection 

Following perfusion, spleen weights were recorded. All mice infected with S. typhimurium 

infection showed larger spleen weights compared to mice receiving saline (Figure 6-3). C57BL/6 

mice which underwent S. typhimurium infection consistently displayed four-fold enlarged spleen 

weight compared to saline groups (vehicle i.c./saline i.p.= 110mg ± 17.32; vehicle i.c./S. 

typhimurium i.p.= 427mg ± 146.21; tau i.c./saline i.p.= 102mg ± 24.95; tau i.c./S. typhimurium i.p.= 

423mg ± 87.62) except for one mouse in the vehicle i.c./S. typhimurium i.p. group with a spleen 

weight of 150mg. H1Mapt-/- mice infected with S. typhimurium also showed increased spleen size 

and weight compared to the saline controls, and no difference was seen in mice receiving vehicle 

or tau i.c. injection. Due to certain groups of spleen data failing to meet normal distribution 

assumptions, a three-way ANOVA could not be carried out. However, the effect of S. typhimurium 

i.p. injection is clear throughout this data set. One notable result was the comparison between 

the tau i.c./S. typhimurium i.p. group results for the C57BL/6 and H1Mapt-/- mice. A Mann-

Whitney test determine that there was a significant difference between the spleen weights for 

these two specific groups, with spleens from C57BL/6 mice significantly larger than the H1Mapt-/- 

mice (U= 39.50, p<0.05). This demonstrates that H1Mapt-/- mice may undergo a weaker adaptive 

immune response as compared to C57/BL6 wild type mice.  
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6.3.3 Burrowing behaviour following infection with S. typhimurium 

Burrowing was measured to identify potential changes in hippocampal function following 

both the intracerebral injection of tau, and the intraperitoneal injection of S. typhimurium (Figure 

6-4). Burrowing deficits are often associated with sickness behaviour, such as deficits observed 

following poly I:C injection. Poly I:C induces innate immune system response and so acts as a viral 

mimic. However the burrowing deficit is acute and returns to baseline, losing significance 48 

hours post injection (Cunningham et al., 2007). Furthermore, following i.p. injection S. 

typhimurium SL3261, mice show acute burrowing deficits with the first three hours of injection; 

mice return to baseline burrowing activity within 24 hours post-injection (Püntener et al., 2012). 

Training had begun three weeks prior to S. typhimurium injection to habituate mice to the 

task and establish a high baseline as close to 100% of pellets removed. One recording was carried 

out prior to S. typhimurium at eight weeks post-i.c. injection, as the baseline by which change in 

burrowing is calculated. Burrowing in C57BL/6 and H1Mapt-/- mice appears to decrease following 

S. typhimurium i.p. injection. As a result of missing cohort data (see Covid-19 restriction 

statement above), no statistical analysis of the data is carried out on the burrowing data in Figure 

6-4. However, in order to conclusively determine the effect of i.c. and i.p. injection on burrowing 

behaviour, future burrowing tests would be required.  

 

 

  

Following Covid-19 restrictions, weekly burrowing was reduced to fortnightly burrowing 

and scheduled burrowing days had to be adjusted. Both of these changes were due to 

restricted access to the BRF and limitations on animal experiments. 
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Figure 6-4: Burrowing activity following S. typhimurium infection 

A) C57BL/6 mice show changes in burrowing as a percent of baseline recorded at 8 weeks 

post-i.c. injection. After this recording, mice received an i.p. injection of saline or S. 

typhimurium; n= 9 for vehicle i.c./saline i.p. group, n= 10 for vehicle i.c./ S. typhimurium i.p., 

tau i.c./saline i.p. and tau i.c./S. typhimurium i.p. groups. B) Burrowing activity in H1Mapt-/- 

mice at baseline (8 weeks post-injection) and weekly after i.p. injection of either saline or S. 

typhimurium. n= 8 for all groups. All data is presented as mean ± SEM. Joe Chouhan carried 

out the set up or recording of several burrowing sessions. 
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6.3.4 Tau burden in the corpus callosum  

Following collection of the brain, tissue was processed to analyse levels of pathological tau 

using biotinylated AT8 antibody, which detects phosphorylated tau at Ser202 and Thr205 

epitopes.  At the site of injection, both the corpus callosum and the hippocampus were the 

primary areas to be analysed. No AT8 immunoreactivity was detected in C57BL/6 mice receiving a 

i.c. injection of vehicle regardless of subsequent saline or systemic bacterial infection. As a result, 

vehicle i.c. injection groups were excluded from statistical analysis, however the mean % area 

results are visible in the respective graphs.  

The corpus callosum is the largest commissure which connects the two hemispheres of the 

brain (Luders, Thompson and Toga, 2010). Tau lysate is injected into the cortex directly above the 

corpus callosum; therefore, it is to be expected that tau pathology would quickly move into the 

white matter tract. In C57BL/6 mice, AT8 immunoreactivity was observed in mice receiving a tau 

i.c. injection (Figure 6-5). The AT8 staining morphology was small and dot-like. This staining was 

not indicative of neuronal inclusions, rather tau protein within synapses or microglia. Mice 

displayed AT8 immunoreactivity almost exclusively within the ipsilateral hemisphere. Within the 

ipsilateral hemisphere, mice receiving a systemic bacterial infection show a five-fold increase of 

bAT8 expression when compared to mice receiving saline (tau i.c./saline i.p.= 0.03% ± 0.01; tau 

i.c./S. typhimurium i.p.= 0.16% ± 0.06). A Student’s t-test between the ipsilateral hemispheres of 

tau i.c./saline i.p. and tau i.c./S. typhimurium i.p. groups showed a significant increase in AT8 

immunoreactivity following systemic infection (t(11.56)= 3.63, p<0.01). There is notably no AT8 

immunoreactivity in the contralateral hemisphere except for a couple of mice in both tau i.c. 

groups. However, this is inconsistent even between brain slices from the same mouse. Therefore, 

AT8 immunoreactivity in the contralateral hemisphere is negligible and similar between the tau 

i.c. groups (tau i.c./saline i.p.= 0.002 ± 0.001; tau i.c./S. typhimurium i.p.= 0.005% ± 0.003). As the 

corpus callosum is directly located within the needle tract it is to be expected that tau i.c. groups 

would express tau pathology in this white matter tract, however the effect of systemic infection is 

clear.  
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The corpus callosum of H1Mapt-/- mice was also analysed (Figure 6-6). As with C57BL/6 

mice, no pathology was observed in mice receiving vehicle i.c. injection. Mice which received a 

tau i.c. injection followed by saline i.p. injection did not show any detectable AT8+ tau, while mice 

receiving tau i.c. injection followed by S. typhimurium only showed modest tau pathology (tau 

i.c./saline i.p.= 0.02% ± 0.01; tau i.c./S. typhimurium i.p.= 0.03% ± 0.01). A Mann-Whitney U test 

demonstrated that within the ipsilateral hemisphere there was no effect of S. typhimurium (U= 

11, p= 0.54). The contralateral hemisphere showed no AT8 immunoreactivity in either tau i.c. 

group (tau i.c./saline i.p.= 0.002% ± 0.002; tau i.c./S. typhimurium i.p.= 0.003% ± 0.002). This 

highlights that there appears to be less pathology deposition in the H1Mapt-/- mice.  

 

 

  

Figure 6-5: Tau pathology in the corpus callosum of C57BL/6 mice after saline and S. 

typhimurium infection 

Representative analysis images of mice receiving (A, C, I, K) vehicle i.c. injection or (E, G, M, O) 

tau i.c. injection; 20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Images at 40x objective 

were also shown to observe the tau pathology with greater clarity; scale bar= 50μm. Histology 

staining for biotinylated AT8 in mice injected with tau i.c./saline i.p. (n= 6), tau i.c./S. typhimurium 

i.p. (n= 8), vehicle i.c./saline i.p. (n= 5), vehicle i.c./S. typhimurium i.p. (n= 6). Black arrowheads 

denote tau pathology. Q) Quantification of bAT8 expression levels in the corpus callosum. 

Unpaired Student’s t-test with Welch’s correction; (**p<0.01). Data was log transformed for 

analysis. However, values were <1 so data in the graph is not log transformed to better view the 

relationship between mean % area. All data is presented as mean ± SEM. 
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6.3.5 AT8-positive tau in the hippocampus of C57BL/6 and H1Mapt-/- mice 

The hippocampus was also a key area for analysis. The specific region of interest included 

the hippocampal fissure and the dentate gyrus. This region has been shown in previous studies to 

be an initial area of deposition for tau pathology (Ahmed et al., 2014). Tau pathology is initially 

deposited in these propagation studies within the CA4 and the granule cell layer of the dentate 

gyrus. Within the hippocampus there was less consistent AT8 immunoreactivity observed than in 

the corpus callosum.  

AT8-positive immunoreactivity in the hippocampus was observed in C57BL/6 mice which 

received tau i.c. injection followed by S. typhimurium i.p. injection (Figure 6-7). Even within the 

tau i.c./S. typhimurium i.p. group half of the mice showed no tau pathology in the hippocampus. 

Only one mouse in the tau i.c./saline i.p. group showed AT8-positive tau. AT8 immunoreactivity 

was increased eighteen-fold in the tau i.c./S. typhimurium i.p. group compared to the tau 

i.c./saline i.p. group in the ipsilateral hemisphere (tau i.c./saline i.p.= 0.006% ± 0.003; tau i.c./S. 

typhimurium i.p.= 0.11% ± 0.06, p= 0.51). There is no AT8 immunoreactivity observed in either tau 

i.c. group within the contralateral hippocampus (tau i.c./saline i.p.= 0.003% ± 0.001; tau i.c./S. 

typhimurium i.p.= 0.01% ± 0.004). Whilst there is pathology present within the tau i.c./S. 

typhimurium i.p. group compared to the absence of AT8-positive tau in the majority of the saline 

i.p. group, there is a wide distribution of results (Figure 6-7). There is no significant main effect of 

i.p. injection (F(1, 12)= 1.54, p= 0.24) or hemisphere (F(1, 12)= 3.10, p= 0.10). This suggests that 

whilst S. typhimurium i.p. injection does increase deposition of tau in the hippocampus, this 

timepoint is too early to observe consistent pathology in all mice within the group and as a result 

statistical significance is not reached.  

Figure 6-6: Tau pathology in the corpus callosum of H1Mapt-/- mice  

Representative images of histology in the corpus callosum of H1Mapt-/- mice received (A, C, I, K) 

vehicle i.c. or (E, G, M, O) tau i.c. injection; 20x objective, scale bar= 50μm. B, D, F, H, J, L, N, 

P) Further images at 40x were included for greater observation of tau pathology; scale bar= 50μm. 

Black arrowheads denote tau pathology. Q) Image quantification of bAT8 histology. Mann-

Whitney U test; n= 6 for tau i.c./saline i.p., n= 5 for tau i.c./S. typhimurium i.p., n= 4 for both 

vehicle i.c. groups. All data is presented as mean ± SEM. 
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The dentate gyrus in the H1Mapt-/- mice showed minimal tau pathology (Figure 6-8), AT8-

positive tau was only observed in the tau i.c./S. typhimurium i.p. group. Systemic infection had no 

notable effect on AT8 immunoreactivity in the ipsilateral hemisphere (tau i.c./saline i.p.= 0.01% ± 

0.004; tau i.c./S. typhimurium i.p.= 0.02% ± 0.01). There was a significant main effect of S. 

typhimurium i.p. injection (F(1, 8)= 7.84, p<0.05) and a significant main effect of hemisphere (F(1, 

8)= 7.70, p<0.05). There was no pathology reported in the contralateral hemisphere. As a result, 

when comparing the hemispheres of the tau i.c./S. typhimurium i.p. mean % area values are 

distinctly close in value (tau i.c./S. typhimurium i.p. ipsilateral = 0.02% ± 0.01; contralateral= 0.01% 

± 0.002). Therefore, whilst there is pathology in the ipsilateral hemisphere of the tau i.c. groups 

and a significant main effect, this pathology is minimal and again inconsistent within the group. 

 

 

 

Figure 6-7: Tau pathology in the hippocampus of C57BL/6 mice  

A, C, I, K) Representative images of vehicle i.c. injection both following saline i.p. and S. 

typhimurium i.p. injection in the ipsilateral and contralateral hemisphere. E, G, M, O) 

Representative images of tau i.c. injection in the ipsilateral and contralateral hemispheres; 20x 

objective, scale bar= 50μm. Representative images at a higher magnification are included for 

greater detail of tau pathology following (B, D, J, L) vehicle or (F, H, N, P) tau i.c. injection; 40x 

objective, scale bar= 50μm. Black arrowheads denote tau pathology. Q) Two-way ANOVA with 

Sidak’s post-hoc test. n= 6 for tau i.c./saline i.p., n= 8 for tau i.c./S. typhimurium i.p., n= 5 for 

vehicle i.c./saline i.p., n= 6 vehicle i.c./S. typhimurium i.p. injection group. Data is log transformed 

for analysis. However, most values are <1 therefore the original mean % area is displayed. All data 
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Figure 6-8: Tau pathology in the hippocampus of H1Mapt-/- mice 

 Representative images of the (A, B) vehicle i.c./saline i.p., (C, D) vehicle i.c./S. typhimurium i.p., 

(E, F) tau i.c./saline i.p. and (G, H) tau i.c./S. typhimurium i.p. group in the ipsilateral hemisphere. 

I-P) Representative images were included for the contralateral hemisphere. A, C, E, G, I, K, M, 

O) 20x objective, scale bar= 50μm; B, D, F, H, J, L, N, P) 40x objective, scale bar= 50μm. Black 

arrowheads denote tau pathology. Q) Quantification of tau pathology, two-way ANOVA with 

Sidak’s post-hoc test. n= 5 for both tau i.c. groups, n= 4 for both vehicle i.c. groups. All data is 

presented as mean ± SEM. Data is log transformed for analysis. However, most values are <1 

therefore the original mean % area is displayed. All data is presented as mean ± SEM. 
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6.3.6 Tau pathology at the posterior corpus callosum 

From examining brain regions at the Bregma AP coordinates of -2.50, analysis was 

subsequently carried out at Bregma AP coordinates of -3.00. This region is posterior to the 

injection site. The regions of interest are the corpus callosum, hippocampus, perirhinal cortex and 

mammillary nuclei. Biotinylated AT8 antibody was used to detect pathological forms of tau. 

The initial analysis was the corpus callosum. This white matter tract is found at a large 

range of Bregma coordinates because the commissure connects the two hemispheres and is 

essential for integration of signals between hemispheres. There was significant deposition of tau 

in the corpus callosum at the injection site (Figure 6-5), so analysis was carried out to determine 

whether the pathology has spread to a region 5mm posterior. 

Wild type C57BL/6 mice showed no pathology following an i.c. injection of vehicle (Figure 

6-9). bAT8 immunoreactivity was detected in the ipsilateral hemisphere of mice receiving tau i.c. 

injections, but no difference in tau pathology after saline i.p. or a systemic bacterial infection (tau 

i.c./saline i.p.= 0.03% ± 0.01; tau i.c./S. typhimurium i.p.= 0.02% ± 0.004, p= 0.79). As a result, 

there was no significant main effect of S. typhimurium i.p. injection (F(1, 11)= 0.84, p= 0.38). 

However, there was a significant main effect of hemisphere (F(1, 11)= 39.09, p<0.001). There is 

also a significant interaction of hemisphere and i.c. injection (F(1, 11)= 6.58, p<0.05). There was 

pathology present in the contralateral hemisphere of the tau i.c./S. typhimurium i.p. group. 

However overall, the contralateral corpus callosum showed minimal AT8 immunoreactivity (tau 

i.c./saline i.p.= 0.002% ± 0.001; tau i.c./S. typhimurium i.p.= 0.01% ± 0.004, p= 0.08). 
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When examining H1Mapt-/- mice, there is minimal pathology at the corpus callosum at 

Bregma position -3.00. No pathology was observed in any vehicle i.c. group or the contralateral 

hemisphere of either tau i.c. group. Figure 6-10 suggests that S. typhimurium increased tau 

pathology two-fold in the ipsilateral hemisphere, when compared to saline control (tau i.c./saline 

i.p.= 0.01% ± 0.006; tau i.c./S. typhimurium i.p.= 0.02% ± 0.01). However, a Student’s t-test 

determined that this was not significantly difference (t(6.07)= 0.82, p= 0.45), likely due to low 

levels of pathology and biological variance. Furthermore, the contralateral hemisphere showed no 

AT8 immunoreactivity in either tau i.c. group (tau i.c./saline i.p.= 0.002% ± 0.001; tau i.c./S. 

typhimurium i.p.= 0.01% ± 0.002). In conclusion, H1Mapt-/- mice displayed minimal pathology. By 

contrast, C57BL/6 mice show tau deposition, yet there is no clear effect of S. typhimurium in this 

ROI. 

Figure 6-9: Tau pathology at the corpus callosum posterior to injection site 

A, C, I, K) Representative images of vehicle i.c. injected mice and E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. B, D, J, L) High magnification images of tau pathology 

from vehicle i.c. injected mice and F, H, N, P) tau i.c. injected mice; 40x objective, scale bar= 

50μm. Black arrowheads denote tau pathology. Q) Quantification of tau pathology comparing 

effect of i.p. injection and hemisphere, two-way ANOVA with Sidak’s post-hoc test. n= 6 for 

tau i.c./saline i.p., n= 7 for tau i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p., n= 6 

vehicle i.c./S. typhimurium i.p. group. For analysis, data is log transformed. However, because 

most values are <1, data in the graph is not log transformed to view the mean % area. All data is 

presented as mean ± SEM. 
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6.3.7 Tau pathology in the ventral hippocampus 

The ventral hippocampus was also analysed (Bregma AP= -3.00), again with the dentate 

gyrus included in analysis (Figure 6-11). When examining histology in C57BL/6 mice, the only 

pathology observed in this ROI was in the tau i.c./S. typhimurium i.p. injection group. There was 

not a significant main effect of i.p. injection (F(1, 12)= 4.30, p= 0.06), but there was a trend. There 

was a significant main effect of hemisphere (F(1, 12)= 8.35, p<0.05). Specific to the ipsilateral 

hemisphere, the tau i.c./S. typhimurium i.p. group showed four-fold increase in AT8 

immunoreactivity compared to the tau i.c./saline i.p. group (tau i.c./saline i.p.= 0.01% ± 0.003; tau 

i.c./S. typhimurium i.p.= 0.04% ± 0.02, p= 0.15). Pathology was observed in the contralateral 

hemisphere of the tau i.c./S. typhimurium i.p. group only, but only a select few mice within this 

group (tau i.c./saline i.p.= 0.004% ± 0.001; tau i.c./S. typhimurium i.p.= 0.01% ± 0.004, p= 0.14). 

AT8 immunoreactivity in the ventral hippocampus only shows positive staining in the tau i.c./S. 

typhimurium i.p. group, however as observed at the hippocampus (Bregma AP= -2.50) in Figure 

6-7, AT8 staining is not detected in all mice within the group. 

Figure 6-10: Tau pathology in H1Mapt-/- corpus callosum following systemic infection 

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. High magnification images of tau pathology from (B, D, J, 

L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x objective, scale bar= 50μm. 

Black arrowheads denote tau pathology. Q) Quantification of tau pathology comparing effect of i.p. 

injection and hemisphere, unpaired Student’s t-test with Welch’s correction. n= 5 for both tau i.c. 

groups, n= 4 for both vehicle i.c. groups. For analysis, data is log transformed. However, because 

most values are <1, data in the graph is not log transformed to view the mean % area. All data is 

presented as mean ± SEM 
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As before, when examining tau pathology in the dentate gyrus of the H1Mapt-/- mice there 

was no pathology observed in any mouse (Figure 6-12). There was no pathology either in the 

ipsilateral (tau i.c./saline i.p.= 0.01% ± 0.001; tau i.c./S. typhimurium i.p.= 0.01% ± 0.001) or 

contralateral (tau i.c./saline i.p.= 0.01% ± 0.003; tau i.c./S. typhimurium i.p.= 0.004% ± 0.001) 

hemisphere. Subsequently there was no significant main effect of i.p. injection (F(1, 9)= 4.81, p= 

0.06) or hemisphere (F(1, 9)= 1.61, p= 0.24). This allows me to conclude that AT8 

immunoreactivity is only present in the ventral C57BL/6 hippocampus. Furthermore, this is 

predominantly observed in tau i.c./S. typhimurium i.p. group. This highlights how there is a clear 

effect of systemic infection, yet mouse strains show clear difference. Due to the lack of 

significance in Figure 6-11, this also highlights how AT8-positive staining is not consistent in the 

hippocampus and biological variability prevents statistical significance despite clear difference 

 

Figure 6-11: Pathology in the C57BL/6 ventral hippocampus after S. typhimurium infection 

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. High magnification images of tau pathology from (B, D, J, 

L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x objective, scale bar= 50μm. 

Black arrowheads denote tau pathology. Q) Quantification of tau pathology in C57BL/6 

demonstrating the effect of systemic infection, two-way ANOVA with Sidak’s post-hoc test. n= 6 

for tau i.c./saline i.p., n= 8 for tau i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p., n= 6 

vehicle i.c./S. typhimurium i.p. injection group. Data is log transformed for analysis, however due 

to most values <1, the graph is not log transformed to view the data. All data is presented as mean 

± SEM. 
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6.3.8 AT8 immunoreactivity in the perirhinal cortex 

The perirhinal cortex is located dorsal to the entorhinal cortex as part of the 

parahippocampal gyrus. This cortex has significant connections to both the entorhinal cortex and 

hippocampus (Vismer et al., 2015). In this brain region, tau deposition was observed following i.c. 

injection of the human tau lysate, specifically in the ipsilateral hemisphere. Moreover, in C57BL/6 

mice two-fold higher expression of AT8 was observed following S. typhimurium infection in the 

ipsilateral hemisphere (tau i.c./saline i.p.= 0.02% ± 0.004; tau i.c./S. typhimurium i.p.= 0.05% ± 

0.01; p<0.05) (Figure 6-13). There is not a significant main effect of S. typhimurium (F(1, 12)= 

3.62, p= 0.08), however because of the post-hoc significance it is also possible to observe a trend 

with the main effect. There is a significant main effect of hemisphere (F(1, 12= 15.83, p<0.01), yet 

no significant main interaction of these two variables (F(1, 12)= 2.98, p= 0.11). There was 

pathology observed in the contralateral perirhinal cortex, however this was only consistent in one 

mouse in the tau i.c./S. typhimurium i.p. group (tau i.c./saline i.p.= 0.01% ± 0.002; tau i.c./S. 

typhimurium i.p.= 0.02% ± 0.01, p= 0.66). Other mice within the tau i.c. groups did show inclusions 

in the contralateral hemisphere however this was not consistently observed throughout all slices, 

as a result the mean percentage area is low (~0.02%). However, this finding is represented in the 

tau scoring in Figure 6-25. From quantification in Figure 6-13, it is clear to observe that tau 

deposition is increased by systemic infection and predominantly observed in the ipsilateral 

hemisphere at this time point. 

 

 

  

Figure 6-12: AT8 staining in the ventral hippocampus of H1Mapt-/- mice 

Representative images of analysis for (A, B) vehicle i.c./saline i.p., (C, D) vehicle i.c./S. 

typhimurium i.p., (E, F) tau i.c./saline i.p. and (G, H) tau i.c./S. typhimurium i.p. groups in the 

ipsilateral hemisphere. I-P) Representative images were included from the same groups for the 

contralateral hemisphere. A, C, E, G, I, K, M, O) 20x objective, scale bar= 50μm; B, D, F, H, J, 

L, N, P) 40x objective, scale bar= 50μm. Q) Quantification of tau pathology, two-way ANOVA 

with Sidak’s post-hoc test. n= 6 for tau i.c./saline i.p., n= 5 for tau i.c./S. typhimurium i.p. 

injection groups, n= 4 for both vehicle i.c. groups. All data is presented as mean ± SEM. 
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Figure 6-13: AT8-positive tau in the perirhinal cortex following systemic infection in 

C57BL/6 mice 

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. High magnification images of tau pathology from (B, D, J, 

L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x objective, scale bar= 

50μm. Black arrowheads denote tau pathology. Q) Quantification of bAT8 expression in C57BL/6 

mice, two-way ANOVA with Sidak’s post-hoc test (*p<0.05). n= 6 for tau i.c./saline i.p., n= 8 for 

tau i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p., n= 6 vehicle i.c./S. typhimurium i.p. 

injection group. All data is presented as mean ± SEM. 
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By contrast, H1Mapt-/- mice show no tau pathology in the ipsilateral perirhinal cortex in 

either tau i.c. group (tau i.c./saline i.p.= 0.01% ± 0.003; tau i.c./S. typhimurium i.p.= 0.004% ± 

0.001, p= 0.23) (Figure 6-14). There was also no AT8 immunoreactivity observed in the 

contralateral perirhinal cortex (tau i.c./saline i.p.= 0.01% ± 0.002; tau i.c./S. typhimurium i.p.= 

0.01% ± 0.002, p= 0.97). As a result, there was no significant main effect of i.p. injection (F(1, 9)= 

1.84, p= 0.21) or hemisphere (F(1, 9)= 0.56, p= 0.47). This suggests that H1Mapt-/-mice 

consistently display less pathology than C57BL/6 mice. There is small deposition in a select few of 

the C57BL/6 tau i.c./saline i.p. mice; this is not observed in the equivalent H1Mapt-/- mice and so 

the baseline spatiotemporal spread is different. 

6.3.9 Tau deposition in the mammillary nuclei 

The mammillary nuclei are found ventral to the injection site as part of the diencephalon. 

The mammillary nuclei consist of the lateral and medial nucleus, with the supramammillary nuclei 

(SuMN) located directly dorsal. Whilst the mammillary nuclei were imaged, there was minimal 

pathology observed in the lateral mammillary nuclei (LMN), with pathology consistently found in 

the SuMN. In C57BL/6 mice, pathology is predominantly observed in the tau i.c./S. typhimurium 

i.p. group (Figure 6-15). The pathology also appears more like inclusions than the dot-like staining 

in the white matter. AT8-positive tau is observed in both tau i.c. groups, however there is a ten-

fold increase in tau pathology following systemic infection (tau i.c./saline i.p.= 0.01% ± 0.005; tau 

i.c./S. typhimurium i.p.= 0.11% ± 0.04; p<0.05). As a result, there is a significant main effect of i.p. 

injection (F(1, 12)= 6.12, p<0.05), yet no effect of hemisphere (F(1, 12)= 3.84, p= 0.07). Notably, 

there is consistent pathology in both the ipsilateral and contralateral hemisphere of the tau i.c./S. 

typhimurium i.p. group, yet contralateral pathology is only observed in a couple of mice in the 

saline i.p. group (tau i.c./saline i.p. = 0.01% ± 0.004; tau i.c./S. typhimurium i.p.= 0.05% ± 0.02, p= 

0.16). Quantification of AT8 immunoreactivity demonstrates that the mammillary nucleus was 

Figure 6-14: AT8 immunoreactivity in the perirhinal cortex of H1Mapt-/- mice 

Representative images of analysis for (A, B) vehicle i.c./saline i.p., (C, D) vehicle i.c./S. 

typhimurium i.p., (E, F) tau i.c./saline i.p. and (G, H) tau i.c./S. typhimurium i.p. groups in the 

ipsilateral hemisphere. I-P) Representative images were included from the same groups for the 

contralateral hemisphere. A, C, E, G, I, K, M, O) 20x objective, scale bar= 50μm; B, D, F, H, J, 

L, N, P) 40x objective, scale bar= 50μm. Q) Quantification of bAT8 expression, two-way 

ANOVA with Sidak’s post-hoc test. n= 6 for tau i.c./saline i.p., n= 5 for tau i.c./S. typhimurium 

i.p., n= 4 for vehicle i.c. injection groups. All data is presented as mean ± SEM. 
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one ROI where the spreading of tau pathology is increased in the tau i.c./S. typhimurium i.p. group 

compared to the saline i.p. group. 
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By contrast H1Mapt-/- mice showed no pathology in the mammillary nuclei (Figure 6-16) 

either ipsilateral (tau i.c./saline i.p.= 0.01% ± 0.004; tau i.c./S. typhimurium i.p.= 0.01% ± 0.002, p= 

0.82) or contralateral (tau i.c./saline i.p.= 0.01% ± 0.002; tau i.c./S. typhimurium i.p.= 0.01% ± 

0.002, p= 0.38). Subsequently there was no significant main effect of i.p. injection (F(1, 8)= 2.26, 

p=0.17) or hemisphere (F(1, 8)= 2.37, p= 0.16). As throughout all analysis, no pathology was 

observed in mice receiving vehicle i.c. injection. These results all indicate that C57BL/6 mice show 

more tau pathology than the H1Mapt-/-mice. Furthermore, C57BL/6 wild type mice show greater 

pathology and earlier deposition in regions synaptically connected following systemic infection. 

  

Figure 6-15: Tau pathology in the mammillary nuclei of C57BL/6 mice 

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. High magnification images of tau pathology from (B, D, J, 

L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x objective, scale bar= 50μm. 

Black arrowheads denote tau pathology. Q) Immunohistochemical analysis of bAT8 expression in 

C57BL/6 mice, two-way ANOVA with Sidak’s post-hoc test, (*p<0.05). n= 6 for tau i.c./saline i.p., 

n= 8 for tau i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p., n= 6 vehicle i.c./S. typhimurium 

i.p. injection group. Data was log transformed for analysis, due to most values being <1, the data 

presented in this graph is the original mean % area values. All data is presented as mean ± SEM. 
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6.3.10 Tau pathology at the dorsal fornix 

The final brain region examined was dorsal to the injection site (Bregma AP= -1.00). Only 

the corpus callosum and dorsal fornix ROIs were analysed. The fornix is a white matter tract with 

synaptic pathways from the hippocampus which connects regions in the limbic system such as the 

mammillary bodies (Douet and Chang, 2015). After examining the dorsal fornix in C57BL/6 mice, 

no pathology was observed in mice receiving vehicle i.c. injection (Figure 6-17). However, i.c. 

injection of human tau lysate results in pathology in this region, with the same speckled 

morphology observed previously in the white matter. Moreover, an eight-fold higher expression 

of AT8 was observed in mice exposed to systemic infection (tau i.c./saline i.p.= 0.03% ± 0.02; tau 

i.c./S. typhimurium i.p.= 0.25% ± 0.12). A Mann Whitney test determined there was a significant 

difference between the bAT8 staining in the tau i.c./saline i.p. or tau i.c./S. typhimurium i.p. dorsal 

fornix (U= 4, p<0.01).  

 

 

 

 

 

 

 

 

Figure 6-16: Tau pathology in the mammillary nuclei of H1Mapt-/- mice 

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. Images of tau pathology at a higher magnification were also 

included from (B, D, J, L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x 

objective, scale bar= 50μm. Q) Immunohistochemical analysis of bAT8 expression in C57BL/6 

mice. Two-way ANOVA with Sidak’s post-hoc test; n= 5 for both tau i.c. groups, n= 4 for both 

vehicle i.c. groups. Data was log transformed for analysis.  
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Figure 6-17: AT8-positive tau in the dorsal fornix of C57BL/6 mice 

Tau pathology in (A) vehicle i.c./saline i.p., (B) vehicle i.c./S. typhimurium i.p., (C) tau i.c./saline 

i.p. and (D) tau i.c./S. typhimurium i.p. groups. 40x objective, scale bar= 50μm. Black arrowheads 

denote tau pathology, green arrowhead denoted corpus callosum which was not included in 

analysis. E) Quantification of bAT8 expression, Mann Whitney U test was used (**p<0.01). n= 6 

for tau i.c./saline i.p., n= 8 for tau i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p., n= 6 

vehicle i.c./S. typhimurium i.p. injection group. All data is presented as mean ± SEM. 
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 In the corpus callosum pathology was observed in both C57BL/6 tau i.c. groups (Figure 

6-18). However, despite a clear outlier there are similar levels of tau staining between these two 

groups (tau i.c./saline i.p.= 0.36% ± 0.15; tau i.c./S. typhimurium i.p.= 0.59% ± 0.17). As a result, a 

Mann Whitney U test determined that there was no significant effect of S. typhimurium i.p. (U= 

21, p= 0.75). This highlights a potential difference between tau pathology observed in the corpus 

callosum versus the dorsal fornix. In the contralateral hemisphere, the corpus callosum showed 

low levels of pathology in the tau i.c./S. typhimurium i.p. group (tau i.c./saline i.p.= 0.02% ± 0.01; 

tau i.c./S. typhimurium i.p.= 0.09% ± 0.03). These results suggest that there is a trend that mice 

which underwent a bacterial infection express greater AT8-positive tau pathology at this ROI.  
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Figure 6-18: AT8-positive tau within the corpus callosum of C57BL/6 mice  

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. Images at a higher magnification were also included from 

(B, D, J, L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x objective, scale 

bar= 50μm. Black arrowheads denote tau pathology. Q) Quantification of bAT8 expression in 

C57BL/6 mice, Mann-Whitney U test. n= 6 for tau i.c./saline i.p., n= 8 for tau i.c./S. typhimurium 

i.p., n= 5 for vehicle i.c./saline i.p., n= 6 vehicle i.c./S. typhimurium i.p. injection group. All data 

is presented as mean ± SEM 



Chapter 6 

228 

By contrast, in the H1Mapt-/- mice, the dorsal fornix in H1Mapt-/- showed no significant 

effect of S. typhimurium i.p. injection (t(8)= 0.05, p= 0.69) (Figure 6-19). There was very similar 

AT8 immunoreactivity within the tau i.c. groups (tau i.c./saline i.p.= 0.05% ± 0.03; tau i.c./S. 

typhimurium i.p.= 0.05% ± 0.03). There is very minimal tau propagation to the dorsal fornix in 

these mice. This highlights a further difference in the propagation rates of tau pathology in the 

C57BL/6 and H1Mapt-/- mice. The H1Mapt-/- mice also showed tau pathology in the corpus 

callosum (Figure 6-20). However, in the ipsilateral hemisphere expression was very similar 

between the two tau i.c. groups (tau i.c./saline i.p.= 0.07% ± 0.03; tau i.c./S. typhimurium i.p.= 

0.08% ± 0.05). In the contralateral hemisphere AT8 immunoreactivity was demonstrably lower in 

both tau i.c. groups (tau i.c./saline i.p.= 0.04% ± 0.02; tau i.c./S. typhimurium i.p.= 0.01% ± 0.01). 

There was no significant main effect of i.p. injection (F(1, 8)= 0.42, p= 0.53), however there was a 

significant main effect of hemisphere (F(1, 8)= 5.34, p<0.05). Therefore, this shows the clear 

distinction between tau propagation in C57BL/6 and H1Mapt-/- mice. 
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Figure 6-19: Dorsal fornix tau histology in H1Mapt-/- mice 

Tau pathology in (A) vehicle i.c./saline i.p., (B) vehicle i.c./S. typhimurium i.p., (C) tau i.c./saline 

i.p. and (D) tau i.c./S. typhimurium i.p. groups. 40x objective, scale bar= 50μm. E) Quantification 

of bAT8 expression, Unpaired Student’s t-test. n= 5 for both tau i.c. groups, n= 4 for vehicle i.c. 

groups. Data was log transformed for analysis. However, most original values are <1, therefore the 

graph shows the original mean % area results which are not log transformed. All data is presented 

as mean ± SEM. 
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Figure 6-20: Phosphorylated tau in corpus callosum of H1Mapt-/- mice 

A, C, I, K) Representative images of vehicle i.c. injected mice and (E, G, M, O) tau i.c. injected 

mice; 20x objective, scale bar= 50μm. Images at a higher magnification were also included from 

(B, D, J, L) vehicle i.c. injected mice and (F, H, N, P) tau i.c. injected mice; 40x objective, scale 

bar= 50μm. Black arrowheads denote tau pathology. Q) Quantification of bAT8 expression in 

C57BL/6 mice, two-way ANOVA with Sidak’s post-hoc test. n= 5 for both tau i.c. groups, n= 4 for 

both vehicle i.c. groups. Data was log transformed for analysis. However, most original values are 

<1, therefore the graph shows the original mean % area results which are not log transformed. All 

data is presented as mean ± SEM 
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6.3.11 Notable pathology outside of ROIs 

Whilst ROIs were determined and utilised to analyse the tau pathology, there were several 

regions where pathology was only observed in one brain out of 44 brains in total which were 

examined. In this case the region was not analysed throughout the cohort and instead 

demonstrated here separately. The reasons for this pathology are unclear, yet all regions where 

pathology was detected were initially scanned for pathology due to strong synaptic connections 

to the injection site. In Figure 6-21 three distinct regions are stained for; it is notable that all 

three images are not from the same brain, yet all mice underwent tau i.c. followed by S. 

typhimurium i.p. injection. Pathology is observed dorsal to the injection site at the ventral fornix 

(Figure 6-21), and at the injection site, pathology was observed in the retrosplenial cortex. 

Finally, ventral to the injection site pathology is observed in the CA3. 

Figure 6-21: Notable regions within the brain that showed additional AT8-positive tau 

A) Ventral fornix, B) retrosplenial cortex and C) hilus region stained for bAT8. All images taken at 

40x objective; scale bar= 50μm. All images taken from tau i.c./S. typhimurium i.p. group. 
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In addition, one mouse was excluded from analysis. This mouse underwent tau i.c. injection 

followed by saline i.p. injection. However, upon perfusion it was discovered that this mouse had a 

spleen of 180mg, suggesting a possible systemic inflammatory response. This spleen is distinctly 

larger and outside the range of spleen weights for the saline i.p. group regardless of i.c. injection. 

It was also noted after analysis that this mouse showed gradual weight loss from baseline over 

time after the saline i.p. injection; this is in direct contradiction to other mice in the same group. 

This suggests that this mouse had a procedural issue with the i.p. injection and therefore should 

be excluded. This is potentially due to injury to the gut during the i.p. injection, however no 

Figure 6-22: Notable AT8-positive tau in mouse excluded for experimental outliers 

A) Ventral fornix, B) hilus region and C) mammillary nuclei stained for bAT8. A) Image taken at 

20x objective; scale bar= 100μm B, C) images taken at 40x objective; scale bar= 50μm. All 

images taken from tau i.c./S. typhimurium i.p. group. 
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sickness behaviour was noted, and the weight loss was gradual and never within range of concern 

for welfare. Therefore, it is unlikely to be caused by a full caecal puncture as this would cause 

sepsis and has a very low survival rate (Dejager et al., 2011).  

Whilst this mouse has been excluded from the overall cohort, images of the tau pathology 

were still recorded (Figure 6-22). Interestingly, this mouse displayed significant amounts of 

pathology, akin to pathology observed in the tau i.c./S. typhimurium i.p. group. Pathology from 

the ventral fornix, CA4 and mammillary nuclei are all recorded. 

6.3.12 Detection of amyloidogenic protein 

Following on from the previous chapter, it was noted that the human lysate used for the 

seed prep may contain other Sarkosyl-insoluble proteins, such as aggregated amyloid or α-

Synuclein. To investigate this, I also stained sections with Thioflavin S and antibodies to detect the 

presence of amyloid and α-Synuclein deposition. Thioflavin S is a histological stain which detects 

β-pleated sheet amyloid deposition (Rajamohamedsait and Sigurdsson, 2012). However, because 

it detects β-pleated sheet structures this means PHFs and NFTs can also be detected. For Aβ 

pathology I used the human-amyloid 1-42 specific antibody bapineuzumab, and an antibody that 

binds to phosphorylated human α-Synuclein was used to analyse α-Synuclein pathology. No 

immunoreactivity of bapineuzumab was observed, as shown in Figure 6-23 with the dentate 

gyrus as an example. Small deposits of thioflavin S staining were detected along the dentate 

gyrus, coinciding with AT8-positive staining. Given that the post-mortem cases were Braak stage 

V-VI it is likely that the AD-tau within the lysate is heavily enriched for beta-pleated sheet 

structures. Therefore, given the morphology of the stain and the location within the brain it is 

unlikely that there is Aβ deposition in these brains. 

For detection of α-Synuclein pathology, brain sections were analysed for presence of 

phosphorylated epitopes of α-Synuclein at S129 epitope (Figure 6-23). This phosphorylated 

epitope is detected in α-Synuclein pathology in Lewy bodies, and is commonly used as a marker in 

Parkinson’s disease research (Sato, Kato and Arawaka, 2013). No α-Synuclein pathology was 

observed throughout the brain in mice receiving either saline or S. typhimurium i.p. injection. 

There is non-specific background in mice that were exposed to S. typhimurium i.p. As the α-

Synuclein antibody is a mouse antibody, this staining is likely due to the presence of mouse IgG as 

these same results were obtained using an unconjugated mouse anti-AT8 antibody.  
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Figure 6-23: Detection of amyloidogenic and α-Synuclein proteins 

A, B) Thioflavin S and DAPI staining in the dentate gyrus of mice which receiving tau i.c. 

injection followed by saline or S. typhimurium infection. C, D) Bapineuzumab staining in the 

dentate gyrus. E, F) Phosphorylated α-Synuclein in the dentate gyrus, Mike Hurley carried out 

histology for α-Synuclein. All images taken at 40x objective; scale bar= 50μm. All images taken 

from mice that received an i.c. injection of human tau-enriched seed prep. 
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6.3.13 Analysis of tau pathology using western blot  

To further investigate if a systemic bacterial infection promotes tau pathology and to 

confirm histological analysis, a western blot was carried out (Figure 6-24). At three months post-

injection there is minimal overt pathology observed in histology, yet there may be 

hyperphosphorylation detectable at the protein level. Hippocampal brain homogenates were 

prepared from C57BL/6 mice which received vehicle or tau i.c. injection, followed by systemic 

infection or saline i.p. injection. Each sample was diluted with dH2O and 4x loading buffer to reach 

50μg total protein concentration in each well. Following separation of the sample on SDS-PAGE, 

proteins were transferred to PVDF membrane and incubated with antibodies against AT8, total 

tau and beta actin. This allowed expression of AT8 as a ratio of total tau, normalised to beta actin.  

There is negligible detection of AT8-positive tau in either the vehicle i.c. or tau i.c. groups 

which underwent saline i.p. injection. The results showed a twenty-fold increase in AT8/total tau 

ratio in mice exposed to S. typhimurium compared to the tau i.c./saline i.p. group. There was a 

main effect of S. typhimurium (F(1, 12)= 8.81, p<0.05, with no significant main effect of tau i.c. 

injection (F(1, 12)= 3.12, p= 0.1) or interaction (F(1, 12)= 3.87, p= 0.07). Figure 6-24 shows a band 

at ~50 kDa in both groups of mice exposed to S. typhimurium i.p. However, there is a four-fold 

increase in the AT8/total tau ratio in mice which received the tau i.c. injection compared to the 

vehicle i.c./S. typhimurium i.p. group (vehicle i.c./S. typhimurium i.p.= 5.42 ±2.23; tau i.c./S. 

typhimurium i.p.= 21.86 ± 17.31, p= 0.09). The lack of post-hoc significance is likely due to the 

variability within the tau i.c. mice. Whilst four mice within each group underwent tissue 

processing for biochemical analysis, to reduce the variability further repeats of this blot would be 

carried out given greater time. Heavy chain mouse IgG is detected at approximately 50kDa in SDS-

PAGE. Given systemic infection with S. typhimurium results in BBB breakdown, it is possible that 

the band in the vehicle i.c./S. typhimurium i.p. group is due to mouse IgG expression. Despite this, 

the western blot shows clear upregulation of tau specifically in those mice which had an i.c. 

injection of tau and systemic infection. 
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6.4 Discussion 

Comparing tau spreading of human AD-tau lysate in both C57BL/6 and H1Mapt-/- mice has 

resulted in clear differences between the two mouse strains. C57BL/6 mice demonstrate a greater 

deposition of tau pathology compared to H1Mapt-/- mice. Most AT8-positive tau was observed in 

brain regions close to the injection site, however significant deposition of tau was observed 

distant from the injection site, including the mammillary nuclei in C57BL/6 mice (Figure 6-15). 

This indicates that tau is indeed spreading to synaptically connected regions, and this propagation 

is in part enabled by systemic infection. This propagation to distal regions was not observed to the 

same extent in H1Mapt-/- mice (Figure 6-16). However, it is unclear whether this is due to a 

difference in the native tau protein or a difference in the systemic infection response. All images 

taken for quantification were also scored blind from a scale of 0-3, with 0 displaying no pathology. 

This is an accompaniment to the threshold analysis; scoring allows for visualisation of levels of 

pathology across brain regions and Bregma coordinates (Figure 6-25). Scoring data can be found 

in the Appendix A (Figure S5 and S6). In this chapter it is possible to observe that systemic 

Figure 6-24: Detection of AT8-positive hyperphosphorylation of tau using biochemical 

analysis 

A) Western blot showing expression levels of AT8, total tau and beta actin in the hippocampus of 

C57BL/6 mice which received either vehicle or tau i.c. injection followed by saline or S. 

typhimurium i.p. injection. n= 4 in all groups. S.T.= S. typhimurium B) Two-way ANOVA with 

Tukey’s post-hoc test, **(p<0.01). All data is presented as Mean ± SD.  
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infection increased tau pathology both in regions close and distal to the injection site, and in both 

grey and white matter. 

It must be emphasised that the levels of pathology were low overall. This study was carried 

out at three months after i.c. injection of human tau lysate, which is a very early timepoint 

considering what has been reported in published studies. One study reported minimal tau 

pathology in C57BL/6 mice injected with human AD tau lysate at three months post-injection 

(Narasimhan et al., 2017), with significantly more pathology observed at nine months post-

injection. However, Narasimhan et al. (2017) reports greater pathology at 3 months than 

observed in this study with pathology throughout the hilus. 

Previous tau propagation studies in P301S mice show propagation of tau pathology after 

two months (Ahmed et al., 2014). P301S mice overexpress the human 4R0N isoform of tau which 

has same isotype as the ‘seed’ lysate. This may explain higher levels of pathology since 

propagation of tau requires the pathological tau ‘seed’ to bind to endogenous tau; the higher the 

levels of recruitable tau, the more spreading can occur. He et al. (2020) injected lysate from post-

mortem tissue either from four-repeat tau tauopathies (PSP and CBD), three-repeat tau 

tauopathies (PiD) or AD post-mortem tissue which contains both three-repeat and four-repeat tau 

pathology. They demonstrated that in WT mice, only the PSP, CBD and AD lysate showed 

significant tau propagation. By contrast in transgenic T44mTauKO mice which only express three-

repeat tau (Table 1-1), significant pathology was only observed following i.c. injection of the PiD 

and AD lysate (He et al., 2020). This suggests that similarities in isoform between the native tau 

protein expressed in the mouse and the protein within the lysate, determines how successfully 

tau pathology propagates within the brain. This highlights how unexpected the lack of pathology 

in H1Mapt-/- mice is within this chapter. However, it suggests that the native protein expression 

or the immune response to systemic infection is a determining factor. 

6.4.1 Physiological changes following S. typhimurium injection 

C57BL/6 and H1Mapt-/- mice received an intracerebral injection of tau lysate or vehicle. 

The small weight change following these injections was recovered by one-week post injection for 

the majority of the mice, with all mice within 2% of initial baseline weight by two weeks post 

injection. At 8 weeks post-i.c. injection, mice were administered either single saline or S. 

typhimurium i.p. injection. Weight loss was recorded and four weeks later, the mice were 

perfused, and the spleens weighed for signs of splenomegaly (Figure 6-3). Both the weight 

change and spleen weights highlight that both C57BL/6 mice and H1Mapt-/- mice develop an 

immune response following the bacterial infection. Mice injected with S. typhimurium show an 
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initial weight loss of approximately 7% for C57BL/6 mice and 5% for H1Mapt-/- mice, and all mice 

recovered after approximately a week post-infection. These results suggest that both C57BL/6 

and H1Mapt-/- mice exhibit robust weight loss in response to systemic infection. Following 

perfusion, spleen weight was recorded to determine if splenomegaly had occurred. Figure 6-3 

shows that splenomegaly occurred in the majority of mice, indicating a robust systemic immune 

response as a result of the bacterial infection. One observation is that H1Mapt-/- mice which 

received tau i.c. injection presented with significantly smaller spleens than C57BL/6 mice which 

received tau i.c. injection. Spleen weight varies between mice, however this biological variability 

has a clear range within which to establish whether an infection occurred within the mouse. The 

only mouse excluded was from the tau i.c./saline i.p. group with the enlarged spleen as 

aforementioned. 

At 5 weeks post-i.c. injection habituation to burrowing activity was carried out (Figure 6-4). 

Ideally by the end of the three habituation sessions (described in full in Chapter 2), mice would 

burrow all pellets and so establish a baseline of 100%. Only 18% of mice were unable to remove 

all pellets by the end of the burrowing sessions and these mice were spread over different groups, 

suggesting that there was no effect of i.c. injection on this behavioural task. After habitation and 

one week prior to S. typhimurium injection, burrowing was recorded to establish a baseline and 

recorded again at six days post-i.p. injection, to examine the effects of the bacterial infection. Due 

to missing values analysis is limited, however data presented in Figure 6-4 suggest that S. 

typhimurium infection changes burrowing regardless of i.c. injection. Mice that received vehicle 

i.c. injection return to baseline burrowing approximately a week earlier than mice exposed to tau 

lysate, suggesting that systemic infection and i.c. injection may modulate this hippocampal-

dependent task. Similar observations were made in H1Mapt-/- mice. However, given the changes 

made due to Covid-19 restrictions, conclusions regarding burrowing are limited without repetition 

of this experiment. 

Burrowing as a behavioural test has been used to examine effects of neuropathy (Shepherd 

et al., 2018) and sickness behaviours following injection of viral and bacterial mimics (Cunningham 

et al., 2007; Püntener et al., 2012). Burrowing deficits have been linked to hippocampal function, 

through both targeted lesions (Deacon and Rawlins, 2005) and pathology in Tg2576 mice (Deacon 

et al., 2009), but further study is required to confirm if burrowing findings in this chapter. It is 

possible that because this study described in this chapter only involves a unilateral injection of 

tau, it will be unlikely that significant burrowing deficits will occur. Whilst this is a limitation as 

pertains to burrowing results, the unilateral injection allows the observation of spreading and so 

is integral to the study.  
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Burrowing studies highlight a key discrepancy between neurodegenerative and 

immunology studies. Studies which examine the inflammatory response in mice often use acute 

models and therefore observations are carried out with days not weeks. By contrast, longer 

studies examining behavioural deficits in tau models as a result of pathology cannot often 

elucidate whether deficits are observed due to the neurotoxicity of tau pathology or due to the 

proinflammatory changes in immune cells caused by accumulating pathology. Extending the 

experiment to allow greater pathology development would likely incur greater hippocampal 

dysfunction, amplified by systemic inflammation. 

6.4.2 Tau pathology accumulation and spread 

This study aimed to examine whether systemic infection increased the deposition of AT8-

positive tau within the mouse brain. Lysate enriched for AT8-positive tau was generated from 

post-mortem AD tissue and injected i.c. into C57BL/6 and H1Mapt-/- mice. Mice received either a 

tau or vehicle i.c. injection and two months later received either a saline or S. typhimurium i.p. 

injection. The primary aim of this study was to examine AT8 immunoreactivity within the brain 

using histology. Three regions in the brain were examined; the injection site (AP:-2.50), ventral to 

the injection site (AP:-3.00) and dorsal to the injection site (AP:-1.00). Upon analysis and 

quantification of the histological findings, the region with pathology consistent across both tau 

i.c./saline i.p. and tau i.c./S. typhimurium i.p. groups was the corpus callosum and the fornix. All 

regions throughout the brain were also scored on a scale of 0-3 (with 0 representing no 

pathology). As shown in Figure 6-25, the spread throughout the brain dependent on mouse 

genotype and i.p. injection is clear to observe. The corpus callosum is situated in close proximity 

to the injection site and this fibre bundle connects the two hemispheres, making the corpus 

callosum a crucial ROI. The fornix is a bundle of fibres which originate from the hippocampus 

connecting to the limbic circuit, including the mammillary bodies (Douet and Chang, 2015). The 

fornix has been highlighted as a region which expresses tau pathology in human brain-derived tau 

propagation studies (Ahmed et al., 2014; He et al., 2020).  

Tau pathology was observed in the corpus callosum at all three Bregma positions (Figure 

6-5, Figure 6-9 and Figure 6-18). The AT8 immunoreactivity showed dot-like staining throughout 

these white matter tracts. The corpus callosum is one of the few areas in this study where the tau 

i.c./saline i.p. groups in both mouse strains display any pathology. Despite AT8 immunoreactivity 

being detected in both C57BL/6 tau i.c. groups, systemic infection causes a five-fold increase in 

AT8 quantification in the corpus callosum at the injection site (Figure 6-5). In the corpus callosum 

measured anterior to the injection site (Bregma AP= -1.00) similar levels of AT8 tau were observed 

in both C57BL/6 tau i.c. groups. Figure 6-17 shows that in C57BL/6 mice, pathology is observed in 
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the dorsal fornix (Bregma AP= -1.00), with S. typhimurium infected mice demonstrating an eight-

fold increase in AT8 immunoreactivity compared to mice receiving a saline injection. H1Mapt-/- 

mice show negligible pathology at this Bregma coordinate, either in the dorsal fornix or the 

corpus callosum. In the corpus callosum posterior to the injection site (Bregma AP= -3.00), in both 

C57BL/6 and H1Mapt-/- mice AT8 staining is observable but low in both tau i.c. groups. 
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Figure 6-25: Scoring of AT8 immunoreactivity throughout the brain of C57BL/6 and 

H1Mapt-/- mice 

All regions of interest quantified were also scored to provide a visual map of the AT8 

immunoreactivity. A score of 0, 1, 2 or 3 was assigned with 0 referring to no pathology and 3 the 

highest level of AT8-positive tau. An average score of 0 was represented in grey, 0-1 represented 

in orange, 1-2 represented in red and 2-3 represented in purple. Individual scores shown in 

Appendix A. Created with BioRender.com. 
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This suggests propagation through these white matter tracts in both ventral and dorsal 

directions. The exact mechanism of transportation in the white matter tracts is unknown. A 

reported in vitro seeding assays demonstrated that tau derived from white matter possessed 

seeding capacity (De Vos et al., 2018). Therefore, the white matter clearly plays a role in the 

degeneration observed in AD and is used to transport pathology throughout the brain along 

synaptically connected pathways. Previous studies which inject C57BL/6 mice with lysate isolated 

from AD post-mortem tissue show AT8-positive staining within the white matter tract with similar 

dot-like immunoreactivity as reported in this chapter (He et al., 2020). Furthermore, in the human 

brain, diffusion tensor imaging (DTI) has demonstrated that the fornix and corpus callosum are 

connected (Jang and Kwon, 2014). These results suggest that the corpus callosum and the fornix 

are two major pathways of tau spreading in C57BL/6 mice. Systemic infection induces greater 

propagation of tau through the white matter tracts away from the injection site. Therefore, this 

suggests that in the white matter tract, whether intraneuronal or taken up by microglia, tau 

burden is increased by systemic infection. 

When examining the H1Mapt-/- mice, there is less pathology in the corpus callosum at the 

injection site compared to levels observed in the C57BL/6 mice (Figure 6-6). Furthermore, at the 

posterior corpus callosum there are lower levels of pathology to C57BL/6 mice observed, and still 

no significant effect of S. typhimurium i.p. on tau accumulation (Figure 6-10). When examining 

the anterior corpus callosum (Figure 6-20) and the dorsal fornix (Figure 6-19), minimal tau 

pathology is observed, with no evidence of an effect of S. typhimurium. This highlights an 

overarching conclusion of this chapter; H1Mapt-/- mice show less propagation of tau pathology. 

The hippocampus was a second key region of interest. The dentate gyrus and the CA3-CA4 

axis are regions highlighted in many tau spreading studies (Ahmed et al., 2014; Guo et al., 2016; 

Jackson et al., 2016; Narasimhan et al., 2017; He et al., 2020). Despite this, minimal tau pathology 

is reported in the dentate gyrus in this chapter, in either C57BL/6 or H1Mapt-/- mice. As 

anticipated, there is no pathology in the vehicle groups and negligible pathology was found in the 

dentate gyrus of mice receiving an i.c. injection of the human tau lysate followed by saline i.p. 

(Figure 1-5). Only one C57BL/6 mouse in the tau i.c./saline i.p. group of either C57BL/6 or 

H1Mapt-/- mice showed hippocampal AT8 immunoreactivity. In contrast, increased AT8-positive 

tau was observed in the dentate gyrus of C57BL/6 mice in half of the tau i.c./S. typhimurium i.p. 

group (Figure 6-7). The tau i.c./S. typhimurium i.p. group shows AT8 immunoreactivity in the 

ipsilateral hippocampus. Only one H1Mapt-/- mouse in the tau i.c./S. typhimurium i.p. group 

showed AT8-positive tau (Figure 6-8). This highlights how the hippocampus shows low levels of 

AT8-positive tau, with the H1Mapt-/- mice demonstrating lower levels of tau than the C57BL/6 
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mice. Systemic infection appears to have an effect on tau burden in C57BL/6 mice, however this is 

not consistent within the tau i.c./S. typhimurium i.p. group. 

Posterior to the injection site, tau pathology was observed in the ventral hippocampus 

(Figure 6-11). AT8-positive staining in the hippocampus was only observed in the tau i.c./S. 

typhimurium i.p. group. As observed in the hippocampus at the injection site (Figure 6-7), 

pathology was inconsistent within this group and there was biological variability associated with 

this propagation model. No pathology was observed in the CA1 or CA2, only the dentate gyrus. 

This highlights the early stage of propagation examined. These results clearly show the effect of S. 

typhimurium on tau propagation. Whilst no significance is observed at the injection site, the 

ventral hippocampus shows a trend of increased tau pathology after systemic bacterial infection. 

 Analysis of tissue from H1Mapt-/- mice, indicates there is no pathology following i.c. 

injection of human tau lysate at the ventral hippocampus (Figure 6-12: AP= -3.00). Furthermore, 

systemic bacterial infection failed to promote tau pathology. Considering that only one H1Mapt-/- 

mouse demonstrated AT8-positive tau in the hippocampus at the injection site (Figure 6-7: AP= -

2.50), this highlights how much lower the tau burden is compared to observations in C57BL/6 

mice. This result is seen throughout the brain, whereby the H1Mapt-/- mice show less tau 

pathology than C57BL/6 mice. The likely explanation is low expression of endogenous human tau 

and lack of mouse tau in these mice. Therefore, expression of all isoforms of human tau in the 

H1Mapt-/- mice does not confer to greater seeding capacity if protein expression is inadequate. In 

addition, it is also possible that lack of increased tau pathology after systemic infection is due to a 

reduced immune response to S. typhimurium in H1Mapt-/- mice compared to C57BL/6 mice.  

The perirhinal cortex showed clear AT8-positive inclusions and a significant increase in tau 

following systemic infection. In comparison to the white matter tracts, the AT8-positive stain in 

the perirhinal cortex appeared to be intraneuronal. However, this is purely based on the 

morphology observed, co-staining with neuronal markers such as NeuN in future experiments 

would be required to confirm this. It has long been associated with recognition memory through 

lesion studies, highlighting a link with the visual association cortex (Brown and Aggleton, 2001). 

Pathology was observed in both groups that received an i.c. injection of tau lysate (Figure 6-13). 

However, only half of the mice in the tau i.c./saline i.p. group show pathology in the ipsilateral 

hemisphere, and there was a two-fold increase in AT8 immunoreactivity when mice underwent 

systemic infection. Although this pathology is largely restricted to the ipsilateral hemisphere, both 

tau i.c. groups show pathology in the contralateral hemisphere, but this is highly variable. As 

aforementioned, all pathology observed is reported in the tau scores in Figure 6-25. Because 

pathology observed in the contralateral perirhinal cortex was so inconsistent, only one mouse in 
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the tau i.c./S. typhimurium i.p. group showed an average percentage of AT8 immunoreactivity 

above 0.02% (Figure 6-13). No tau pathology was observed in any H1Mapt-/- mice (Figure 6-14). 

This again supports the hypothesis that systemic infection induces a greater rate of propagation in 

C57BL/6 mice. 

The final region analysed posterior to the injection site was the mammillary nuclei. The 

predominant projection to the mammillary bodies is the fornix from the hippocampus. The LMN 

has been associated with episodic memory retrieval (Roy et al., 2017) and spatial navigation 

(Yoder and Taube, 2011). There is comparatively little research on the SuMN, it is understood to 

send afferent fibres to the dentate gyrus and the CA2. Following this research, it has since been 

purported that the SuMN connections to the dentate gyrus are crucial for spatial memory 

retrieval (Li et al., 2020).  

Tau pathology in the mammillary nuclei was exclusively observed in C57BL/6 mice and then 

predominantly within the group which received an i.c. injection of human tau and subsequent 

exposure to S. typhimurium i.p. injection (Figure 6-15). There is minimal pathology in a few mice 

within the tau i.c./saline i.p. group, but the majority of mice showed no pathology. This is 

conclusive evidence that systemic bacterial infection induces greater propagation of tau 

pathology. In H1Mapt-/- mice there was no pathology in the mammillary nuclei regardless of the 

treatment (Figure 6-16), highlighting again how differences in genotype have resulted in a 

different rate of tau spread. 

One interesting observation is the presence of pathology in the contralateral SuMN. A study 

examining rat and macaque projections suggested that at the ventral hippocampus, projections 

could be made to the contralateral mammillary body through the intersecting fornix (Mathiasen 

et al., 2019). However, this has not been established fully and so the mechanism behind this 

remains unclear. However, our collaborators at Eli Lilly also reported ipsilateral and contralateral 

pathology in the SuMN following the P301S propagation study (Ahmed et al., 2014). A similar 

propagation study in mice also injected i.c. lysate enriched for tau from AD post-mortem tissue. In 

this study, pathology in the SuMN was detected from 3 months post-injection and steadily 

increases throughout the timepoints, with contralateral pathology present (Henderson et al., 

2020). The study also reports that the CA1 only demonstrated significant pathology at six months 

post-injection, whilst the dentate gyrus showed pathology at three months post-injection.  

 To summarise the findings presented in this chapter, there is a clear effect of S. 

typhimurium on the propagation of tau pathology. There is no tau pathology observed in any of 

the vehicle i.c. injection groups confirming that injury caused by the Hamilton needle alone 

cannot perpetuate tau pathology. There is minimal spreading observed in the H1Mapt-/- mice, 
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examining inflammatory markers in Chapter 7 may elucidate the reasoning behind this. There is 

clear evidence of tau spreading through the fornix and corpus callosum, both anterior and 

posterior to the injection site. Increased pathology in these connected regions are predominantly 

found in mice receiving both the i.c. tau injection and S. typhimurium infection 2 months later. 

Pathology at the SuMN is indicative of retrograde spread from the hippocampus, as there are no 

inputs from the hippocampus to the SuMN (Vann, 2010). Furthermore, pathology is observed in 

the LMN, but this is minimal and not consistently found in C57BL/6 mice. An example of one brain 

which does show LMN pathology is demonstrated in Figure 6-26. This provides definitive 

evidence of retrograde spread of tau pathology to the SuMN. However, further research would be 

required to establish whether there is consistent anterograde spread at this early time point post 

injection of human tau. At a later timepoint, for example six months post-injection, pathology in 

these two regions may be more pronounced.  

In conclusion, both anterograde and retrograde spread of tau can be observed in this 

mouse spreading model at this time point in this mouse. However, retrograde spread likely 

precedes anterograde within the cohort. Especially when compared to the pathology in the 

hippocampus which is inconsistent, SuMN pathology was observed in all mice that received 

human tau lysate and S. typhimurium infection, with the exception of one mouse. This suggests 

that retrograde spread is one of the earliest propagation pathways in this model.  
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Furthermore, I have established that there is likely no overt Aβ or α-Synuclein pathology in 

this tau spreading model. However, the α-Synuclein experiment was very brief with only one 

brain from each group undergoing histology. By contrast, three brains per group were used to 

detect Aβ pathology. Therefore, in potential future experiments which may examine the brains at 

six months post-injection, this should be repeated. Given greater time, an ELISA for both of these 

pathological forms of the respective proteins would be carried out on the Sarkosyl-insoluble 

fraction. Now that the effect of systemic infection of tau pathology has been established, it would 

be advantageous to either use control brain lysate or immunodepleted tau lysate.  

When examining the histology data and the western blot data there is a clear effect of 

systemic infection on tau pathology and phosphorylation. Whilst it was highlighted that the 

vehicle i.c./S. typhimurium i.p. group may express IgG in the western blot, tau phosphorylation at 

the AT8 epitope Thr205 has been reported in C57BL/6 wild-type mice after i.p. injection of LPS 

(Salmonella enterica serotype abortus equi, 5mg/kg). Therefore, it is possible the result is an 

Figure 6-26: Mammillary nuclei pathology 

Pathology in the mammillary nuclei of a mouse which underwent tau i.c. followed by S. 

typhimurium i.p. Stained for biotinylated AT8. LMN= lateral mammillary nucleus; MM= medial 

mammillary nucleus; SuMN= supramammillary nucleus. Image taken at 10x objective, scale bar= 

200μm 
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increase in tau phosphorylation due to systemic infection. Nevertheless, any changes in 

phosphorylation following systemic infection observed in the vehicle i.c. groups, is not equivalent 

to the deposition of AT8-positive tau observed in histology in the tau i.c. group. Furthermore, 

AT8/total tau ratio was four-fold increased in the tau i.c. group compared to the vehicle i.c. group 

following systemic infection. Therefore, whilst systemic infection may induce changes in 

phosphorylation to the native tau protein, the seeding of human AD-tau is a distinct finding. 

6.4.3 Conclusion 

This chapter demonstrates that tau pathology is present in the brain of C57BL/6 and 

H1Mapt-/- mice which received an i.c. injection of AD-tau lysate. A key finding is that H1Mapt-/- 

mice consistently show less pathology than C57BL/6 mice, and only minimal effect of S. 

typhimurium on tau propagation. In both H1Mapt-/- and C57BL6 mice, there was AT8-positive tau 

in the corpus callosum and the fornix, this was significantly affected by S. typhimurium injection in 

C57BL/6 mice (Figure 6-25). In regions such as the SuMN and the perirhinal cortex in the C57BL/6 

mice, there was a significant increase in deposition of tau pathology following S. typhimurium i.p. 

injection. Therefore it is possible to conclude that in C57BL/6 mice, systemic bacterial infection 

does increase spread of tau pathology and one of the most affected regions is the mammillary 

nuclei.  

Future aims:  

• To determine if systemic infection alters the rate of tau spreading in vivo 
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Chapter 7 The effect of tau pathology and 

systemic infection on microglial 

markers 
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7.1 Introduction  

The previous chapter established that S. typhimurium induced greater tau propagation and 

early deposition of tau pathology in synaptically connected regions. However, the mechanism 

through which this occurs is unclear. It is theorised that tau spreading could be facilitated by 

microglia endocytosis and/or exocytosis function. Using microglial marker Iba1, microglia have 

been shown to co-localise with tau oligomers in post-mortem AD tissue (Nilson et al., 2017) and 

depleting microglia, or inhibition of microglial exosome synthesis suppressed the propagation of 

tau in experimental studies (Asai et al., 2015). However, whether the relationship between tau 

pathology and microglial activation is beneficial or detrimental in AD is unclear.  

In Chapter 3 I established the infection response to S. typhimurium in C57BL/6 and H1Mapt-

/- mice. It was observed that both mouse strains showed weight loss and splenomegaly. However, 

dampened splenomegaly was observed in the H1Mapt-/- mice compared to C57BL/6 mice both in 

Chapter 3 and Chapter 6. Furthermore, only C57BL/6 mice showed significant upregulation of 

MHCII and FcγRI in the brain. 

Chapter 6 showed minimal tau pathology in H1Mapt-/- mice, in the absence or presence of 

S. typhimurium infection, when compared to C57BL/6 mice. In this chapter, I will investigate the 

link between tau pathology and microglial marker expression. Furthermore, to what extent the 

presence of tau pathology lowers the threshold for activation in response to a second insult, in 

this case systemic infection. 

Aims addressed in this chapter are as follows: 

• To determine if tau pathology induces an inflammatory response 

• To determine if S. typhimurium infection exaggerates microglial activation in the presence 

of tau pathology  

• To compare the inflammatory response in H1Mapt-/- mice and C57BL/6 mice 
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7.2 Methods 

7.2.1 In vivo experimental data 

An initial pilot project was undertaken with a sample size of three C57BL/6 mice in each 

group (tau i.c./saline i.p. and tau i.c./S. typhimurium i.p.). These six mice received intracerebral 

injections using ketamine-rompun as the surgical anaesthetic (Appendix A, Figure S3).  These six 

mice also underwent perfusion with PFA fixation, however technical issues meant that the 

hippocampal neurons were destroyed likely due to the osmolarity of the fixative. Therefore, they 

are excluded from the tau histology. In this chapter, they are included as the parenchyma was 

intact for staining of inflammatory markers.   

7.2.2 Histology 

All regions quantified for histology were kept identical to the ROIs described in chapter 6, 

apart from the corpus callosum. The corpus callosum images were cropped to ensure only white 

matter was analysed. 

 

 

 

 

 

 

 

 

 

 

 

Following Covid-19 restrictions, access to histology facilities was controlled and therefore 

limited. Tissue from Cohort 3 was stained for tau pathology but there was insufficient time to 

stain for microglial markers in this particular cohort (Table 2-9).  
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7.3 Results  

7.3.1 MHCII expression levels in the cortex following systemic infection 

The first brain region analysed for expression of MHCII was the injection site (Bregma AP= -

2.50), and the cortex above the corpus callosum containing the needle tract. Expression of MHCII 

was not detected in any mouse receiving saline i.p. injection regardless of i.c. injection (Figure 

7-1). This suggests that injection of tau lysate into the cortex is not sufficient to cause sustained 

MHCII activation at the injection site. MHCII expression was observed in all mice infected with S. 

typhimurium, regardless of i.c. injection. Therefore, statistical analysis only compared the S. 

typhimurium i.p. groups. Between mice injected with S. typhimurium, the tau i.c. group showed a 

three-fold increase of MHCII in the ipsilateral cortex compared to the vehicle i.c. group (vehicle 

i.c./S. typhimurium i.p.= 3.31% ± 0.69; tau i.c./S. typhimurium i.p.= 12.28% ± 3.50, p<0.01). There 

was a significant main effect of i.c. injection (F(1, 10)= 5.10, p<0.05). There was no significant main 

effect of hemisphere (F(1, 9)= 3.77, p= 0.08) but the p value shows a clear trend. The lack of 

significance is likely due to biological variability. As a result, no post-hoc significance was 

observed.  

One observation was the presence of microglia amongst cerebral vascular staining. A cell 

count was also carried out to determine the number of MHCII-positive cells (Figure 7-1). Staining 

that was localised to endothelial cells was excluded, this was possible due to distinct morphology 

of the cells. A distinct increase in cell count was observed in the tau i.c./S. typhimurium i.p. group, 

with a three-fold increase compared to the vehicle i.c./S. typhimurium i.p. group (vehicle i.c./S. 

typhimurium i.p.= 26.46% ± 11.02; tau i.c./S. typhimurium i.p.= 95.15% ± 35.31, p<0.05). There is a 

significant main effect of hemisphere (F(1, 9)= 6.79, p<0.05) with no significant main effect of i.c. 

injection (F(1, 10)= 1.44, p= 0.26). However, there was a significant interaction of hemisphere and 

i.c. injection (F(1, 9)= 5.57). 
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Histology from H1Mapt-/- mice was also examined for MHCII expression within the cortical 

injection site (Figure 7-2). No MHCII expression was detected in any saline i.p. treated mouse. 

Total MHCII expression at the ipsilateral hemisphere of the tau i.c./S. typhimurium i.p. group was 

two-fold higher when compared to the vehicle i.c. (vehicle i.c./S. typhimurium i.p. = 2.35% ± 0.53; 

tau i.c./S. typhimurium i.p. = 5.15% ± 0.97, p<0.05). This led to post-hoc significance. There was a 

significant main effect of i.c. injection (F(1, 7)= 5.62, p<0.05) yet no significant main effect of 

hemisphere (F(1, 7)= 3.62, p= 0.1). The MHCII cell count for H1Mapt-/- mice in the injection site 

showed high variability (Figure 7-2). Whilst there was an apparent increase in MHCII-positive 

microglia in the tau i.c./S. typhimurium i.p. group, this was likely underpowered and matched by 

expression of MHCII-positive microglia in the vehicle i.c./S. typhimurium i.p. group. Therefore, a 

Mann-Whitney test determined no significant difference between the ipsilateral hemispheres of 

the tau i.c./S. typhimurium i.p. group and the vehicle i.c./S. typhimurium i.p. group (U= 6, p= 0.41). 

The H1Mapt-/- cell count for MHCII-positive cells was also lower compared to C57BL/6 mice, as 

visible in Figure 7-2. 

 

Figure 7-1: MHCII expression in the cortical injection site of C57BL/6 mice  

A, C) Representative images of MHCII expression in mice which received vehicle i.c. injection 

followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and I, K) contralateral 

hemisphere. E, G. M, O) Representative images of MHCII expression following tau i.c. injection; 

20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Corresponding images at 40x objective, 

scale bar= 50μm. Q) Quantification of MHCII mean percentage area. Mixed effects analysis with 

Sidak’s post-hoc test, (*p<0.05, **p<0.01); n= 5 for vehicle i.c./saline i.p., n= 6 for tau i.c. groups 

and vehicle i.c./S. typhimurium i.p. R) Count of MHCII-positive microglia within the same region 

of interest, Mixed-effects analysis with Sidak’s post-hoc test. All data is presented as mean ± SEM. 
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7.3.2 MHCII expression in the corpus callosum of the C57BL/6 and H1Mapt-/- mice 

Next, MHCII expression in the corpus callosum was examined (Figure 7-3). The black box 

denotes the white matter tract and the area cropped for analysis. In C57BL/6 mice, there was 

upregulation of MHCII in the white matter observed in all mice following S. typhimurium infection 

compared to saline i.p. injection. Compared to mice which had undergone vehicle i.c. injection, 

MHCII showed six-fold higher expression in the ipsilateral white matter tract of tau i.c. mice 

following S. typhimurium (vehicle i.c./S. typhimurium i.p.= 2.17% ± 0.53; tau i.c./S. typhimurium 

i.p.= 13.85% ± 4.68, p<0.01). Again, no MHCII expression was observed in the tau i.c./saline i.p. 

group. There was a significant main effect of hemisphere (F(1, 10)= 8.61, p<0.05), i.c. injection 

(F(1, 10)= 5.29, p<0.05) and interaction (F(1, 10)= 6.98, p<0.05). 

H1Mapt-/- also demonstrated upregulation of MHCII in the ipsilateral corpus callosum of 

the tau i.c./S. typhimurium group compared to vehicle i.c. (vehicle i.c./S. typhimurium i.p.= 1.86% 

± 0.27; tau i.c./S. typhimurium i.p.= 5.75% ± 2.87) (Figure 7-4). A Mann-Whitney test established 

there was no effect on i.c. injection between the vehicle i.c./S. typhimurium i.p. and tau i.c./S. 

typhimurium i.p. groups (U= 3, p= 0.11). Overall mean percentage area of MHCII expression 

appears lower in these mice compared to C57BL/6 mice. 

 

 

 

Figure 7-2: MHCII expression in the cortical injection site of H1Mapt-/- mice  

A, C) Representative images of MHCII expression in mice which received vehicle i.c. injection 

followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and I, K) contralateral 

hemisphere. E, G, M, O) Representative images of MHCII expression following tau i.c. injection; 

20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Corresponding images at 40x objective, 

scale bar= 50μm. White arrow denotes vascular endothelial MHCII expression. Black arrow 

denotes MHCII-positive macrophages. Q) Two-way ANOVA with Sidak’s post-hoc test 

(*p<0.05); n= 6 for tau i.c./saline i.p, n= 5 for tau i.c./S. typhimurium i.p., n= 4 for vehicle i.c. 

groups. Data is log transformed for analysis. However, most values are <1 therefore the original 

mean % area is displayed. R) Cell count of MHCII-positive microglia cells, Mann-Whitney test. 

All data is presented as mean ± SEM. 
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Figure 7-3: MHCII expression in the corpus callosum of C57BL/6 mice  

Representative images of MHCII expression in the corpus callosum of mice which received 

vehicle i.c. injection followed by saline i.p. or S. typhimurium i.p. injection, in the (A, B) ipsilateral 

and (E, F) contralateral hemisphere. Representative images of MHCII expression in the corpus 

callosum of mice which received tau i.c. injection followed by saline i.p. or S. typhimurium i.p. 

injection, in the (C, D) ipsilateral and (G, H) contralateral hemisphere; 20x objective, scale bar= 

50μm.. I) MHCII expression quantification; two-way ANOVA with Sidak’s post-hoc test 

(**p<0.01). n= 6 for all groups except vehicle i.c./saline i.p. where n= 5. All data is presented as 

mean ± SEM. 
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Figure 7-4: MHCII expression in the corpus callosum of H1Mapt-/- mice  

A, B, C, D) Representative images of MHCII expression in mice which received vehicle or tau i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral hemisphere. E, F, 

G, H) Representative images of MHCII expression in mice which received vehicle or tau i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the contralateral hemisphere; 

20x objective, scale bar= 50μm. I) Quantification of MHCII expression based on mean percentage 

area, Mann-Whitney test. n= 4 for vehicle i.c. groups, n= 5 for tau i.c. groups. All data is presented 

as mean ± SEM.  
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7.3.3 MHCII expression in the hippocampus following systemic infection 

The next ROI analysed was the hippocampus, including the granule cell layer of the dentate 

gyrus (Figure 7-5). The hippocampus showed consistent MHCII expression in all C57BL/6 mice 

infected with S. typhimurium. In the ipsilateral hemisphere, MHCII expression in the tau i.c. group 

was an almost two-fold increase over the vehicle i.c. group following systemic infection (vehicle 

i.c./S. typhimurium i.p.= 3.41% ± 0.72; tau i.c./S. typhimurium i.p.= 6.97% ± 1.96). Contrastingly, 

no difference in MHCII expression was observed in the contralateral hemisphere (vehicle i.c./S. 

typhimurium i.p.= 3.66% ± 0.39; tau i.c./S. typhimurium i.p.= 3.06% ± 0.60). There was no 

significant main effect of i.c. injection (F(1, 19)= 1.64, p= 0.22) or hemisphere (F(1, 19)= 2.51, p= 

0.13). However, there was definite biological variability in the ipsilateral hemisphere of the tau 

i.c./S. typhimurium i.p. group. To what extent this is due to variability in tau is unclear. 

In the C57BL/6 mice, MHCII-positive cell count was also carried out in the hippocampus 

(Figure 7-5). There was a definite 1.5-fold increase in the tau i.c./S. typhimurium i.p. group which 

reflected the percentage area results (vehicle i.c./S. typhimurium i.p.= 53.11 ± 16.54; tau i.c./S. 

typhimurium i.p.= 90.06% ± 34.21, p= 0.44). There was a significant main effect of hemisphere 

(F(1, 9)= 7.03, p<0.05) yet no significant main effect of i.c. injection (F(1, 10)= 0.33, p= 0.58). There 

was also no significant interaction of these two variables (F(1 9)= 2.10, p= 0.18). There was no 

significant effect of the tau lysate on MHCII-positive microglial expression in the hippocampus, 

again likely due to biological variability. The cell count and percentage area results are similar and 

therefore it can be suggested the increase in the tau i.c./S. typhimurium i.p. group is derived from 

the microglial expression of MHCII. Co-staining analysis in fluorescence would be required to 

confirm this. 
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Figure 7-5: MHCII expression in the hippocampus of C57BL/6 mice  

A, I) Representative images of MHCII expression in mice which received vehicle i.c. injection 

followed by saline i.p. in the ipsilateral and contralateral hemisphere. C, K) Representative images 

following vehicle i.c./S. typhimurium i.p. injection. E, G, M, O) Representative images of MHCII 

expression following tau i.c. injection; 20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) 

Corresponding images at 40x objective, scale bar= 50μm. Q) Quantification of MHCII expression 

in the hippocampus, mixed-effects analysis with Sidak’s post-hoc test. n= 5 for vehicle i.c./saline 

i.p., n= 6 for both tau i.c. groups and vehicle i.c./S. typhimurium i.p. R) Count of MHCII-positive 

microglia cells, Mixed-effects analysis with Sidak’s post-hoc test. All data is presented as mean ± 

SEM. 
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The hippocampus of H1Mapt-/- mice demonstrated no significant change in MHCII 

expression as a result of either tau i.c. injection or systemic infection (Figure 7-6). There was no 

significant main effect of i.c. injection (F(1, 7)= 1.42, p= 0.27) or hemisphere (F(1, 7)= 3.57, p= 0.1). 

The tau i.c./S. typhimurium i.p. group demonstrated similar expression to the vehicle i.c. group 

(vehicle i.c./S. typhimurium i.p.= 2.48% ± 0.38; tau i.c./S. typhimurium i.p.= 3.48% ± 0.37). 

Therefore, the lack of tau pathology also translated to a lack of MHCII expression change. The 

MHCII-positive cell count in H1Mapt-/- mice (Figure 7-6) however did demonstrate a two-fold 

increase in cell count in the tau i.c. group compared to the vehicle i.c. group when there is 

systemic infection (vehicle i.c./S. typhimurium i.p.= 18.25% ± 3.12; tau i.c./S. typhimurium i.p.= 

37.28% ± 12.69, p= 0.84). There was no significant main effect of i.c. injection (F(1, 7)= 0.01, p= 

0.91), however a significant main effect of hemisphere (F(1, 7)= 5.91, p<0.05). The effect is small; 

however, this is also likely due to biological variability and a small sample size. There was no post-

hoc significance with the contralateral hemisphere (vehicle i.c./S. typhimurium i.p.= 13.33% ± 

6.07; tau i.c./S. typhimurium i.p.= 14.89% ± 9.59, p= 0.93). 
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7.3.4 MHCII expression in the ventral hippocampus 

MHCII expression appears to be exaggerated in the injection site of mice with tau 

pathology, as compared to S. typhimurium infection alone. To examine if these observations are 

linked to damage associated with tau propagation, I next analysed brain regions which are 5mm 

dorsal to the injection site. 

The initial ROI to be analysed was the hippocampus (Bregma AP= -3.00), focused at the 

dentate gyrus (Figure 7-7). Expression of MHCII in the ipsilateral hemisphere of the tau i.c./S. 

typhimurium i.p. injection group was marginally increased compared to the vehicle i.c. group 

(vehicle i.c./S. typhimurium i.p.= 4.20% ± 0.99; tau i.c./S. typhimurium i.p.= 6.52% ± 2.15, p= 0.36). 

However, this was not statistically significant. No change in MHCII expression was observed in the 

contralateral hemisphere between these two groups (vehicle i.c./S. typhimurium i.p.= 3.38% ± 

0.67; tau i.c./S. typhimurium i.p.= 2.79% ± 0.28, p= 0.93). There was no significant main effect of 

i.c. injection (F(1, 10)= 0.36, p= 0.56), however there was a significant main effect of hemisphere 

(F(1, 10)= 5.32, p<0.05). This was also mimicked in the MHCII-positive cell count in the C57BL/6 

hippocampus (Figure 7-7). There is a non-significant increase in MHCII-positive cells in the tau 

i.c./S. typhimurium i.p. injection group compared to vehicle (vehicle i.c./S. typhimurium i.p.= 41.42 

± 14.38; tau i.c./S. typhimurium i.p..= 73.77 ±  28.02, p= 0.41). There was a significant main effect 

of hemisphere (F(1, 10)= 9.83, p<0.05) yet there was no significant main effect of i.c. injection 

(F(1, 10)= 0.70, p= 0.42). MHCII expression on microglia in this distant brain region may suggest 

that the effects are not due to injection of brain per se, but that it follows the tau spreading. 

However, co-localisation analysis would be required to confirm this. 

The H1Mapt-/- mice showed similar MHCII expression to C57BL/6 mice in the ventral 

hippocampus (Figure 7-8). The tau i.c./S. typhimurium i.p. injection group showed two-fold 

Figure 7-6: MHCII expression in the hippocampus of H1Mapt-/- mice  

A, C I, K) Representative images of MHCII expression in mice which received vehicle i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection. E, G, M, O) Representative 

images of MHCII expression in mice which received tau i.c. injection followed by saline i.p. or S. 

typhimurium i.p. injection; 20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Corresponding 

images at 40x objective, scale bar= 50μm. Q) Quantification of MHCII expression in the 

hippocampus. Two-way ANOVA with Sidak’s post-hoc test; n= 4 for vehicle i.c. groups, n= 5 for 

tau i.c. groups. R) Count of MHCII-positive microglia cells, two-way ANOVA with Sidak’s post-

hoc test. Data is log transformed for analysis. However, most values are <1 therefore the original 

mean % area is displayed. All data is presented as mean ± SEM. 
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increased MHCII expression in the ipsilateral hemisphere compared to the vehicle i.c./S. 

typhimurium i.p. (vehicle i.c./S. typhimurium i.p.= 2.31% ± 0.38; tau i.c./S. typhimurium i.p.= 5.89% 

± 2.00). However, because of the biological variability this does not confer a significant main 

effect of i.c. injection (F(1, 7)= 1.58, p= 0.25) or hemisphere (F(1, 7)= 4.19, p= 0.08). Furthermore, 

in the contralateral hemisphere there was no significant difference between i.c. injection groups 

following systemic infection (vehicle i.c./S. typhimurium i.p.= 2.30% ± 0.38; tau i.c./S. typhimurium 

i.p.= 2.61% ± 0.75, p= 0.98). MHCII-positive cells were also counted in the ventral hippocampus of 

H1Mapt-/- mice (Figure 7-8). There was an over ten-fold increase in cell count in the tau i.c./S. 

typhimurium i.p. group compared to the vehicle i.c. group (vehicle i.c./S. typhimurium i.p.= 4.35 ± 

2.07; tau i.c./S. typhimurium i.p.= 68.48 ± 34.55). The Mann-Whitney test determined that there 

was no significant difference between the vehicle i.c./S. typhimurium i.p. and tau i.c./S. 

typhimurium i.p. injection groups (U= 4, p= 0.19). This lack of significance is likely due to the 

biological variability in the tau i.c. group following systemic infection.  
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Figure 7-7: MHCII expression in the ventral hippocampus of C57BL/6 mice 

A, C, I, K) Representative images of MHCII expression in mice which received vehicle i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral 

hemisphere. E, G, M, O) Representative images of MHCII expression following tau i.c. injection; 

20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Corresponding images at 40x objective, 

scale bar= 50μm. Q) MHCII expression quantification, two-way ANOVA with Sidak’s post-hoc 

test; n= 6 for tau i.c. groups and vehicle i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p. R) 

Count of MHCII-positive microglia, two-way ANOVA with Sidak’s post-hoc test. All data is 

presented as mean ± SEM.  
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Figure 7-8: MHCII expression in the ventral hippocampus of H1Mapt-/- mice 

A, C, I, K) Representative images of MHCII expression in mice which received vehicle i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral 

hemisphere. E, G, M, O) Representative images of MHCII expression following tau i.c. injection; 

20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Corresponding images at 40x objective, 

scale bar= 50μm. Q) MHCII expression quantification, two-way ANOVA with Sidak’s post-hoc 

test; n= 6 for tau i.c./saline i.p., n= 5 for tau i.c./S. typhimurium i.p., n= 4 for vehicle i.c. groups. R) 

Count of MHCII-positive microglia, Mann-Whitney test. All data is presented as mean ± SEM.  
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7.3.5 MHCII expression in the perirhinal cortex  

The perirhinal cortex was also analysed as a region where tau pathology was observed in 

C57BL/6 mice (Figure 7-9). In the C57BL/6 mice, a minimal increase of MHCII expression was 

observed in one mouse in the tau i.c./S. typhimurium i.p. injection group compared to the vehicle 

i.c./S. typhimurium i.p. injection group (vehicle i.c./S. typhimurium i.p.= 3.12% ± 0.80; tau i.c./S. 

typhimurium i.p.= 5.14% ± 1.87). However, this was not significant, therefore there is no effect of 

tau i.c. injection on MHCII expression in the perirhinal cortex (F(1, 10)= 0.72, p= 0.42). 

Furthermore, there was no significant main effect of hemisphere (F(1, 10)= 1.02, p= 0.34).   

The microglial cell count carried out for C57BL/6 mice in the perirhinal cortex was not 

normally distributed (Figure 7-9). Therefore, the analysis compared MHCII-positive microglial cell 

count between the ipsilateral hemispheres of the tau i.c./S. typhimurium i.p. and vehicle i.c./S. 

typhimurium i.p. groups. There was a two-fold increase in MHCII-positive cell count in the tau i.c. 

group compared to vehicle i.c. (vehicle i.c./S. typhimurium i.p.= 17.09 ± 11.73; tau i.c./S. 

typhimurium i.p.= 44.03 ± 22.02), however the variance is very high. A Mann-Whitney test 

determined that there was no significant difference between these two groups (U= 11.50, p= 

0.33). This data may suggest that tau pathology is not directly linked to MHCII on microglia, but 

perhaps is linked to the vasculature. 

MHCII expression was analysed in the perirhinal cortex of H1Mapt-/- mice (Figure 7-10). 

MHCII expression showed no significant main effect of i.c. injection (F(1, 7)= 0.34, p= 0.58) or 

hemisphere (F(1, 7)= 0.14, p= 0.72). As a result, there is no significant difference between the 

ipsilateral hemispheres of vehicle and tau i.c. groups following systemic infection (vehicle i.c./ S. 

typhimurium i.p.= 1.83% ± 0.39; tau i.c./S. typhimurium i.p.=  2.62% ± 0.97). There was also no 

difference observed in the contralateral hemisphere (vehicle i.c./S. typhimurium i.p.= 2.15% ± 

0.66; tau i.c./S. typhimurium i.p.= 2.45% ± 0.66). This ROI in particular highlights how 

comparatively low MHCII expression is in the H1Mapt-/- mice following systemic infection 

compared to C57BL/6 mice.  

MHCII-positive cell count was recorded for the perirhinal cortex in the H1Mapt-/- group 

(Figure 7-10). There was no significant effect of tau i.c. compared to vehicle i.c. groups after 

systemic infection in the ipsilateral hemisphere (vehicle i.c./S. typhimurium i.p.= 4.78 ± 3.28; tau 

i.c./S. typhimurium i.p.= 15.29 ± 14.01). A Mann-Whitney test confirmed that regardless of i.c. 

injection, microglial cell count following S. typhimurium was not significantly different (U= 10, p= 

0.5). This suggests that in the H1Mapt-/- mice there does not appear to be any correlation to the 

tau pathology at this timepoint. 
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Figure 7-9: MHCII expression in the perirhinal cortex of C57BL/6 mice 

A, C, I, K) Representative images of MHCII expression in mice which received vehicle i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral 

hemisphere. E, G, M, O) Representative images of MHCII expression following tau i.c. injection; 

20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Corresponding images at 40x objective, 

scale bar= 50μm. Q) MHCII expression quantification, two-way ANOVA with Sidak’s post-hoc 

test; n= 6 for tau i.c. groups and vehicle i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p. 

Data is log transformed for analysis. However, most values are <1 therefore the original mean % 

area is displayed. R) Count of MHCII-positive microglia, Mann-Whitney test. All data is presented 

as mean ± SEM.  
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Figure 7-10: MHCII expression in the perirhinal cortex of H1Mapt-/- mice 

A, C, I, K) MHCII expression in the perirhinal cortex following vehicle i.c. injection and 

subsequent saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral 

hemisphere. E, G, M, O) Representative images of tau i.c. injection groups in the ipsilateral and 

contralateral hemispheres; 20x objective, scale bar= 50μm. (B, D, F, H, J, L, N, P) Images at 40x 

objective for each respective group were included for greater observation of MHCII-positive cell 

morphology; 40x objective, scale bar= 50μm. Q) MHCII expression quantification, two-way 

ANOVA with Sidak’s post-hoc test; n= 6 for tau i.c./saline i.p., n= 5 for tau i.c./S. typhimurium 

i.p., n= 4 for vehicle i.c. groups. Data is log transformed for analysis. However, most values are <1 

therefore the original mean % area is displayed. R) Count of MHCII-positive microglia, Mann-

Whitney test. All data is presented as mean ± SEM.  
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7.3.6 MHCII expression in the mammillary nuclei of C57BL/6 and H1Mapt-/- mice 

The final region examined in C57BL/6 mice was the mammillary nuclei (Figure 7-11). There 

was no significant main effect of i.c. injection (F(1, 10)= 0.03, p= 0.87) or hemisphere (F(1, 10)= 

2.43, p= 0.15). As a result, there was no change in MHCII expression in the ipsilateral hemisphere 

following systemic infection regardless of i.c. injection (vehicle i.c./S. typhimurium i.p.= 5.14% ± 

1.13; tau i.c./S. typhimurium i.p.= 3.98% ± 0.89). There was also no change in MHCII expression in 

the contralateral hemisphere between the tau and vehicle i.c. groups (vehicle i.c./S. typhimurium 

i.p.= 4.83% ± 1.01; tau i.c./S. typhimurium i.p.= 4.79% ± 1.16). This demonstrates that MHCII 

expression in the mammillary nuclei is very similar following S. typhimurium injection regardless 

of prior i.c. injection. MHCII-positive cell count was carried out in the C57BL/6 mammillary nuclei 

(Figure 7-11). There is a three-fold increase in cell count per mm2 in the ipsilateral hemisphere of 

the tau i.c./S. typhimurium i.p. group versus the vehicle i.c. group after systemic infection (vehicle 

i.c./S. typhimurium i.p.= 8.11% ± 2.72; tau i.c./S. typhimurium i.p.= 27.81 ± 14.25). A Mann-

Whitney test demonstrated no significant difference in cell count between the ipsilateral vehicle 

i.c./ S. typhimurium i.p. and tau i.c./ S. typhimurium i.p. groups (U= 14.50, p= 0.61). 
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The expression of MHCII in H1Mapt-/- mice was consistent across all groups in the 

mammillary nuclei which underwent systemic infection (Figure 7-12). There was no significant 

main effect of i.c. injection (F(1, 7)= 0.52, p= 0.50) or hemisphere (F(1, 7)= 2.98, p= 0.13). Both in 

the ipsilateral hemisphere (vehicle i.c./S. typhimurium i.p.= 4.95% ± 0.91; tau i.c./S. typhimurium 

i.p.= 4.35% ± 1.03,p= 0.90) and the contralateral hemisphere (vehicle i.c./S. typhimurium i.p.= 

4.54% ± 0.76; tau i.c./S. typhimurium i.p.= 3.19% ± 1.13, p= 0.59). The MHCII-positive cell count in 

the mammillary nuclei of H1Mapt-/- mice (Figure 7-12) showed no significant difference in 

expression between the vehicle i.c./ S. typhimurium i.p. and tau i.c./ S. typhimurium i.p. groups 

(vehicle i.c./S. typhimurium i.p.= 11.12 ± 4.10; tau i.c./S. typhimurium i.p.= 9.56 ± 2.88). A Mann-

Whitney U test confirmed there was no statistical significance (U= 10, p>0.99). Therefore, the 

H1Mapt-/- mice also shows a clear effect of systemic infection but no difference between i.c. 

injection groups. 

Figure 7-11: MHCII expression in the mammillary nuclei of C57BL/6 mice 

A, C, I, K) Representative images of MHCII expression in mice which received vehicle i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral 

hemisphere. E, G, M, O) Representative images of tau i.c. injection groups in the ipsilateral and 

contralateral hemispheres; 20x objective, scale bar= 50μm. (B, D, F, H, J, L, N, P) Images at 40x 

objective for each respective group were included for greater observation of MHCII-positive cell 

morphology; 40x objective, scale bar= 50μm. Q) MHCII expression quantification, two-way 

ANOVA with Sidak’s post-hoc test; n= 6 for tau i.c. groups and vehicle i.c./S. typhimurium i.p., n= 

5 for vehicle i.c./saline i.p. Data is log transformed for analysis. However, most values are <1 

therefore the original mean % area is displayed. R) Count of MHCII-positive microglia, Mann-

Whitney test. All data is presented as mean ± SEM.  
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Figure 7-12: MHCII expression in the mammillary nuclei of H1Mapt-/- mice 

A, C, I, K) Representative images of MHCII expression in mice which received vehicle i.c. 

injection followed by saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral 

hemisphere. E, G, M, O) Representative images of tau i.c. injection groups in the ipsilateral and 

contralateral hemispheres; 20x objective, scale bar= 50μm. (B, D, F, H, J, L, N, P) Images at 40x 

objective for each respective group were included for greater observation of MHCII-positive cell 

morphology; 40x objective, scale bar= 50μm. Q) MHCII expression quantification, two-way 

ANOVA with Sidak’s post-hoc test; n= 6 for tau i.c./saline i.p., n= 5 for tau i.c./S. typhimurium 

i.p., n= 4 for vehicle i.c. groups. R) Count of MHCII-positive microglia, Mann-Whitney test. All 

data is presented as mean ± SEM.  
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7.3.7 FcγRI expression in the cortex following systemic infection 

FcγRI is a macrophage/microglial-specific which was used to examine microglial responses 

to S. typhimurium in the presence or absence of tau pathology. The first brain region analysed was 

the injection site within the cortex in the C57BL/6 mice (Figure 7-13). Both groups which received 

tau i.c. injection showed upregulation of FcγRI expression, however following systemic infection 

FcγRI expression was increased two-fold (tau i.c./saline i.p.= 7.44% ± 2.35; tau i.c./S. typhimurium 

i.p.= 15.80% ± 4.57). Comparing groups which received systemic infection, mice receiving human 

tau lysate showed a ten-fold increase in FcγRI expression over the vehicle i.c. group in the 

ipsilateral hemisphere (vehicle i.c./S. typhimurium i.p.= 1.49% ± 0.55; tau i.c./S. typhimurium i.p.= 

15.80% ± 4.57), suggesting robust microglial activation. A Mann-Whitney test determined that 

there was a clear trend, but lack of significant difference between the ipsilateral FcγRI expression 

in vehicle i.c./S. typhimurium i.p. and tau i.c./S. typhimurium i.p. groups (U= 4, p= 0.052).  

FcγRI expression in the injection site was also analysed in the H1Mapt-/- mice (Figure 

7-14). The H1Mapt-/- mouse showed no significant main effect of i.c. injection (F(1, 15)= 1.15, p= 

0.30) or i.p. injection (F(1, 15)= 0.03, p= 0.87), however there was a significant main effect of 

hemisphere (F(1, 15)= 17.99, p<0.001). There is no significant difference between both tau i.c. 

groups, regardless of i.p. injection (tau i.c./saline i.p.= 7.64% ± 4.15; tau i.c./S. typhimurium i.p.= 

9.95% ± 3.02, p= 0.93). When comparing FcγRI expression across groups which received systemic 

infection, the ipsilateral hemisphere of the tau i.c. group showed a three-fold increase in 

expression compared to vehicle i.c. group (vehicle i.c./S. typhimurium i.p.= 2.90% ± 2.21; tau i.c./S. 

typhimurium i.p.= 9.95% ± 3.02, p= 0.36). Biological variability is likely to explain for the lack of 

significance between the systemic infection groups which received vehicle or tau i.c. injection.  
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Figure 7-13: FcγRI expression in the injection site of C57BL/6 mice 

Representative images of FcγRI histology in the cortical injection site of C57BL/6 mice which 

received (A, C, I, K) vehicle i.c. or (E, G, M, O) tau i.c. injection; 20x objective, scale bar= 50μm. 

expression (B, D, F, H, J, L, N, P) Further images at 40x objective were included for greater 

observation of FcγRI expression; scale bar= 50μm. Q) Image quantification of mean percentage 

area. Mann-Whitney U test; n= 6 for both tau i.c. groups, n= 5 for both vehicle i.c. groups. All data 

is presented as mean ± SEM. 
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Figure 7-14: FcγRI expression in the cortical injection site of H1Mapt-/- mice  

A, C, I, K) FcγRI expression in the cortical injection site following vehicle i.c. injection and either 

saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral hemisphere. E, G, M, 

O) Representative images of tau i.c. injection groups in the ipsilateral and contralateral 

hemispheres; 20x objective, scale bar= 50μm. (B, D, F, H, J, L, N, P) Images at 40x objective for 

each respective group were included for greater observation of FcγRI-positive cell morphology; 

40x objective, scale bar= 50μm. Q) Three-way ANOVA with Tukey’s post-hoc test; n= 6 for tau 

i.c./saline i.p., n= 5 for tau i.c./S. typhimurium i.p., n= 4 for vehicle i.c. groups. Data is log 

transformed for analysis. However, most values are <1 therefore the original mean % area is 

displayed. All data is presented as mean ± SEM. 
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7.3.8 FcγRI expression in the corpus callosum of C57BL/6 and H1Mapt-/- mice 

Next the corpus callosum was examined for changes in FcγRI expression in the C57BL/6 

mice (Figure 7-15). There was a significant main effect of i.c. injection (F(1, 18)= 15.52, p<0.001), 

hemisphere (F(1, 18)= 43.62, p<0.001) and i.p. injection (F(1, 18)= 4.55, p<0.05). C57BL/6 mice 

showed small upregulation of FcγRI expression in mice receiving tau lysate and systemic infection 

compared to the tau i.c./saline i.p. group (tau i.c./saline i.p.= 7.12% ± 6.83; tau i.c./S. typhimurium 

i.p.= 13.53% ± 8.25, p= 0.82). There was a ten-fold increase in FcγRI expression in the ipsilateral 

hemisphere of the tau i.c./saline i.p. group compared to the vehicle i.c./saline i.p. group (vehicle 

i.c./saline i.p.= 0.71% ± 1.12; tau i.c./saline i.p.= 7.12% ± 6.83, p<0.05). There was an eight-fold 

increase in FcγRI expression in the tau i.c./S. typhimurium group compared to the vehicle i.c./S. 

typhimurium i.p. group (vehicle i.c./S. typhimurium i.p.= 1.67% ± 1.45; tau i.c./S. typhimurium i.p.= 

13.53% ± 8.25, p= 0.08 ). Having compared ipsilateral hemispheres between groups, there was 

also differences between hemispheres. For example, FcγRI expression in the ipsilateral 

hemisphere of the tau i.c./saline i.p. group was four-fold higher compared to contralateral 

(ipsilateral= 7.12% ± 6.83; contralateral= 1.50% ± 1.32, p<0.05) and the tau i.c./S. typhimurium i.p. 

ipsilateral hemisphere showed eight-fold higher FcγRI expression than the contralateral 

(ipsilateral= 13.53% ± 8.25; contralateral= 1.60% ± 1.35, p<0.05). This highlights that FcγRI 

expression in the white matter is increased specific to regions which show AT8 immunoreactivity. 

The corpus callosum was also analysed in the H1Mapt-/- mouse for changes in FcγRI 

expression (Figure 7-16). There was a significant main effect of hemisphere (F(1, 15)= 9.54, 

p<0.01), yet no significant main effect of i.c. injection (F(1, 15)= 0.62, p= 0.44) or i.p. injection (F(1, 

15)= 2.19, p= 0.16). Notably, there was a seven-fold increase in FcγRI expression in the tau i.c./S. 

typhimurium i.p. group in the ipsilateral hemisphere compared to mice which had saline i.p. (tau 

i.c./saline= 1.19% ± 0.42; tau i.c./S. typhimurium i.p.= 9.56% ± 3.69; p<0.01). Notably, significantly 

upregulated FcγRI expression was observed in the ipsilateral hemisphere versus the contralateral 

of the tau i.c./S. typhimurium i.p. group (ipsilateral= 9.56% ± 3.69; contralateral= 1.59% ± 0.6, 

p<0.01), but not the tau i.c./saline i.p. group (ipsilateral= 1.19% ± 0.42; contralateral= 0.45% ± 

0.13, p= 0.99). This result highlights that H1Mapt-/- mice in the tau i.c./saline i.p. group do not 

demonstrate the same response to tau pathology observed in C57BL/6 mice. This suggests that 

the changes in FcγRI expression in the tau i.c. groups may be dependent on the level of tau 

pathology. 
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Figure 7-15: FcγRI expression in the corpus callosum of C57BL/6 mice  

A, B, E, F) Representative images of vehicle i.c. injection both following saline i.p. and S. 

typhimurium i.p. injection in the ipsilateral and contralateral hemisphere. C, D, G, H) 

Representative images of tau i.c. injection in the ipsilateral and contralateral hemispheres; 20x 

objective, scale bar= 50μm. I) Three-way ANOVA with Tukey’s post-hoc test (*p<0.05, 

**p<0.01); n= 6 for tau i.c./saline i.p. and vehicle i.c./S. typhimurium i.p. groups, n= 5 for vehicle 

i.c./saline i.p. and tau i.c./S. typhimurium i.p. groups. Data is log transformed for analysis. 

However, the original mean % area is displayed. All data is presented as mean ± SEM. 
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Figure 7-16: FcγRI expression in corpus callosum following i.c. injection in H1Mapt-/- mice  

A, B) FcγRI expression in the ipsilateral hemisphere of mice which underwent vehicle i.c. injection 

followed by saline or S. typhimurium i.p. injection. E. F) Corresponding contralateral hemisphere. 

C, D) Representative images of FcγRI expression in tau i.c. injection groups in the ipsilateral and 

G. H) contralateral hemispheres; 20x objective, scale bar= 50μm. I) Three-way ANOVA with 

Tukey’s post-hoc test (*p<0.05, **p<0.01); n= 6 for tau i.c./saline i.p. n= 5 for tau i.c./S. 

typhimurium i.p., n= 4 for vehicle i.c. groups. All data is presented as mean ± SEM. 
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7.3.9 FcγRI expression in the hippocampus of C57BL/6 and H1Mapt-/- mice 

Next, the hippocampus was analysed for FcγRI expression (Figure 7-17). In C57BL/6 mice 

there was no significant main effect of i.c. injection (F(1, 19)= 3.73, p= 0.07), but there was a 

significant main effect of i.p. injection (F(1, 19)= 13.28, p<0.01) and hemisphere (F(1, 19)= 26.17, 

p<0.001). In addition, the interaction of hemisphere and i.c. injection was significant (F(1, 19)= 

5.81, p<0.05). There was a notable increase in FcγRI expression when comparing hemispheres 

between the tau i.c./S. typhimurium i.p. group (ipsilateral= 9.92% ± 3.11; contralateral= 5.53% ± 

1.53; p<0.05) and the tau i.c./saline i.p. group (ipsilateral= 4.48% ± 1.83, contralateral= 2.47% ± 

0.99, p<0.05). However, there was no significant difference observed between the two tau i.c. 

groups in the ipsilateral hippocampus (p= 0.38). No significance was observed between the two 

infection groups, regardless of i.c. injection, despite a two-fold increase in expression in the tau 

i.c. group (vehicle i.c./S. typhimurium i.p.= 4.65% ± 1.06; tau i.c./S. typhimurium i.p.= 9.92% ± 3.12, 

p= 0.91). This suggests that the presence of tau aggregate may be adequate to induce 

upregulation of FcγRI expression.  

FcγRI expression in the hippocampus was much more sporadic in H1Mapt-/- mice than 

observed in C57BL/6 mice (Figure 7-18). In groups which underwent systemic infection there was 

an almost two-fold upregulation of FcγRI expression in the tau i.c. group (vehicle i.c./S. 

typhimurium i.p.= 6.51% ± 1.84; tau i.c./S. typhimurium i.p.= 12.62% ± 1.94). Nonetheless, a 

Mann-Whitney test demonstrated that the hippocampus in the H1Mapt-/- mice only 

demonstrated a trend when comparing the vehicle i.c./S. typhimurium i.p. group to the tau i.c./S. 

typhimurium i.p. group (U= 2, p= 0.06). Again, the group with greater tau pathology (C57BL/6 

mice) demonstrated a larger change in FcγRI expression. It is likely this is in response to the 

presence of aggregated tau, as both C57BL/6 and H1Mapt-/- mice show evidence of priming. 



Chapter 7 

293 

 

 

 



Chapter 7 

294 

  

Figure 7-17: FcγRI expression in the hippocampus of C57BL/6 mice  

A, C, I, K) Representative images of vehicle i.c. injection both following saline i.p. and S. 

typhimurium i.p. injection in the ipsilateral and contralateral hemisphere. E, G, M, O) 

Representative images of tau i.c. injection groups in the ipsilateral and contralateral hemispheres; 

20x objective, scale bar= 50μm. (B, D, F, H, J, L, N, P) Images at 40x objective for each 

respective group were included for greater observation of FcγRI-positive cell morphology; 40x 

objective, scale bar= 50μm. Q) Three-way ANOVA with Tukey’s post-hoc test (*p<0.05); n= 6 for 

both tau i.c. groups and vehicle i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p.. Data is log 

transformed for analysis. However, most values are <1 therefore the original mean % area is 

displayed. All data is presented as mean ± SEM. 
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7.3.10 FcγRI expression in the ventral hippocampus post-S. typhimurium infection 

Following analysis of FcγRI expression at Bregma coordinate -2.50 (AP), the ventral 

hippocampus (Bregma AP: -3.00) was analysed to determine whether FcγRI expression is 

upregulated in brain regions distant from the injections site. 

In C57BL/6 mice, FcγRI expression was analysed in the dentate gyrus (Figure 7-19). FcγRI 

expression between the vehicle i.c. and tau i.c. groups which underwent systemic infection was 

similar (vehicle i.c./S. typhimurium i.p.= 13.14% ± 1.49; tau i.c./S. typhimurium i.p.= 11.33% ± 

3.97). However, the tau i.c./S. typhimurium i.p. group showed a two-fold increase in FcγRI 

expression compared to the tau i.c./saline i.p. group (tau i.c./saline i.p.= 4.66% ± 1.19; tau i.c./S. 

typhimurium i.p.= 11.33% ± 3.97). Despite this, due to biological variability a Student’s t-test 

determined there was no significant effect of systemic infection on expression in the ipsilateral 

hippocampus, when comparing tau i.c. groups (t(5.90)= 1.61, p= 0.16). There is upregulation of 

FcγRI expression following S. typhimurium in both tau i.c. and vehicle i.c. groups compared to 

their respective saline i.p. control groups. This is observed both in the ipsilateral and contralateral 

hemispheres.  

FcγRI expression was also analysed in the hippocampus of H1Mapt-/- mice (Figure 7-20). 

There was a two-fold increase in FcγRI expression in the tau i.c. injection group which had 

systemic infection compared to the tau i.c./saline i.p. group (tau i.c./saline i.p.= 8.61% ± 2.81; tau 

i.c./S. typhimurium i.p.= 15.88% ± 3.75). A Student’s t-test was carried out, with no significant 

effect of systemic infection on FcγRI expression in the ipsilateral hippocampus between the tau 

i.c./saline i.p. and tau i.c./S. typhimurium i.p. groups (t(7.80)= 1.55, p= 0.16). This demonstrates 

how both C57BL/6 and H1Mapt-/- mice do not show significant upregulation of FcγRI expression 

as a result of priming from tau pathology in this region. However, biological variability is a key 

issue within this region. 

Figure 7-18: FcγRI expression in hippocampus following i.c. injection in H1Mapt-/- mice  

A, C) FcγRI expression in the ipsilateral hemisphere of mice which underwent vehicle i.c. 

injection followed by saline or S. typhimurium i.p. injection. I, K) Corresponding contralateral 

hemisphere. E, G) Representative images of FcγRI expression in tau i.c. injection groups in the 

ipsilateral and M, O) contralateral hemispheres; 20x objective, scale bar= 50μm. B, D, F, H, J, L, 

N, P) Corresponding images to show microglial morphology with greater clarity; 40x objective, 

scale bar= 50μm. Q) Mann-Whitney test; n= 6 for tau i.c./saline i.p. n= 5 for tau i.c./S. 

typhimurium i.p., n= 4 for vehicle i.c. groups. All data is presented as mean ± SEM. 
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Figure 7-19: FcγRI expression in ventral hippocampus following i.c. injection in C57BL/6 

mice  

A, C) FcγRI expression in the ipsilateral hemisphere of mice which underwent vehicle i.c. 

injection followed by saline or S. typhimurium i.p. injection. I, K) Corresponding contralateral 

hemisphere. E, G) Representative images of FcγRI expression in tau i.c. injection groups in the 

ipsilateral and M, O) contralateral hemispheres; 20x objective, scale bar= 50μm. B, D, F, H, J, L, 

N, P) Corresponding images to show microglial morphology with greater clarity; 40x objective, 

scale bar= 50μm. Q) Unpaired Student’s t-test with Welch’s correction; n= 6 for tau i.c. groups and 

vehicle i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p. All data is presented as mean ± 

SEM. 
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Figure 7-20: FcγRI expression in the ventral hippocampus following systemic infection in 

H1Mapt-/- mice 

A, C) FcγRI expression in the ipsilateral hemisphere of mice which underwent vehicle i.c. 

injection followed by saline or S. typhimurium i.p. injection. I, K) Corresponding contralateral 

hemisphere. E, G) Representative images of FcγRI expression in tau i.c. injection groups in the 

ipsilateral and M, O) contralateral hemispheres; 20x objective, scale bar= 50μm. B, D, F, H, J, L, 

N, P) Corresponding images to show microglial morphology with greater clarity; 40x objective, 

scale bar= 50μm. Q) Unpaired Student’s t-test with Welch’s correction; n= 6 for tau i.c./saline i.p., 

n= 5 for tau i.c./S. typhimurium i.p., n= 4 for vehicle i.c. groups. All data is presented as mean ± 

SEM. A batch effect was observed in one of the cohorts which received tau i.c. injection. As a 

result, this cohort had a separate threshold to all other tau i.c. and vehicle i.c. injection mice. 
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7.3.11  FcγRI expression in the perirhinal cortex of C57BL/6 and H1Mapt-/- mice 

The perirhinal cortex of C57BL/6 mice was analysed for FcγRI expression. The graph (Figure 

7-21) demonstrates a two-fold increase in FcγRI expression in the ipsilateral hemisphere of the 

tau i.c./S. typhimurium i.p. group compared to the tau i.c./saline i.p. group (tau i.c./saline i.p.= 

8.97% ± 1.24; tau i.c./S. typhimurium i.p.= 18.72% ± 2.33). Given that FcγRI expression was so 

similar across all groups except for the ipsilateral hemispheres of the mice which received tau i.c. 

injection and saline i.p. or systemic infection, a t-test was carried out. A Student’s t-test showed 

significant increase in FcγRI expression in in the ipsilateral hemisphere of the tau i.c./S. 

typhimurium i.p. group compared to the tau i.c./saline i.p. group (t(10)= 3.69, p<0.01). This 

suggests that the i.c. injection of tau lysate influences the difference in hemisphere specific FcγRI 

expression.  

The perirhinal cortex analysis for FcγRI expression in the H1Mapt-/- mice showed different 

interactions compared to the C57BL/6 analysis for the same ROI (Figure 7-22). There was no 

notable difference in ipsilateral FcγRI expression between both tau i.c. groups (tau i.c./saline i.p.= 

14.85% ± 3.52; tau i.c./S. typhimurium i.p.= 17.88% ± 3.41, p>0.99). There was a significant main 

effect of hemisphere (F(1, 15)= 10.54, p<0.01) yet no significant main effect of i.c. injection (F(1, 

15)= 0.47, p= 0.50) yet a significant interaction between these two factors (F(1, 15)= 6.42, p<0.05). 

There was also no significant main effect of i.p. injection (F(1, 15)= 0.87, p= 0.36).  

 

  



Chapter 7 

302 

 

  



Chapter 7 

303 

 

  

Figure 7-21: FcγRI expression following tau or vehicle i.c. injection in the perirhinal cortex of 

C57BL/6 mice 

A, C, I, K) FcγRI expression in the perirhinal cortex following vehicle i.c. injection and either 

saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral hemisphere. E, G, M, 

O) Representative images of tau i.c. injection groups in the ipsilateral and contralateral 

hemispheres; 20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Images at 40x objective for 

each respective group were included for greater observation of FcγRI-positive cell morphology; 

40x objective, scale bar= 50μm. Q) Unpaired Student’s t-test (**p<0.01); n= 6 for both tau i.c. 

groups and vehicle i.c./S. typhimurium i.p., n= 5 for vehicle i.c./saline i.p. All data is presented as 

mean ± SEM. 
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7.3.12  FcγRI expression in the mammillary nuclei of C57BL/6 and H1Mapt-/- mice 

Finally, the mammillary nuclei were examined to determine the effect of tau pathology on 

FcγRI expression. In the C57BL/6 mice (Figure 7-23), there was a significant main effect of 

hemisphere (F(1, 19)= 6.40, p<0.05) and i.p. injection (F(1, 19)= 6.51, p<0.05). However, there was 

no significant main effect of i.c. injection (F(1, 19)= 2.86, p= 0.11). This is likely due to how similar 

FcγRI expression was between both systemic infection groups in the ipsilateral hemispheres 

(vehicle i.c./S. typhimurium i.p.= 5.21% ± 0.56; tau i.c./S. typhimurium i.p.= 6.98% ± 2.03, p= 0.99). 

This suggests that it is predominantly systemic infection which is affecting FcγRI expression in this 

region. 

FcγRI expression in the mammillary nuclei of H1Mapt-/- mice appears highly consistent 

across all groups (Figure 7-24). There was no significant main effect of i.c. injection (F(1, 15)= 

2.95, p= 0.11), i.p. injection (F(1, 15)= 0.37, p= 0.55) or hemisphere (F(1, 15)= 3.52, p= 0.08).  FcγRI 

expression in the ipsilateral hemispheres of all groups was notably similar across all groups 

(vehicle i.c./saline i.p.= 4.94% ± 1.04; tau i.c./saline i.p.= 2.87% ± 0.67; vehicle i.c./S. typhimurium 

i.p.= 5.72% ± 2.26; tau i.c./S. typhimurium i.p.= 5.14% ± 1.13). This suggests that in this region 

there isn’t even a FcγRI expression response to systemic infection in the H1Mapt-/- mice. 

 

 

 

 

Figure 7-22: FcγRI expression following systemic infection in the perirhinal cortex of 

H1Mapt-/- mice 

A, C, I, K) FcγRI expression in the perirhinal cortex following vehicle i.c. injection and either 

saline i.p. or S. typhimurium i.p. injection in the ipsilateral and contralateral hemisphere. E, G, M, 

O) Representative images of tau i.c. injection groups in the ipsilateral and contralateral 

hemispheres; 20x objective, scale bar= 50μm. B, D, F, H, J, L, N, P) Images at 40x objective for 

each respective group were included for greater observation of FcγRI-positive cell morphology; 

40x objective, scale bar= 50μm. Q) Three-way ANOVA with Tukey’s post-hoc test; n= 6 for tau 

i.c./saline i.p. n= 5 for tau i.c./S. typhimurium i.p., n= 4 for vehicle i.c. groups. All data is presented 

as mean ± SEM. 
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Figure 7-23: Mammillary nuclei FcγRI expression in C57BL/6 mice 

A, C, I, K) FcγRI expression in the mammillary nuclei following vehicle i.c. injection in the 

ipsilateral and contralateral hemisphere. E, G, M, O) Representative images of tau i.c. injection 

groups in the ipsilateral and contralateral hemispheres; 20x objective, scale bar= 50μm. (B, D, F, 

H, J, L, N, P) Images at 40x objective for each respective group were included for greater 

observation of FcγRI-positive cell morphology; 40x objective, scale bar= 50μm. Q) Three-way 

ANOVA with Tukey’s post-hoc test; n= 6 for both tau i.c. groups and vehicle i.c./S. typhimurium 

i.p., n= 5 for vehicle i.c./saline i.p. Data is log transformed for analysis. However, most values are 

<1 therefore the original mean % area is displayed. All data is presented as mean ± SEM. A batch 

effect was observed in one of the cohorts which received tau i.c. injection. As a result, this cohort 

had a separate threshold to all other tau i.c. and vehicle i.c. injection mice. 
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7.3.13 Cytokine levels in the brain and spleen following systemic infection 

Four weeks post-S. typhimurium i.p. injection, cytokine protein levels in the brain and 

spleen were analysed to determine if there was still an effect of systemic infection. This was only 

examined in the C57BL/6 mice. In the hippocampus (Figure 7-25), cytokines IL-1β (F(1, 12)= 6.54, 

p<0.05), TNFα (F(1, 12)= 14.04, p<0.01), IL-6 (F(1, 12)= 9.38, p<0.001), Keratinocyte 

chemoattractant (KC)/human growth-regulated oncogene (GRO) (F(1, 12)= 8.62, p<0.05) and IL-2 

(F(1, 12)= 9.78, p<0.01) all showed a significant main effect of i.p. injection. However, when 

examining the effect of hemisphere, only IL-1β (F(1, 12)= 5.23, p<0.05), IL-10 (F(1, 12)= 6.55, 

p<0.05), IL-4 (F(1, 12)= 9.30, p<0.05) and KC/GRO (F(1, 12)= 5.17, p<0.05) showed a significant 

main effect. No cytokine showed a significant main effect of i.c. injection in the brain. 

Due to two readings below detection range in the vehicle i.c./S. typhimurium i.p. group, 

only a Student’s t-test was carried out for IFNγ between the tau i.c. groups (n= 3 for tau i.c./saline 

i.p., n= 4 tau i.c./S. typhimurium i.p.). Tau i.c./S. typhimurium i.p. mice showed a seven-fold fold 

increase in IFNγ expression compared to mice which received a saline injection (tau i.c./saline 

i.p.= 0.008pg/mg ± 0.002; tau i.c./S. typhimurium i.p.= 0.07pg/mg ± 0.07) and this increase was 

significant (t(5)= 3.78, p<0.05). Statistical analysis was not carried out for IL-12p70 in either the 

brain or the spleen due to readings below detection range.  

 

 

 

 

Figure 7-24: Mammillary nuclei FcγRI expression in H1Mapt-/- mice 

A, C, I, K) FcγRI expression in the mammillary nuclei following vehicle i.c. injection and subsequent 

saline or S. typhimurium i.p. injection. E, G, M, O) Representative images of tau i.c. injection groups 

following either saline or S. typhimurium i.p. injection; 20x objective, scale bar= 50μm. (B, D, F, H, 

J, L, N, P) Images at 40x objective for each respective group were included for greater observation of 

FcγRI-positive cell morphology; 40x objective, scale bar= 50μm. Q) Three-way ANOVA with 

Tukey’s post-hoc test; n= 6 for tau i.c./saline i.p. n= 5 for tau i.c./S. typhimurium i.p., n= 4 for both 

vehicle i.c. groups. All data is presented as mean ± SEM.  
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Figure 7-25: Mesoscale results for cytokine expression after systemic infection 

Cytokine protein levels were examined in the C57BL/6 mice after vehicle or tau i.c. injection, then 

saline or S. typhimurium i.p. injection. Pg/ml values were normalised to protein concentration 

(mg/ml) using BCA assay values to reach pg/mg of total protein. n= 4 in all groups, except where 

noted in text due to detection level issues. Three-way ANOVA with Tukey’s post-hoc test, an 

unpaired Student’s t-test was carried out for IFNγ; *p<0.05, **p<0.01, ***p<0.001. All data is 

presented as mean ± SD. 
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By contrast in the spleen (Figure 7-26), a significant main effect of i.c. injection was 

observed in cytokines IFNγ (F(1, 12)= 178.5, p<0.001), TNFα (F(1, 12)= 14.04, p<0.01), IL-6 (F(1, 

12)= 69.57, p<0.001), IL-1β (F(1, 12)= 45.03, P<0.001), IL-4 (F(1, 12)= 14.87, p<0.01), KC/GRO (F(1, 

12)= 28.86, p<0.001) and IL-10 (F(1, 12)= 50.30). Again, IL-12p70 was not analysed due to 

detection threshold issues. In mice that received tau i.c. injection, there was a twenty-fold 

increase in IFNγ expression in the mice which underwent systemic infection (tau i.c./saline i.p.= 

0.75pg/mg ± 0.18; tau i.c./S. typhimurium i.p.= 22.29pg/mg ± 2.29, p<0.001). Tau i.c./S. 

typhimurium i.p. mice also showed a two-fold increase in TNFα expression in the spleen compared 

to mice which received saline i.p. injection (tau i.c./saline i.p.= 16.39pg/mg ± 2.50; tau i.c./S. 

typhimurium i.p.= 43.25pg/mg ± 2.48, p<0.001). Finally, there was a four-fold increase in IL-1β 

after systemic infection in mice which received tau i.c. injection (tau i.c./saline i.p.= 170.02pg/mg 

± 24.87; tau i.c./S. typhimurium i.p.= 811.18pg/mg ± 227.10, p<0.001). This confirms that even at 

four weeks-post injection, the cytokine response is still visible in the brain and spleen. 
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 Figure 7-26: Spleen cytokine levels in C57BL/6 mice after systemic infection 

Splenic cytokine levels were examined in the C57BL/6 mice after vehicle or tau i.c. injection, then 

saline or S. typhimurium i.p. injection. Mesoscale values (pg/ml) were normalised to protein 

concentration (mg/ml) using BCA assay values to reach pg/mg of total protein. n= 4 in all groups 

except for IL-2p70 noted in text. Two-way ANOVA with Sidak’s post-hoc test; *p<0.05, **p<0.01, 

***p<0.001. All data is presented as mean ± SD. 
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7.3.14 Microglia and AT8-positive tau at the hippocampus 

In order to examine whether microglia were potentially responsible for the spread of tau 

observed through uptake, immunofluorescence was carried out with both a microglial (MHCII) 

and tau marker (bAT8). Due to time limitation, quantification could not be carried out utilising 

these images. One image from the dentate gyrus of a mouse which received a tau i.c. and S. 

typhimurium i.p. injection is included below (Figure 7-27). This image demonstrates that MHCII-

positive microglia show overlap with the AT8 immunoreactivity. This image is taken along the 

dentate gyrus where pathology was observed in this group using DAB immunohistochemistry. 

However, further analysis would be required to conclude the role of microglial cells in the 

spreading of tau. 

  

Figure 7-27: MHCII and bAT8 immunofluorescence at the dentate gyrus 

Image taken of dentate gyrus stained for MHCII and bAT8. Brain tissue is from a single mouse in 

the tau i.c/S. typhimurium i.p. group. White arrow demarcates microglial cell of interest. Image 

taken with 40x objective, scale bar= 50μm. 
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7.4 Discussion 

7.4.1 Tau pathology and systemic infection alter MHCII expression 

MHCII as a marker of cellular activation plays a crucial initial role in the inflammatory 

response through antigen presentation to CD4+ T- cells (Holling, Schooten and van Den Elsen, 

2004). MHCII has been shown to be upregulated on vascular endothelium and microglia, following 

S. typhimurium i.p. injection in Chapter 3 and Chapter 4. Therefore, it was examined whether this 

effect caused by systemic infection would be exaggerated by the presence of tau pathology. There 

is no MHCII expression change in any saline i.p. group. Therefore, comparison of MHCII expression 

in this chapter was exclusively between vehicle i.c./S. typhimurium i.p. mice versus tau i.c./S. 

typhimurium i.p. mice. The increased MHCII expression in the tau i.c./S. typhimurium i.p. group is 

only observed in the injection site and the corpus callosum of the C57BL/6 mice. However, as 

regions posterior to the injection site are examined, any priming effect appears to be lost.  

The first region examined was the cortical injection site. The primary reason to analyse this 

region is twofold; tau lysate was injected into both the cortex and the hippocampus, and secondly 

it was of interest to confirm whether S. typhimurium caused reactivation of microgliosis from the 

needle damage. Damage caused by the needle was minimal, with no gross structural changes to 

the corpus callosum or CA1 structure, classical markers of the needle being removed abruptly 

from the parenchyma. However, the insertion of the needle would cause an acute microglial 

response, it was the important to investigate whether a bacterial infection would induce 

reactivation of this microglia population. 

As in all regions examined, in the cortex MHCII expression on vascular endothelial cells was 

only observed in mice which had received systemic infection, no mice which received saline i.p. 

injection expressed MHCII. The ipsilateral cortical MHCII expression in the tau i.c./S. typhimurium 

i.p. group is significantly upregulated at the injection site, with significant main effect of i.c. 

injection and main effect of hemisphere showing a clear trend (p= 0.08) (Figure 7-1). An overview 

of all main effects discussed in this chapter can be referred to in Figure 1-28. The tau i.c./S. 

typhimurium i.p. group showed significantly more MHCII expression in the ipsilateral hemisphere 

compared to the vehicle i.c./S. typhimurium i.p. group in post-hoc tests. Despite the lack of 

significant main effect of hemisphere, there was no post-hoc significance between the two groups 

which received systemic infection in the contralateral hemisphere.  
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 MHCII-positive cell count was also carried out, as microglial-like staining was observed. As 

with mean percentage analysis, the tau i.c./S. typhimurium i.p. group showed significantly more 

MHCII-positive cells per mm2 than the vehicle i.c./S. typhimurium i.p. group (Figure 7-1). This was 

again restricted to the ipsilateral hemisphere. There was a significant main effect of hemisphere 

yet no main effect of i.c. injection. Considering the mean percentage area and cell count analysis, 

it highlights that both vascular endothelial cells and microglial cells are likely to further upregulate 

MHCII expression when tau pathology is present. Only those mice which received systemic 

infection show MHCII expression, suggesting that the brain homogenate itself does not induce cell 

Figure 7-28: Overview of significant main effects described in this chapter 

Table A shows significant main effect of i.c. injection for MHCII and FcγRI expression in 

C57BL/6 and H1Mapt-/- mice. Table B shows significant main effect of i.p. injection for FcγRI 

expression in C57BL/6 and H1Mapt-/- mice. Only groups which received S. typhimurium i.p. 

injection were compared for MHCII expression. Table C shows significant main effect of 

hemisphere for FcγRI expression in C57BL/6 and H1Mapt-/- mice. 
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activation at three months post-injection. The remaining question is whether the changes in 

MHCII expression is due to injection of brain lysate, or tau and this can only be fully answered by 

further experiments using normal brain or tau-depleted lysate. 

H1Mapt-/- mice did show a significant main effect of i.c. injection for MHCII expression in 

the cortical injection site (Figure 7-2). Mice which received tau i.c. injection also showed 

significantly upregulated MHCII expression compared to the vehicle i.c. injection group. A Mann-

Whitney U tests determined there was no significant difference in the MHCII-positive cell count 

between the vehicle i.c./S. typhimurium i.p. and tau i.c./S. typhimurium i.p. groups. The microglial 

cell count suggests that the MHCII expression changes are predominantly due to both vasculature 

and microglial expression in C57BL/6 mice, and only vascular in the H1Mapt-/- mice. The H1Mapt-

/- mice do consistently show dampened MHCII expression when compared to quantification of 

MHCII expression in C57BL/6 mice. This suggests that whilst there is a similar relationship 

between the H1Mapt-/-  experimental groups, the response to systemic infection is overall 

reduced. 

 The corpus callosum was analysed for MHCII expression, with a significant main effect of i.c. 

injection and hemisphere in C57BL/6 mice (Figure 7-3). A significant upregulation of MHCII 

expression in the ipsilateral hemisphere was observed in the tau i.c./S. typhimurium i.p. group 

compared to the vehicle i.c./S. typhimurium i.p. group. This effect was not observed in the 

contralateral hemispheres of these two groups. This result demonstrated that in C57BL/6 mice, 

the white matter is one region which shows high levels of tau pathology and associated high 

levels of MHCII expression. Notably, there is no MHCII expression in the tau i.c./saline i.p. mice 

suggesting that this degree of tau burden is insufficient to induce MHCII expression and vascular 

endothelial cell activation. The H1Mapt-/- mice do not show a significant difference in MHCII 

expression within the ipsilateral hemispheres of vehicle i.c./S. typhimurium i.p. and tau i.c./S. 

typhimurium i.p. groups (Figure 7-4). However, the normality assumption was not met and so the 

Mann Whitney test only provides a narrow understanding of the interactions between these 

groups. However, the MHCII expression in H1Mapt-/- mice is observably lower than observed in 

C57BL/6 mice. To what extent this is due to the reduced tau pathology in H1Mapt-/- mice, or a 

reduced systemic infection response is unclear. 

 In the C57BL/6 hippocampus, MHCII expression showed no significant effect of i.c. injection 

or hemisphere (Figure 7-5). Whilst there are a few mice within the tau i.c./S. typhimurium i.p. 

group which show upregulated MHCII expression, there are as many within this group that show 

expression akin to the vehicle i.c./S. typhimurium i.p. group. However, it must be noted that the 

mouse which shows the highest MHCII expression is also one of the few mice which exhibited tau 



Chapter 7 

317 

pathology within the hippocampus (Figure 6-7), the subject with the highest level of tau 

pathology in the hippocampus). This suggests that whilst there is biological variability, there is a 

consistent increase in MHCII expression when comparing the ipsilateral hemisphere of the tau 

i.c./S. typhimurium i.p. group to the vehicle i.c./S. typhimurium i.p. group. Furthermore, MHCII 

and bAT8 co-stains suggest that the MHCII-positive microglia may interact with the AT8-positive 

tau in the dentate gyrus (Figure 7-27). The H1Mapt-/- mice do not show any variation in MHCII 

expression within the hippocampus, which suggests that brain homogenate alone is insufficient to 

induce both vascular and microglial upregulation of MHCII expression (Figure 7-6). Further 

analysis which could separate the vascular endothelial cell and microglial contribution to MHCII 

expression would determine whether tau pathology is inducing vascular changes or microglia cells 

are primed. 

7.4.2 MHCII expression posterior to the injection site 

 MHCII expression at the Bregma AP coordinate of -3.00 was examined in the hippocampus, 

perirhinal cortex and mammillary nuclei. Whilst there was a significant main effect of hemisphere 

in the ventral hippocampus of C57BL/6 mice, there was no main effect of i.c. injection (Figure 

7-7). This was not translated into post-hoc significance in either the ipsilateral or contralateral 

hemisphere. Furthermore, there was no significant main effect of i.c. injection in either C57BL/6 

or H1Mapt-/- mice in the hippocampus (C57BL/6: Figure 7-7) (H1Mapt-/-: Figure 7-8), perirhinal 

cortex (C57BL/6: Figure 7-9) (H1Mapt-/-: Figure 7-10) or the mammillary nuclei  (C57BL6: Figure 

7-11) (H1Mapt-/-: Figure 7-12). This is also true for observations regarding the MHCII-positive cell 

count. This suggests that the majority of changes in MHCII expression occur in the white matter 

and grey matter at the Bregma coordinate of the injection site. The cortical injection site and 

corpus callosum demonstrate a significant increase in MHCII-positive microglia in the ipsilateral 

hemisphere of the tau i.c. group compared to the vehicle i.c. group following systemic infection. 

This suggests that the microglial activation may be responsible for the significance in the mean 

percentage area analysis, not the vasculature. This is supported by the findings at the mammillary 

nuclei, where a lack of MHCII-positive microglia is noted and there is no significant effect of tau 

i.c. injection on overall MHCII mean percentage area. 

 One clear limitation is that the ventral hippocampus is potentially underpowered in regard 

to tissue slices. The mammillary nucleus is a small distinct region, slices were selected 

preferentially for the biotinylated AT8 antibody staining. Therefore, staining using MHCII and 

FcγRI antibodies was limited to two sections per brain. Furthermore, given the propensity of the 

mammillary nuclei to fold, there are several brains where only one section per marker was carried 

out. This likely accounts for the variability within groups, however it must also be considered that 
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three months post-injection is a very early time point. Perhaps if greater tau accumulation had 

occurred, MHCII expression in the ventral hippocampus would reflect this. Changes to MHCII 

expression caused by systemic infection are possible to observe in all regions both proximal and 

distal to the injection site. However, it will be important to determine in future studies whether 

activation of the vasculature, microglia or both is linked to tau pathology. MHCII-positive cell 

count in the ipsilateral hemisphere of tau i.c./S. typhimurium i.p. group is three-fold higher in the 

cortical injection site and hippocampus compared to the mammillary nuclei. This suggests either 

that tau pathology must be present for longer to induce any priming effect, or the brain 

homogenate induces this response.  

 Two of the main aims in this chapter were to establish whether tau pathology induces an 

inflammatory response, or if there is a priming effect of systemic infection. MHCII expression was 

not increased purely by the injection of tau lysate without systemic infection. However, following 

systemic infection a priming effect of tau was observed in the corpus callosum and cortex. 

However, this was only observed in the ipsilateral hemisphere and in regions of high AT8 

immunoreactivity close to the injection site. Finally, MHCII expression is notably dampened in the 

H1Mapt-/- mice compared to C57BL/6 mice. This suggests that the absence of tau pathology 

appears to diminish any priming effect. 

7.4.3 FcγRI expression appears to correlate with tau pathology at the injection site 

 FcγRI expression was examined in histology because of the role of the Fc receptor binding 

to IgG and as a marker of microglial activation (Diamond et al., 2009). Given that FcγRI is 

expressed in the healthy brain, quantification of FcγRI expression examines the effect both of the 

i.c. and i.p. injection. In C57BL/6 mice which underwent systemic infection, the ipsilateral cortical 

injection site showed a clear trend of increased FcγRI expression in mice which received tau i.c. 

injection above what is observed for the vehicle i.c. groups (Figure 7-13). Due to the data not 

meeting normality assumptions only a Mann Whitney test could be carried out comparing the 

ipsilateral hemispheres. This showed a clear trend (p= 0.052) of tau i.c. injection altering FcγRI 

expression, compared to vehicle. Notably the tau i.c./saline i.p. group also showed an increased 

percentage area seven-fold higher than FcγRI expression in the vehicle i.c./saline i.p. group 

(Figure 7-13). However biological variability limits statistical analysis to comparison of the S. 

typhimurium i.p. groups. This data shows a clear microglial response to tau pathology in the 

cortex. Because this is where the needle injected the lysate, this cortical region will have been 

exposed to the highest levels of tau aggregate. However, whilst systemic infection induces 

upregulation of FcγRI in all injection groups, it appears that the injection of human tau lysate is 

also a defining factor regarding FcγRI upregulation in this specific region. 
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 By contrast, H1Mapt-/- mice showed highly variable FcγRI expression in the cortical 

injection site (Figure 7-14). As a result, there was only a significant main effect of hemisphere. 

This analysis did suggest that activation of microglia had occurred at the injection site in the 

vehicle i.c. groups. However, this was not significant with no clear trend. The increased expression 

in the vehicle i.c. groups were clear outliers and so this would require further histology to refine 

the biological variability.  

 Following analysis of the cortex, the corpus callosum was examined in C57BL/6 mice 

(Figure 7-15). For FcγRI expression there was a significant main effect of i.c. injection in FcγRI 

within the corpus callosum. FcγRI expression was upregulated ten-fold in the tau i.c./saline i.p. 

group compared to vehicle i.c./saline i.p. group, whilst expression was upregulated eight-fold in 

the tau i.c./S. typhimurium i.p. group compared to the vehicle i.c./S. typhimurium i.p. group. FcγRI 

expression in the corpus callosum shows a clear effect of tau i.c. injection. In both tau i.c. groups, 

regardless of i.p. injection there was upregulation compared to the vehicle control and the 

corresponding contralateral hemisphere. The corpus callosum of the H1Mapt-/- mice also showed 

significant effects of tau i.c. injection, with a seven-fold increase in FcγRI expression in the tau 

i.c./S. typhimurium i.p. group compared to the vehicle i.c./S. typhimurium i.p. group (Figure 7-16). 

One notable difference between strains is that the tau i.c./saline i.p. group did not show the same 

upregulation of FcγRI expression in the H1Mapt-/- mice compared to C57BL/6 mice. In the corpus 

callosum the C57BL/6 mice show greater FcγRI expression than vehicle following both saline and 

S. typhimurium i.p. injection. This suggests that tau pathology alone induces this. This does not 

happen in the H1Mapt-/-  mice, as the vehicle i.c./saline i.p. and tau i.c./saline i.p. are not 

significantly different. Therefore, it is likely not just brain lysate, but maybe FcγRI expression is 

dependent on a certain level of pathology. 

 FcγRI expression in the C57BL/6 hippocampus (Figure 7-17) had a significant main effect of 

i.p. injection and hemisphere. Whilst there was not a significant main effect of i.c. injection there 

was a significant interaction of hemisphere and i.c. injection. Both the tau i.c./saline i.p. and tau 

i.c./S. typhimurium i.p. groups demonstrated significantly higher (1.5-fold higher in both cases) 

FcγRI expression in the ipsilateral hemisphere compared to the contralateral. Whilst there was no 

post-hoc significance between the two tau i.c. groups, the above ANOVA results suggest that 

presence of tau pathology in the ROI is associated with greater FcγRI expression. FcγRI expression 

in the hippocampus of the H1Mapt-/- mice was again highly variable (Figure 7-18). 

Unfortunately, the normality assumption could not be met, therefore it is only possible to 

comment on the clear increased trend in FcγRI expression following systemic infection in mice 

which received tau i.c. injection compared to vehicle i.c. injection (p= 0.06). FcγRI expression at 

the injection site, corpus callosum and hippocampus of C57BL/6 mice showed a similar result to 
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MHCII expression, whereby priming occurred in the ipsilateral hemisphere of the tau i.c./S. 

typhimurium i.p. group. However, one distinct result is that FcγRI expression in the tau i.c./saline 

i.p. group is higher in the ipsilateral compared to the contralateral hemisphere and also compared 

to the ipsilateral hemisphere of the vehicle i.c./saline i.p. group. This is observed to some degree 

in the injection site (Figure 7-13), corpus callosum (Figure 7-15) and hippocampus (Figure 7-17). 

This finding is notably distinct to the MHCII expression results, where no saline i.p. group 

demonstrates MHCII expression. This result also points to the human tau lysate alone altering 

FcγRI expression. 

7.4.4 FcγRI expression posterior to the injection site 

 Analysis of FcγRI expression at the ventral hippocampus was also carried out (Bregma AP -

3.00) (Figure 7-19). Given the changes in FcγRI expression at the injection site, it was of interest 

to observe FcγRI expression in regions where tau had propagated. In C57BL/6 mice, FcγRI 

expression in the hippocampus showed a significant main effect of hemisphere and i.p. injection. 

FcγRI expression across groups which had received S. typhimurium i.p. injection showed similar 

levels of expression in the hippocampus regardless of i.c. injection or hemisphere. The tau i.c./S. 

typhimurium i.p. group had two-fold higher FcγRI expression compared to the tau i.c./saline i.p. 

group. Whilst these results showed a clear effect of S. typhimurium, there was no significant 

difference between the tau i.c. groups that received saline or S. typhimurium i.p. injection. In the 

perirhinal cortex, it was observed in mice that received tau lysate there was a two-fold increase in 

FcγRI expression after systemic infection compared to those which received saline i.p. injection 

(Figure 7-21). Given that this is an exploratory project, and the question raised here related 

specifically to the analysis within the ipsilateral hemisphere of these two groups, a Student’s t-test 

was carried out and this showed a clear significant difference. Therefore, in the perirhinal cortex, 

FcγRI expression is significantly upregulated in tau i.c./S. typhimurium i.p. mice compared to tau 

i.c./saline i.p. mice. The mammillary nuclei demonstrated a significant main effect of i.p. injection 

yet no significant main effect of i.c. injection (Figure 7-23). It must be considered that the tau 

i.c./saline i.p. mice show minimal tau pathology in this region at three months post-i.c. injection. 

Therefore, it is unsurprising that within this region only the effect of systemic infection is 

observed. 

 In the H1Mapt-/- mice there was no significant main effect of systemic infection on FcγRI 

expression in the hippocampus (Figure 7-20), perirhinal cortex (Figure 7-22) or mammillary 

nuclei (Figure 7-24). However, there was a significant interaction of i.c. injection and hemisphere 

in the mammillary nuclei and perirhinal cortex. Again, these regions show high variability of FcγRI 

expression, and no real effect of tau pathology is observed. It must be considered that the 
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H1Mapt-/- mice do not show tau pathology within these regions. At the regions posterior to 

injection, FcγRI expression do not show a clear effect of tau pathology either in the C57BL/6 and 

H1Mapt-/- mice. It is possible that this is due to the degree of pathology present. Therefore, this 

suggests that FcγRI expression in the tau i.c./saline i.p. group is not upregulated preceding overt 

pathology development in regions of interest such as the mammillary nuclei. At three months 

post-injection, significant pathology is observed in the mammillary nuclei in the tau i.c./S. 

typhimurium i.p. group therefore it is surprising that there is no change in FcγRI expression similar 

to the observation in the perirhinal cortex. The significance in the C57BL/6 perirhinal cortex 

between the tau i.c. groups suggests that AT8-positive inclusions and systemic infection combined 

do alter FcγRI expression. A later time point, six months-post injection for example, may render 

different results and with greater pathology present elucidate whether FcγRI expression is altered 

by tau deposition.   

 The primary limitation for this study is the limited tissue available at the ventral 

hippocampus. Tissue from the final cohort was processed for tau histological analysis, however 

given time restrictions microglial markers were not stained for in this tissue. Given greater time 

tissue from this cohort would be stained for microglial markers so correlation between pathology 

and MHCII or FcγRI expression could be carried out on a larger sample size. Another limitation is 

the MHCII-positive cell count; whilst vascular endothelial cells were excluded from the count, it is 

not conclusive that all cells were microglia and not perivascular macrophages. Therefore, MHCII-

positive cell counts in future would benefit from fluorescent co-stain with Iba1 a pan microglial 

marker. Further analysis could be carried out whereby vascular endothelial cell and macrophage 

expression of MHCII is separated. This would show the relative importance of the vasculature and 

resident immune cells in the interaction of tau propagation and systemic infection. 

7.4.5 Cytokine production in the brain and spleen 

Cytokine levels were detected at four weeks post-infection in the brain and the spleen. Only 

C57BL/6 mice were included given the low levels of pathology and dampened inflammatory 

response observed in the H1Mapt-/- mice. If time allowed, it would have been very interesting to 

compare the cytokine expression between genotypes and determine if cytokine levels in the 

H1Mapt-/- mice were also dampened. Cytokine levels in the C57BL/6 brain were still detectable 

by mesoscale (Figure 7-25). IL-1β, TNFα, KC/GRO and IL-2 showed a significant main effect of 

infection, with both vehicle i.c. and tau i.c. groups showing similar upregulation of pro-

inflammatory cytokines after systemic infection. IFNγ showed a significant seven-fold increase in 

expression after systemic infection in the tau i.c. group compared to tau i.c./saline i.p. mice. IFNγ 

is essential for clearing S. typhimurium infection (Bao et al., 2000), with both CD4+ T cells and 
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natural killer cells responsible for the majority of the synthesis (Kupz et al., 2013). IFNγ has been 

shown in vitro to induce MHCII expression of cerebral vascular endothelial cells (McCarron et al., 

1991). This proposes a potential mechanism behind the observations in this chapter where MHCII 

is clearly upregulated on vascular endothelial cells within the mouse brain. IL-4 is notable in that 

brain expression of this cytokine is significantly upregulated in the tau i.c./saline i.p. group. The 

response generated to S. typhimurium infection is predominantly carried out by Type 1 T helper 

cells (Th1), which confers release of IFNγ and TNFα (O’Donnell and McSorley, 2014) as opposed to 

Th2 which release IL-4 and IL-5 amongst others. This is clear to observe both in the brain and in 

the spleen. It has been suggested that IL-4 has a role in cognition in vivo and is potentially 

neuroprotective in vitro (Gadani et al., 2013). Therefore, IL-4 may provide a future avenue of 

investigation. One limitation was that the pg/mg values in the brain were very low overall. 

By contrast, in the spleen similar expression of cytokines such as IL-1β was observed in this 

chapter compared to three weeks post-systemic infection (Püntener et al., 2012). IFNγ, TNFα, IL-6, 

IL-1β, IL-4, KC/GRO and IL-10 all showed a significant main effect of systemic infection, with no 

effect of i.c. injection (Figure 7-26). Therefore, it is clear to observe that even at four weeks post-

infection, cytokine upregulation is still observable in the brain and spleen. This confirms the 

systemic infection induces a sustained immune response and also supports the findings 

concerning MHCII expression within the brain. These results highlight the vasculature as a key 

area of interest. 

7.4.6 Conclusions 

Examining how the presence of tau pathology alters the expression of microglial markers 

further demonstrates the separate effects of systemic infection and aggregated protein. There is 

upregulation of MHCII expression only following systemic infection in both vehicle i.c. and tau i.c. 

groups. However, MHCII expression in the white matter and injection site particularly is also 

upregulated by the injection of AD-tau lysate. These results overall demonstrate that there may 

be an exaggerated response to S. typhimurium infection when there is existing pathology. 

However, when examining regions removed from the injection site there is a loss of effect. Whilst 

there appears to be biological trends, it is possible this timepoint is too early to observe significant 

changes. FcγRI expression is upregulated in the injection site and corpus callosum in both tau i.c. 

groups, specifically within the ipsilateral hemisphere. This highlights that FcγRI expression is 

upregulated by the injection of AD-tau lysate and a priming effect is clearly observable after 

systemic infection. The perirhinal cortex is a key area of interest for future experiments, as it is 

one of the few distal regions where there is a significant increase in FcγRI expression in the tau 

i.c./S. typhimurium i.p. group compared to the tau i.c./saline i.p. group.  
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 This chapter highlights key differences between MHCII and FcγRI expression. The 

advantage in comparing these two markers is that MHCII is not expressed in the brain without an 

inflammatory response. Therefore, it is possible to conclude that at this time point, the AD-tau 

lysate does not induce MHCII expression without systemic infection. However, the potential 

priming effect on MHCII expression observed in the tau i.c./S. typhimurium i.p. group and the 

upregulation of FcγRI expression in the tau i.c./saline i.p. group suggests the tau lysate does 

change the profile of brain macrophages. FcγRI expression results suggests that prior to systemic 

infection microglia within the brain are activated by the injection of tau lysate; so following 

systemic infection priming occurs both with MHCII and FcγRI expression. It is proposed that at six 

months post-injection, the increase in tau pathology may in turn cause further changes in these 

two microglial markers. Further study with greater accumulation of tau pathology and subsequent 

infection would help greater elucidate the exact relationship between tau pathology and 

microglial activation. 
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Chapter 8 Discussion 
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Although the mechanism of action behind development of AD is unknown, the pathological 

aggregation of tau has been proposed to correlate with cognitive decline. The spreading model of 

tau described in this thesis has been well-established in multiple studies of both non-transgenic 

mice and mice expressing human tau, such as the P301S mouse model of tauopathy (Ahmed et 

al., 2014; Narasimhan et al., 2017). These studies have shown that tau spreads through 

synaptically connected networks, rather than those brain regions which are proximal. 

Furthermore, lysate generated from human post-mortem tissue from different tauopathies has 

been shown to induce distinctive pathology in the mouse brain following intracerebral injection, 

suggestive of each specific tauopathy (Narasimhan et al., 2017). This demonstrates the 

importance of protein conformation in determining how tau pathology propagates through the 

brain.  

The spreading of tau appears to be partially mediated by microglial cells (Asai et al., 2015; 

Luo et al., 2015). These immune cells have previously been linked to clearance of Aβ (Cho et al., 

2014; Srikant Rangaraju et al., 2018) and subsequently glial cell dysfunction in AD has long been 

hypothesised to play a role in disease progression (Hansen, Hanson and Sheng, 2018). 

Neuroinflammation and its interaction with pathology appears to correlate with the spreading of 

tau and also the rate of cognitive decline. The work collated in this thesis aimed to examine to 

what extent external factors such as systemic bacterial infection may influence disease 

progression by altering spreading of pathology.  

8.1 Establishing the immune response to S. typhimurium 

In order to accept or reject the main hypothesis of this thesis, that systemic infection alters 

the spatiotemporal spread of tau, it was crucial to establish an experimental model of a non-

neurotrophic S. typhimurium infection. The multiple pathways which are activated by the 

infection of S. typhimurium provide a complex model, more akin to human infection. However, as 

a result this also induces biological variability, as observed in Chapter 3. In this chapter, the 

immune response to S. typhimurium was analysed in C57BL/6, P301S, H1Mapt-/- and Mapt-/- 

mice. The response varied, in part due to differences in background strain and also in the 

expression or lack thereof of the H1 transgene.  

The effect of S. typhimurium i.p. injection on weight change, splenomegaly and MHCII 

expression within the brain was further confirmed in Chapter 4. Mice received saline or LPS i.c. 

injection followed by saline or S. typhimurium i.p. injection. This chapter exclusively used C57BL/6 

mice, therefore only Chapter 3 deals with variability between genotypes. This chapter examined 

to what extent an initial acute inflammatory insult alters the response to systemic infection. 
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However, both Chapter 3 and Chapter 4 help to provide inside into the baseline immune response 

after S. typhimurium infection. 

8.2 Peripheral changes in response to systemic infection 

The initial readout for all mice after systemic infection was weight loss. This is to examine 

metabolic changes following bacterial infection. Throughout Chapter 3, C57BL/6 mice showed 

significant weight loss from 24 hours post-i.p. injection to approximately five days post-infection. 

This established a baseline as to what extent weight loss occurred after S. typhimurium infection 

and acted as a direct comparison to the P301S and H1Mapt-/- mice. P301S, H1Mapt-/- and Mapt-

/- mice all show significant weight loss following S. typhimurium injection compared to the 

respective saline i.p. groups (Figure 3-2) (Figure 3-8). When comparing weight loss in P301S to 

C57BL/6 mice, there is a significant main effect of genotype; P301S mice appear to gain weight 

and return to baseline faster than the C57B/6 mice. By contrast, there was no significant main 

effect of genotype on the weight change observed in C57BL/6, H1Mapt-/- and Mapt-/- mice. 

Differences in baseline weight and the metabolic response suggest that the addition of the H1 

haplotype may rescue the effect of the Mapt gene deletion. From examining weight change after 

systemic infection, genotypic differences are highlighted and so were considered when choosing 

the mouse utilised in the tau spreading model in Chapter 6. 

In Chapter 4, the individual effect of LPS i.c. injection and S. typhimurium i.p. injection on 

weight loss was observed. No weight loss is observed after saline i.c. injection, therefore an 

intracerebral injection does not induce peripheral metabolic changes (Figure 4-4). Chapter 4 does 

not show a significant effect of LPS injection on weight following S. typhimurium infection. It must 

be noted that in Chapter 4, a post-hoc significance was not observed between the saline i.p. and 

S. typhimurium i.p. groups. It was discussed how this experiment was likely underpowered, yet it 

is possible to observe a biological effect of systemic infection on weight loss.  

 Following infection, the bacteria colonises the spleen and the erythroid population in the 

red pulp undergo significant expansion and invade the white pulp, with concurrent expansion of 

leukocyte and macrophage populations as part of the adaptive immune response (Jackson et al., 

2011; Rosche et al., 2015). In Chapter 4, LPS i.c. injection had no effect on spleen size, highlighting 

the potential difference between routes of administration. In Chapter 3, where only an i.p. 

injection of S. typhimurium was administered, both the H1Mapt-/- and Mapt-/- mice showed 

significantly increased spleen size compared to the saline-treated controls. However, both 

H1Mapt-/- and Mapt-/- mice showed significantly smaller spleen size than the C57BL/6 mice after 

systemic infection (Figure 3-9). Alternative studies have reported spleen weight differences 7 
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days post-S. typhimurium infection between different genetic strains, however they did not 

observe this difference weeks after the infection (Kobets, Nesterenko and Balunets, 2013). 

Therefore, it appears the H1Mapt-/- and Mapt-/- mice are susceptible to S. typhimurium, yet they 

may undergo a less robust infection than in the C57BL/6 mice. Which biological mechanism 

explains these reduced effects is unclear. Histological staining or flow cytometry for macrophage 

(F4/80) or CD4+ T-cell population changes in the spleen and analysis of peripheral cytokine levels, 

would potentially reveal whether there is specific dampening of pathways such as Th1 response 

to the salmonella infection. 

Metabolic markers of an infection response such as weight loss and splenomegaly denote 

one main conclusion. That whilst immunological signs of an infection were observed in all mice, 

there is variance within genotypes in weight loss and splenomegaly observed after S. typhimurium 

infection. Considering that the aim of this thesis is to induce an immune response within the 

brain, further information is derived from examining markers of activation within the brain 

parenchyma.  

8.3 Markers of cellular and microglial activation within the brain 

following systemic infection 

To determine whether the difference in weight loss is reflected in a dampened immune 

response within the brain, MHCII expression was examined in the hippocampal fissure. MHCII is a 

marker of cellular activation expressed on classical and non-classical antigen presenting cells. 

Quantification of this marker within the brain helps to elucidate whether any immune cell 

response to the infection has occurred within the brain. Predominantly induced by IFNγ, MHCII 

can be expressed on cells that are not classical APCs, often in response to inflammation. The 

function of MHCII is to present antigens to T cells, however without co-stimulation this may in 

turn lead to tolerance. As a result, MHCII expression in the brain is indicative of cellular activation 

due to pro-inflammatory cytokine production (Holling, Schooten and van Den Elsen, 2004).  

In Chapter 3, MHCII expression was first examined in the hippocampus of saline and S. 

typhimurium-injected C57BL/6 mice and P301S mice. Throughout this chapter C57BL/6 mice show 

MCHII-positive staining in the cerebral vasculature. Unlike C57BL/6 mice, there is no evidence of 

MHCII expression on APCs, classical or non-classical in P301S mice following S. typhimurium 

infection (Figure 3-3). MHCII was stained for at four weeks post-injection, at this point the 

average weight of P301S mice had recovered to baseline. This further confirmed that the P301S 

mouse model of tauopathy is capable of resolving S. typhimurium infection. Repeated LPS i.p. 

injections in a previous study did not induce MHCII expression on the cerebral vasculature of 
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C57BL/6 mice (Püntener et al., 2012). This same paper reported MHCII expression on vascular 

endothelial cells in severe combined immunodeficient (SCID) mice following S. typhimurium 

(SL3261) infection; these mice have severely depleted B and T cell populations meaning MHCII 

expression in the brain is likely induced by macrophage production of IFNγ. Considering that there 

is no evidence of an immune response in the P301S brain, this suggests that the active production 

of IFNγ had ceased or was dampened enough that MHCII upregulation in the brain did not occur. 

Therefore, P301S mice are able to resolve this bacterial infection. The potential mechanism 

behind this was highlighted by the CBA background of the P301S mouse and its expression of 

Nramp1. Therefore, the background strain of the mouse model of tauopathy may play a 

significant role in inflammation commonly studied in the context of AD.  

MHCII expression was also examined in the brains of H1Mapt-/- mice to observe whether a 

similar immune response to C57BL/6 mice occurred following S. typhimurium infection. Unlike in 

the P301S mouse, MHCII-positive staining was observed in the cerebral vasculature of the S. 

typhimurium-injected H1Mapt-/- mice (Figure 3-10). Immunofluorescence co-staining with 

laminin confirmed that staining is associated with the basement membrane. As discussed in 

Chapter 3, activation of MHCII is an indicator of peripheral infection and as a marker can be used 

to compare the strength of infection. MHCII expression in the brain explains differences in spleen 

size and associated inflammatory markers. Whilst in C57BL/6 mice, post-hoc significance for 

MHCII expression was observed when comparing the saline i.p. and S. typhimurium i.p. group, the 

H1Mapt-/- mice did not show post-hoc significance. Combined with the reduced splenomegaly, 

this again highlights how different genotypes appear to undergo a dampened immune response. 

It must be considered that whilst the H1Mapt-/- mice show a clear immune response in the brain 

and periphery, it is dampened compared to observations in C57BL/6 mice. These results support 

findings in Chapter 6 and 7 where tau spread is lowered in these mice. 

In Chapter 4, S. typhimurium i.p. injection in C57BL/6 mice induced MHCII expression on 

vascular endothelial cells whereas LPS i.c. injection did not (Figure 4-5). Furthermore, a trend of 

dampened MHCII expression in the LPS i.c./S. typhimurium i.p. group was observed, suggestive of 

tolerance. Therefore, MHCII upregulation observed on non-classical APCs in this chapter is likely 

due to the initiation of the adaptive immune response. 

Due to the likely involvement of macrophages in the immune response observed in the 

brain parenchyma, microglial markers of activation were examined. CD11b is included in part due 

to its upregulation in response to oxidative stress and binding to plasma protein fibrinogen 

(Petersen, Ryu and Akassoglou, 2018), all of which have linked CD11b to the immune response in 

AD. At four weeks post-injection in Chapter 3, CD11b expression shows a significant main effect of 
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infection, yet neither C57BL/6 or H1Mapt-/- mice have post-hoc significance between saline and 

S. typhimurium i.p. injection groups (Figure 3-12). In Chapter 4, CD11b was highlighted as a 

marker predominantly affected by LPS i.c. injection rather than systemic infection at one-week 

post-S. typhimurium injection (Figure 4-7). A previous study utilising S. typhimurium (strain 

SL3261 used in this thesis) showed expression of CD11b peaks at one-week post-infection 

(Püntener et al., 2012). Therefore, CD11b as a marker of microglial activation was not included in 

Chapter 7 as S. typhimurium did not induce a clear upregulation at four weeks. 

FcγRI binds IgG and works through ITAM signalling to induce downstream cytokine 

production and phagocytosis. IFNγ has been shown to induce upregulation of FcγRI expression on 

macrophages (Chenoweth et al., 2015). This suggests that following systemic infection there may 

be greater infiltration of IgG and pro-inflammatory cytokines into the brain due to increased BBB 

permeability. This influx of plasma proteins and IFNγ may in turn drive increased levels of FcγRI.  

At four weeks post-infection in Chapter 3, C57BL/6 mice showed a qualitative increase in 

FcγRI expression compared to P301S mice. When analysing FcγRI expression in the H1Mapt-/- 

mice, FcγRI expression was significantly increased in C57BL/6 mice infected with S. typhimurium 

compared to saline (Figure 3-13). The H1Mapt-/- mice do not show any post-hoc significance. 

Following systemic infection in Chapter 4, FcγRI expression within the brain is not significantly 

increased at one week in C57BL/6 mice. Furthermore, LPS induces no early primed response 

following a secondary insult in the form of systemic infection. Therefore, FcγRI is a clear marker of 

microglial activation at four weeks post-S. typhimurium infection. 

The overarching aim in Chapter 3 was to establish whether P301S or H1Mapt-/- mice are 

susceptible to S. typhimurium infection. The P301S mouse is not a suitable model for examining 

the effect of systemic infection on tau spread, as the infection is quickly resolved and there is no 

observable effect on the immune cells within the brain at four weeks post-infection. This finding is 

novel in a mouse model of tauopathy as the majority of research into inflammation in these mice 

utilise LPS given its robustness as a bacterial infection mimetic. 

As AD research increasingly focuses on humanised models, the limitations of the P301S 

mouse model become increasingly prominent. Primarily, AD has no known link to the P301S 

mutation which has long been reported in primary tauopathies such as FTD and FTDP-17 (Lossos 

et al., 2003). The P301S mouse model limits study to a single isoform and does not form a 

complete picture of tau propagation in AD. Given the aforementioned importance assigned to tau 

conformation (Siddiqua and Margittai, 2010), employing tau derived from post-mortem AD tissue 

should provide greater recapitulation of the human disease. 
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An immune response in the periphery and the brain was observed in the H1Mapt-/- and 

C57BL/6 mice. Metabolic changes and splenomegaly were observed in the periphery whilst 

microglial activation and cellular activation occur in the brain. Whilst genotypic differences are 

observed, the H1Mapt-/- mice definitively show a robust response to the infection. Therefore, 

these results supported the use of the H1Mapt-/- mouse in the tau spreading model discussed in 

Chapter 6. However, the results in Chapter 6 and 7 highlight that the findings in Chapter 3 after S. 

typhimurium infection may illuminate the reasoning behind reduced tau burden in the H1Mapt-/- 

mice. 

In Chapter 4, understanding the effects of an i.c. injection and subsequent inflammatory 

response is important for the tau propagation model addressed in Chapter 6 and Chapter 7. By 

confirming that a previous LPS injection has a minimal effect on a subsequent systemic infection, 

this suggests that the injection itself does not induce long-lasting changes to microglia. Injection 

of aggregated tau is not easily resolved unlike an LPS injection and therefore may induce a 

sustained effect on the microglial population. The continued presence of aggregated tau is 

proposed to induce sustained changes to the microglial population, leading to an increasingly pro-

inflammatory profile. 

8.4 Generation of AT8-positive seed prep 

By establishing that the P301S mouse was unsuitable given its ability to resolve systemic 

infection, this changed the nature of the methodology. If a mouse model such as P301S or Tg4510 

had been utilised, where a single isoform is expressed, then only P301S or Tg4510 brain 

homogenate containing the same isoform would have been injected into the brains of the 

respective transgenic mouse models. However, the H1Mapt-/- mouse model provided the scope 

to generate a model of tau propagation that was closer to the human disease and follow on from 

existing literature examining the spread of human post-mortem AD-tau (Guo et al., 2016; 

Henderson et al., 2020). By establishing that both H1Mapt-/- and C57BL/6 mice are suitable 

mouse strains for this project, it was then possible to generate the seed prep for stereotaxic 

injection. 

Therefore, in Chapter 5 a lysate enriched for AT8-positive HMW tau was generated from AD 

post-mortem tissue. Through biochemical analysis it was established which of the 10 frontal 

cortex samples possessed the highest AT8/total tau ratio (Figure 5-3). Following this, a lysate 

enriched for HMW AT8-positive tau was generated using the three cases with the highest ratio 

(Figure 5-6). The AT8-positive Sarkosyl-insoluble fraction has previously been shown in the P301S 

mouse model to have the highest seeding capacity by stereotaxic injection of different sucrose 
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gradient fractions (Jackson et al., 2016). This is why these phosphorylation epitopes were the 

focus of the AD ‘seed prep’. 

In Chapter 5, tau yield was prioritised over purity. However, analogous protocols published 

demonstrated a high percentage of tau through ELISA plates (He et al., 2020). Given greater time 

it would be imperative to test the human tau lysate used in this thesis for presence of other 

proteins in the Sarkosyl fractions, such as Aβ or α-Synuclein protein. This is because the cases 

chosen to be processed for the final AD-tau lysate did also present with co-morbidities such as 

CAA. Two of the three chosen cases also reported the co-morbidities DLB and LBD as tertiary 

diagnosis. Therefore, it is possible that in enriching for Sarkosyl-insoluble tau, amyloid protein and 

aggregated α-Synuclein are also enriched within the same fraction. This is unlikely given the 

histology results in Chapter 6, however it is essential that this is considered within the scope of 

this thesis. 

Referring to Chapter 4, an initial inflammatory response such as i.c. injection is not 

sufficient to alter the response to systemic infection. In Chapter 6, no AT8 immunoreactivity was 

observed in the vehicle i.c. groups; furthermore, expression of activation markers was lower after 

systemic infection compared to the tau i.c. group. One future direction is the inclusion of a control 

group injected with lysate immunodepleted for tau. Immunodepleted tau is often included as an 

internal control to determine the effect of injecting lysate derived from human post-mortem 

tissue (Guo et al., 2016). However, this was not feasible given both the lysate yield and time 

available for this project. As discussed in Chapter 5, repetition of this experiment would require 

further post-mortem tissue to be obtained from SWDBB. Greater tissue could be obtained with 

the intention of half the lysate to be processed for immunodepletion of tau. 

The intention of this thesis is to observe the effect of systemic infection on the spread of 

tau pathology. If the progression of tau closely mimics the spread observed in the human disease, 

then a mix of aggregated proteins is not necessarily a limitation. The tau i.c./saline i.p. injection 

group is a control within itself, as the addition of the systemic infection is the main variable 

observed within this study. It can be concluded that the lysate was enriched for AT8-positive tau 

and facilitated the progression of this exploratory study into the effects of systemic infection. 

Histology in Chapter 6 confirmed that no overt evidence of Aβ or α-Synuclein pathology could be 

detected in the mouse brain after three months post-i.c. injection. Thus, the model appears to be 

tau specific and allowed me to test the hypothesis that systemic infection modifies spreading of 

tau through the brain. The question remains why a systemic infection leads to accelerated 

spreading – is this mediated by microglia and if so through which downstream pathways? 
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8.5 Systemic infection increases the rate of spread of tau pathology 

The hypothesis of this thesis was that systemic inflammation alters the spatiotemporal 

propagation of tau pathology. In Chapter 6, I show that stereotaxic injection of AD-tau lysate leads 

to AT8 immunoreactivity throughout regions of interest in both C57BL/6 and H1Mapt-/- mice; and 

that S. typhimurium infection promotes the spread of tau pathology and greater propagation to 

regions such as mammillary nuclei (Figure 6-15). As expected, mice receiving AD-tau i.c. injection 

followed by saline i.p., showed only small amounts of AT8 positive cells in the perirhinal cortex 

and mammillary nuclei at 3 months post i.c. injection. In contrast, mice exposed to tau lysate and 

systemic infection showed significantly higher tau burden in these brain regions, suggesting 

infection did not appear to change the route of spreading rather increased the rate of spread. 

Pathology throughout the brain is low, as a result I also scored the images to generate the 

representative diagram in Chapter 6 (Figure 6-25). If greater pathology was present, a heat map 

based on percentage area would likely have been beneficial. However, the range of detection at 

three months post-injection was a limiting factor. The limbic circuit highlights affected regions 

within this study. Pathology observed in the C57BL/6 hippocampus, perirhinal cortex and 

mammillary nuclei point to the importance of synaptic connections in determining the spread of 

tau. Half of the mice exposed to both tau and systemic infection showed AT8 immunoreactivity in 

the hippocampus, whereas only 1 out of 6 tau i.c./saline i.p. mice showed AT8 immunoreactivity. 

These results suggest that the hippocampus does not show early deposition of tau pathology, yet 

systemic infection appears to have a biological effect (Figure 6-7). Quantifying AT8 expression in 

the perirhinal cortex showed a significant effect of systemic infection (Figure 6-13). Despite there 

being tau present regardless of i.p. injection, tau i.c./S. typhimurium i.p. mice show significantly 

greater tau burden than tau i.c./saline i.p. mice. 

The results in the mammillary nuclei also showed a significant effect of systemic infection 

(Figure 6-15). AT8-positive tau is detected in 7 out of 8 mice which received tau i.c. and S. 

typhimurium i.p. injections, only half of the tau i.c./saline i.p. group show pathology in the 

mammillary nuclei and expression is significantly lower. This demonstrates that in mice exposed 

to infection, regions distal to the injection site develop tau pathology much earlier than mice 

exposed to human tau lysate only. Furthermore, regions distal to the injection site developed 

pathology to a higher degree than regions proximal highlighting the importance of synaptic 

connectivity in the limbic circuit.  

The degree of pathology present at three months post-injection has been reported in 

multiple studies, all of which investigate the propagation of tau (Guo et al., 2016; Narasimhan et 

al., 2017; He et al., 2020; Henderson et al., 2020). These studies utilised C57BL/6 mice between 3-
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5 months of age, akin to this thesis. My findings in the tau i.c./saline i.p. group correlate with what 

Henderson et al. (2020) report at three months post-injection in the mammillary nuclei. However, 

in all four studies, the hippocampus shows greater AT8 immunoreactivity than the tau i.c./saline 

i.p. mice in Chapter 6 at three months post-injection. In fact, AT8 immunoreactivity in the 

hippocampus observed in the tau i.c./S. typhimurium i.p. group is closer to observations in these 

studies. It must be noted that despite similar Bregma coordinates even the papers reported above 

show variability in tau burden. Narasimhan et al. (2017) shows a higher tau burden in the dentate 

gyrus at three months post-injection than reported in Henderson et al. (2020). This highlights how 

specific AD cases may result in variable tau burden.  

In Guo et al. (2016), Henderson et al. (2020) and Narasimhan et al. (2017) negligible 

pathology is reported at one-month post-injection. This suggests that the subsequent two months 

are a crucial time point for accumulation of tau pathology. In Chapter 6, systemic infection is 

administered at two months post-injection. Therefore, it is theoretically possible that the immune 

response facilitates greater uptake of tau and so increased spreading to the mammillary nuclei. It 

must also be considered that housing of these mice may in turn affect these results. The outlier 

reported in Chapter 6 showed significant tau burden despite no S. typhimurium injection. An 

interesting experiment would be to observe whether the brains of specific pathogen free mice 

show less AT8 immunoreactivity after i.c. injection of AD-tau than observed in these papers and 

reported in Chapter 6. However, results in Chapter 6 point to a clear role of infection in the 

spreading of tau. 

The most likely conclusion as to the difference in hippocampal pathology is drawn when 

comparing the Bregma coordinates. In Chapter 6, the Bregma coordinates used (AP= -2.50, ML= -

2.00, DV= -1.80 and -0.80) differ in the dorsal-ventral (DV) axis to those reported in Henderson et 

al. (2020) and Guo et al. (2016) (AP= -2.50, ML= +2.00, DV= -2.40 and -1.40). The DV hippocampal 

and cortex injection coordinates of -2.40 and -1.40 respectively are significantly more ventral than 

the coordinates utilised in Chapter 6 (-1.80 and -0.80). The coordinates I used are based off 

published data from industrial collaborators (Ahmed et al., 2014). However, the published ventral 

coordinates (DV= -2.40, -1.40) place the needle injection site at the hilus of the dentate gyrus, 

whereas the coordinates I used place the needle injection site at the hippocampal fissure. This 

may have resulted in greater pathology within the corpus callosum. In Guo et al. (2016) and 

Narasimhan et al. (2017) similar or lower white matter pathology is reported at three months 

post-injection compared to results reported in Chapter 6. Both tau i.c./saline i.p. and tau i.c./S. 

typhimurium i.p. mice show high levels of AT8 immunoreactivity in the white matter tracts at 

three months post-injection. The strong connection of the fornix to the mammillary nuclei would 

elucidate why the mammillary nuclei is an area of high tau deposition in this thesis. 
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It would be interesting to analyse tau pathology at later time points, for example six- or 

nine-months post-injection and explore whether regions such as the thalamus and entorhinal 

cortex presented with changes in tau pathology after systemic infection. The entorhinal cortex is 

not included in this analysis as no pathology was observed in this region. In similar studies 

examining tau pathology at three months post-injection of AD-tau lysate, the entorhinal cortex 

showed pathology, but at very low levels (Narasimhan et al., 2017). If this experiment was 

continued and a six-month post-injection time point were to be examined, it is possible that overt 

entorhinal cortex pathology would be present. This is based both upon existing studies (Guo et al., 

2016; Narasimhan et al., 2017) and literature referring to the importance of hippocampal 

connections to the entorhinal cortex (Brown, Eldridge and Banks, 2016). Henderson reported 

perirhinal pathology at six months post-injection of human AD-tau lysate in C57BL/6 wild type 

mice, along with significant entorhinal cortex pathology (Henderson et al., 2020). If greater 

pathology is observed at six months post-injection this may lead to less variation between mice 

because there is a longer span of time for pathology to develop. The question arises whether in 

this future experiment, systemic infection would be induced at the original two months or novel 

five months post-injection. Chapter 6 establishes that S. typhimurium i.p. injection at two months 

post-i.c. injection does result in a significant effect. However, would that effect be lost at six 

months post-i.c. injection, or would it reveal greater differences due to an early departure in the 

rate of spread? The advantage of waiting to administer systemic infection at five months post-

injection is that the immune response is still ongoing when tissue is collected. Therefore, it would 

also examine whether infections at a later stage of pathology still induce a significant increase in 

tau burden. 

Whole brain images would enable greater analysis of separate brain regions. Regions where 

pathology was observed in a single mouse but not throughout a tau i.c. group are described in 

Chapter 6 (Figure 6-20). No overt pathology was consistently observed in any regions other than 

those described in Chapter 6. The figure adapted from Ahmed et al. (2014) shown in Chapter 1 is 

updated in Figure 8-1 to show the regions where pathology was observed and quantified, and 

also future regions of interest such as the retrosplenial cortex. 
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The primary conclusion of this thesis is that S. typhimurium infection drives propagation of 

tau to the same regions identified in previously published propagation studies. Whilst overall tau 

burden is low, S. typhimurium prompts greater AT8 immunoreactivity than observed in mice 

which received saline i.p. injection (Figure 6-13). These areas are synaptically connected to the 

hippocampus with major pathways regulating memory and learning. Future directions discussed 

below evaluate how changes to these pathways may be assessed in behavioural tests. 

One key finding from Chapter 6 is the difference in AT8-immunoreactivity between C57BL/6 

and H1Mapt-/- mice. After saline i.p. injection, both mice show similar AT8 immunoreactivity. By 

contrast, after systemic infection H1Mapt-/- mice consistently show lower levels of tau burden 

and no AT8 positive staining in the mammillary nuclei or perirhinal cortex and minimal pathology 

in the ventral hippocampus (Figure 6-12, Figure 6-13, Figure 6-16). The levels of endogenous 

tau protein in the H1Mapt-/- are lower than in C57BL/6 mice. However, it was expected that the 

AD-tau seed prep would propagate quicker in the H1Mapt-/- mice due to these mice expressing 

Figure 8-1: Evidence of tau propagation through limbic circuit 

Following quantification of AT8 immunoreactivity, regions where pathology is observed are 

shown in red. These include the corpus callosum (CC), fornix (F), hippocampus (HPC) and 

mammillary nuclei (MN). Areas of interest in future studies are highlighted in green, including but 

not limited to the retrosplenial cortex (RSC), the subiculum (SBC) and anterior thalamus (AT). 

Anterior-posterior Bregma coordinates included. Figure adapted from Ahmed et al. (2014). 
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all six isoforms of human tau. Chapter 3 and 7 demonstrate that microglial and vascular activation 

markers are significantly lower in H1Mapt-/- mice compared to C57BL/6 mice after systemic 

infection. Differences discussed in Chapter 3 were also observed in Chapter 6; following i.p. 

injection of S. typhimurium weight loss and splenomegaly was significantly dampened in H1Mapt-

/- mice when comparing the tau i.c. groups (Figure 6-3) (Figure 3-9). Therefore, it is plausible this 

lack of increased tau burden observed in H1mapt-/- mice is due to reduced inflammatory 

response. Consistent findings throughout this thesis point to the inflammatory response playing a 

significant role in the degree of tau burden observed.  

A key role of the peripheral immune system driving tau spread was further supported by 

the observations from a mouse excluded in Chapter 6, a C57BL/6 mouse which received tau i.c. 

injection followed by saline i.p. injection. This mouse showed strong AT8 immunoreactivity in the 

hippocampus and mammillary nuclei; an enlarged spleen and gradual weight loss following 

intraperitoneal injection of saline highlighted this mouse as an outlier within the saline i.p. 

injection group. Therefore, the inflammatory response in the periphery may in turn affect the 

spreading of tau through the induction of immune activation in the brain parenchyma. 

8.6 Evidence of microglial priming in mice exposed to AD-tau 

To explore if microglial activation contributes to tau burden, I quantified expression levels 

of the cellular activation markers MHCII and FcγRI. MHCII expression was not observed in any 

saline treated mice (as also reported in Chapters 3 and 4). Systemic infection caused upregulation 

of MHCII expression, particularly in the corpus callosum. Furthermore, compared to mice exposed 

to tau only, MHCII expression was six-fold higher in mice exposed to both tau and S. typhimurium, 

suggesting that the presence of tau pathology may ‘prime’ microglia (Figure 7-3). However, as 

distal regions were examined any potential priming effect was lost. These observations may 

suggest that it is the injection of brain homogenate not tau specifically which induces this change, 

however H1Mapt-/- mice do not show the same response in the corpus callosum (Figure 7-4). 

Reported studies where lysate from control brains were injected into the brain do not report tau 

pathology at six months post-injection (Guo et al., 2016). Further study with injection of control 

brain or immunodepleted tau lysate would further help to confirm this finding in this study 

specifically. 

MHCII-positive microglia were observed in the parenchyma following systemic infection, 

this was not observed in mice exposed to S. typhimurium described in Chapters 3 and 4. This was 

proposed to be partially due to changes in tissue preparation. Tissue in Chapter 3 and Chapter 4 

was perfused with saline only, whereas tissue used in Chapter 7 was perfused and fixed with 4% 
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PFA. In the ipsilateral cortical injection site, mice within the tau i.c./S. typhimurium i.p. group had 

a three-fold increase in MHCII-positive cell count compared to the mice which received vehicle 

i.c./S. typhimurium i.p. injections (Figure 7-1). S. typhimurium induces expression of MHCII on 

microglia as well as the vasculature. However, H1Mapt-/- mice overall show lower percentage 

area for MHCII expression than C57BL/6 mice. In future experiments separating the mean 

percentage area analysis for the MHCII-positive vasculature and microglia would elucidate which 

cell type is predominantly responsible for upregulation of MHCII expression. Deciphering the 

molecular and cellular pathways responsible for microglial priming observed would refine future 

avenues of research. 

FcγRI expression was quantified in Chapter 7 given the effect of systemic infection on 

expression observed in Chapter 3. Only C57BL/6 mice showed significant upregulation of FcγRI 

expression in Chapter 3 at four weeks post-S. typhimurium infection, the H1Mapt-/- mice did not 

show significant activation of this microglial marker after systemic infection. In Chapter 7, 

C57BL/6 and H1Mapt-/- mice show a similar degree of FcγRI expression at the hippocampus, 

injection site and cortex after S. typhimurium infection (Figure 7-13, Figure 7-17). The corpus 

callosum in C57BL/6 and H1Mapt-/- mice show a trend and significantly upregulated FcγRI 

expression respectively in the tau i.c./S. typhimurium i.p. group compared to the vehicle i.c./S. 

typhimurium i.p. group (Figure 7-15). The ipsilateral FcγRI expression in the corpus callosum of 

both the C57BL/6 and H1Mapt-/- tau i.c./S. typhimurium i.p. group is significantly upregulated 

compared to the contralateral hemisphere. Furthermore, when examining FcγRI expression in the 

hippocampus of C57BL/6 mice, the both tau i.c. groups show significantly increased expression 

levels in the ipsilateral versus contralateral hemisphere. This highlights the white matter tract as a 

potential region of interest to examine microglial activation in response to AT8-positive tau. These 

results also suggest that FcγRI expression is upregulated and sustained by the injection of AD-tau 

lysate. 

When examining FcγRI expression posterior to the injection site, a loss of significant effect 

is observed. S. typhimurium infection did not alter expression levels of FcγRI in the ventral 

hippocampus and mammillary nuclei of C57BL/6 or H1Mapt-/- mice (Figure 7-20, Figure 7-23). In 

the perirhinal cortex, C57BL/6 mice showed significantly upregulated FcγRI expression in the 

ipsilateral hemisphere of the tau i.c./S. typhimurium i.p. group versus the tau i.c./saline i.p. group 

(Figure 7-21). There is also significantly more tau pathology reported in the perirhinal cortex in 

the tau i.c./S. typhimurium i.p. group compared to the tau i.c./saline i.p. group in this region. This 

strongly suggests that greater propagation of tau induced by systemic infection also leads to 

greater FcγRI expression. The presence of tau pathology in the brain may induce microglial 

activation and prime these immune cells. IgG expression was observed in the brain at one-month 
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post-i.c. injection of AD-tau (Appendix A, Figure S4). Future experiments with a co-stain of FcγRI, 

IgG and laminin would highlight whether FcγRI expression is localised around blood vessels. This 

would help determine whether changes in BBB permeability changes lead to upregulation of FcγRI 

expression. This is likely a combined effect of the AT8-tau deposition and the systemic infection 

where both insults lead to an increasingly pro-inflammatory microglial population. 

These results overall suggest that MHCII upregulation occurs on microglia and vascular 

cells, particularly after systemic infection. Microglia in mice exposed to tau and S. typhimurium 

show increased levels of MHCII, possibly due to a priming effect of the tau-containing brain lysate. 

By contrast, FcγRI expression showed significant upregulation following injection of only tau 

lysate. Significant upregulation of FcγRI expression was also detected in regions distant from the 

injection site, but only in mice exposed to both tau and systemic infection. This suggests that 

microglia are activated in response to the injection of AD-tau lysate and these cells show 

exaggerated upregulation of activation markers following systemic infection. To what extent this 

finding facilitates tau propagation is still unclear. MHCII is observably lower in the H1Mapt-/- mice 

in these regions (Figure 7-6). Therefore, this suggests that the H1Mapt-/- mice are undergoing a 

dampened immune response and this in turn leads to reduced propagation of tau.  

Tau propagation to regions such as the mammillary nuclei in C57BL/6 mice poses questions 

regarding the mechanism of spread. When comparing the AT8, MHCII and FcγRI staining in the 

corpus callosum it appears as though microglia may be responsible for transporting tau pathology 

to the mammillary nuclei. The AT8-positive staining is more dot-like in the white matter tract than 

the inclusion staining in the SuMN. This suggests that the tau in the white matter tract is either 

synaptic or found in glial cells. Tau has been reported in the white matter tract of post-mortem 

AD tissue. Devos et al. (2018) extracted the frontal white matter tracts from human Braak stage 

V/VI post-mortem tissue and significant propagation of tau was observed (De Vos et al., 2018). 

The authors also reported that tau was upregulated in the synaptosome compared to the cytosol. 

This supports the long-held hypothesis that in AD there is progression of tau pathology along 

synaptic pathways, however uptake by microglia may be the primary method of spread in this in 

vivo study. 

Whilst the synaptic connections between these regions is discussed in Chapter 6, the 

results from Chapter 7 provide an indication as to a potential mechanism. A small experiment was 

carried out to examine bAT8 and MHCII staining at Bregma AP= -2.50. It is possible to observe in 

Figure 7-27, that in a mouse which has received tau i.c./S. typhimurium i.p. injections there is 

distinct overlap of AT8-positive staining and MHCII-positive microglia. This is captured at the 

dentate gyrus where tau pathology has been shown in this group with DAB 
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immunohistochemistry. The AT8 staining is clearly focused within the soma, although a small AT8-

positive signal is observed in the microglial processes. Analysis of this data set would determine if 

there is microglial uptake of tau and facilitation of spread, however greater time would be 

required to carry out analysis of the full cohort. 

In Chapter 7, cytokine expression in the brain and spleen of C57BL/6 mice after systemic 

infection was examined (Figure 7-25, Figure 7-26). Given the low levels of pathology, this study 

was not carried out on the H1Mapt-/- mice, however given more time it would be interesting to 

observe the differences in cytokine levels between the C57BL/6 and H1Mapt-/- mice. IFNγ, IL-1β 

and TNFα levels confirmed that systemic infection affects immune pathways in both the brain and 

spleen, even after four weeks post-injection. Furthermore, the detection of IFNγ supported the 

findings of MHCII on the cerebral vasculature as discussed in Chapter 7. Interestingly, no effect of 

tau i.c. injection was observed on cytokine expression, suggesting microglial and cerebral 

vasculature activation may play a prominent role in tau spread. Furthermore, that the injection of 

human lysate did not induce a pro-inflammatory response in the brain at four weeks post-

injection. IL-4 was significantly increased in the brain in tau i.c./saline i.p. mice, but levels were 

not increased after infection. Stereotaxic injections of IL-4 in the 3xTgAD mouse showed improved 

novel object recognition and significantly decreased pThr205 (AT8) and PHF-1 (Dionisio-Santos et 

al., 2020). These results highlight a potential detrimental role of Th1 cytokines in the progression 

of tau spread but requires further study. 

When comparing the findings of Chapter 6 and Chapter 7, several questions arise. Does 

systemic infection induce changes in the microglial population which then uptake tau at an 

increased rate? Or does systemic infection induce changes in the conformation or 

hyperphosphorylation of tau both native and injected, which in turn caused greater propagation 

and subsequent microglial activation? Both MHCII and FcγRI show a clear effect of microglial 

activation in response to systemic infection and FcγRI expression increase shows association with 

tau pathology; an overview of these findings is described in Figure 8-2. However, there is no 

significant effect of i.c. injection on FcγRI expression observed at the mammillary nuclei, the area 

of highest AT8-positive tau burden. This suggests that whilst microglia may facilitate the spread of 

tau, activation of microglia does not precede the deposition of tau.  
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8.7 Future directions 

  Whilst this thesis has addressed the main objective regarding whether systemic infection 

would cause increased propagation of tau pathology, many questions regarding the exact 

mechanism are left unsolved. One key limitation of this thesis is the low levels of AT8-positive tau 

detected within the brain at 3 months post-injection. Longer incubation of the tau pathology 

would potentially provide stronger association with the effects of systemic infection. Histology at 

six months or nine months post-injection would likely show greater AT8-positive tau inclusions 

Figure 8-2: Overview of findings in Chapter 6 and Chapter 7 at the corpus callosum 

These two results chapters show a clear effect of systemic infection on the spreading of tau. 

Systemic infection was also related to an increase of cytokine production, regardless of i.c. 

injection. MHCII was only expressed in the mice which received S. typhimurium i.p. injection and 

showed a main effect of i.c. injection in the corpus callosum and cortex. FcγRI also showed a main 

effect of infection and tau i.c. injection in the corpus callosum. However, FcγRI expression was 

also significantly upregulated in tau i.c./saline i.p. mice compared to vehicle i.c./saline i.p. mice. 
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within the brain. S. typhimurium injection could be administered at three months post-injection 

and then three months later the tissue could be collected for analysis. This would show whether 

there are long-term effects of systemic infection and whether this would lead to greater 

differences in pathology between tau i.c./saline i.p. and tau i.c./S. typhimurium i.p. groups. This 

would also provide the opportunity to examine multiple timepoints and demonstrate the 

progressive change caused by systemic infection.  

Based on existing publications, greater time for the propagation of tau should allow for 

inclusions to form in the hippocampus and the cortex (Henderson et al., 2020). Examining 

whether pro-inflammatory cytokine expression such as IL-1β change with the increasing build of 

tau pathology would help to detect potential pathways responsible for priming. LTP has been 

shown to be reduced by the presence of tau both in vivo and in vitro (Balschun and Rowan, 2018; 

Acquarone et al., 2019), therefore electrophysiology throughout this longer experiment would 

help to identify whether synaptic plasticity changes as a result of AT8-positive tau accumulation. 

By combining these two readouts it would provide a wealth of data regarding functional changes 

in the brain, particularly when combined with behavioural tests. However, it must be considered 

that synapse or neuronal loss is often not reported in these models (Guo et al., 2016), and with 

only a unilateral injection the contralateral hippocampus may adequately compensate in 

behavioural tasks to mask any synaptic changes. Most studies exclusively examine the effects of 

pathology and so a second insult may result in synaptic changes and subsequent behavioural 

deficits. 

 There is definite biological variability in Chapter 6 observed in AT8 immunoreactivity in 

groups which received tau i.c. injection. However, a power calculation based on the AT8 analysis 

in the hippocampus suggests that the group sizes included in Chapter 6 are adequately powered 

(n= 6, α= 0.05, Power= 90%). Results such as AT8 quantification in the hippocampus is indicative 

of histology at three months post-injection, whereby there is minimal pathology. Therefore, at six- 

or nine-months post-injection, it is likely that a larger proportion of the tau i.c./S. typhimurium i.p. 

group will present with AT8 immunoreactivity. In my current analysis, brains can be categorised 

by their absence or presence of pathology rather than degree of tau burden. Furthermore, given 

that statistical significance is observed, increasing group sizes may not be deemed appropriate 

within the scope of the 3R’s (Prescott and Lidster, 2017). However, mimicking cognitive decline in 

the AD patient in vivo is a translational readout, behavioural experiments often require a large 

group size to detect potential subtle changes in memory. If it is possible to determine effects on 

cognition, a robust behavioural test such as the MWM must be utilised, which tests the ability to 

learn and memorise spatial information (Vorhees and Williams, 2006). 
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Behavioural tests are unfortunately limited due to working within the CL2 facility. The 

behavioural tests that would provide the greatest information regarding pathology within the 

confines of the CL2 facility are the object location and recognition tests (Vogel-Ciernia, 2015). 

Lesioning the perirhinal cortex and hippocampus leads to significant deficits in both these tests in 

rats (Barker and Warburton, 2011) and mice (Cinalli et al., 2020). Given that these two regions 

show pathology deposition in Chapter 6 and have been implicated in other tau propagation 

studies (Henderson et al., 2020), it would be interesting to observe the effect of systemic 

infection when greater pathology has developed within the mouse brain. The radial arm maze is 

also a test of spatial memory feasible within the confines of the CL2 facility. This test is 

hippocampal-dependent and would assess the key regions of interest and the capacity of each 

group to retain spatial information (Mohseni, Behnam and Rafaiee, 2020). 

In this longer experiment, the use of antibodies such as HT7 and MC1 (Guo et al., 2016) 

would provide further information regarding the tau aggregates present within the brain. HT7, as 

discussed in Chapter 6 is an antibody which detects human tau but has no reactivity with murine 

tau, unlike AT8 which has immunoreactivity both with human and mouse tau. Testing both AT8 

and HT7 on brain slices which are only 10 microns apart would determine whether the results in 

Chapter 6 simply show spreading of the human tau through neurons or seeding of the native 

murine tau. Comparing these two antibodies both at the injection site and the mammillary nuclei 

would allow greater understanding of the results observed in Chapter 6. For example, does 

systemic infection induce greater propagation of the aggregated human tau or greater 

recruitment of the unfolded mouse tau? MC1 and Thioflavin S would then provide any insight 

about progressive changes in tau conformation. 

This thesis demonstrates that after tau i.c. and S. typhimurium i.p. injections, the spread of 

AT8-positive tau from the injection site results in AT8-positive tau within the mammillary nuclei. 

However, it is unclear whether this transportation of tau occurs through glial uptake or synaptic 

uptake. Isolating synaptosome fractions from the white matter tracts and utilising the AT8 HTRF 

assay (Chapter 5) would demonstrate whether AT8-positive tau is propagating through the white 

matter pathway itself. Determining if microglial uptake is occurring in the white matter tract could 

be carried out with the use of MacGreen mice (Sasmono and Williams, 2012), which express green 

fluorescent protein under the Csf1r promoter, or pharmacological inhibition of microglial 

exosomes which have previously been shown to cease tau propagation (Asai et al., 2015). 

However, these interventions have wide-reaching consequences and may not answer the specific 

research question or encourage translational research to understand human AD pathogenesis.  
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In vitro experiments utilising microfluidic chambers may allow closer analysis of the 

mechanism behind these findings (Hallinan et al., 2019). By exposing primary neurons with pro-

inflammatory mediators such as IFNγ and TNFα and specific kinase inhibitors, it will be possible to 

examine effects on posttranslational modifications, such as phosphorylation. The advantage of 

microfluidic chambers is the physical separation of synaptic connections, allowing analysis of 

individual single synaptic connections rather than the web of connections formed in a well. 

Simultaneously, culturing primary neurons with conditioned media from microglia and/or 

macrophages after exposure to S. typhimurium would allow us to examine pathways in microglia 

that are activated following the bacterial infection and how this affects neuronal activity. 

Furthermore, identification of potential kinases involved may help to further elucidate the 

mechanism behind how the response to S. typhimurium may alter tau phosphorylation. For 

example, S. typhimurium infection has been proposed to mediate MAPK signalling pathways, 

pathways which have been repeatedly highlighted for excessive activation in AD patients (Uchiya 

and Nikai, 2008). However, it must be considered that there is no evidence that the aroA mutant 

S. typhimurium strain used in this thesis (SL3261) reaches the brain. Therefore, the response 

microglia would have in vitro to the bacterium itself is likely different to the microglial response in 

vivo from potential infiltration of peripheral immune cells or cytokines. This could be mitigated by 

the addition of cytokines instead of the bacteria itself to the microglial culture such as IFNγ and 

TNFα. However, this raises the same concern as with using LPS in vivo, by painting an incomplete 

picture the effect of the cytokines may not elicit an accurate physiological response. Therefore, in 

vivo is likely to remain the most viable method of studying infection response for the research 

questions. 

The potential role of the BBB on tau propagation in Chapter 6 remains to be fully 

investigated. This thesis highlights the activation of cerebral vasculature through MHCII staining in 

Chapters 3, 4 and 7. The role of the BBB in AD is described in part in Chapter 1. One such study 

examined tight junction proteins such as Occludin and Claudin-5 (Yamazaki et al., 2019). The 

authors reported a significant decrease in these proteins in AD post-mortem tissue versus post-

mortem tissue from control subjects both with and without amyloid plaque deposition. This is one 

paper amongst a body of research highlighting how disruption in the BBB and cerebral vasculature 

either precedes or is associated with pathological hallmarks of tauopathies (Michalicova, 

Majerova and Kovac, 2020). Therefore, this work could also be combined with staining for tight 

junction proteins or vascular cell adhesion protein 1 (VCAM1) and intercellular Adhesion Molecule 

1 (ICAM1). Both of these markers are upregulated in AD patients (Janelidze et al., 2018) and in 

response to S. typhimurium in vivo (Püntener et al., 2012). Human AD post-mortem tissue has 

been shown to contain fibrinogen and IgG within the parenchyma, both classical signs of BBB 
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breakdown (Ryu and McLarnon, 2009). Furthermore, histology carried out at one-month post-

injection in this thesis show distinct IgG staining in macrophages by the dentate gyrus (Appendix 

A, Figure S4). By staining for fibrinogen, IgG, VCAM1 and ICAM1 including other markers of BBB 

breakdown this may help to understand to what extent the observations are due to increased 

infiltration of peripheral immune cells and plasma proteins (Majerova et al., 2019). 

 A tau propagation study injected lysate enriched for AD-tau from human post-mortem 

tissue into 8 month-old 5XFAD mouse model (Table 1-1) (He et al., 2018). This study 

demonstrated significant tau observed around plaques within the hippocampus and cortex and 

greater AT8-positive tau compared to the wild-type controls. Notably this tau was localised 

around plaques. This study confirms that amyloid plaque deposition likely plays a role in the 

propagation of tau. A tau propagation study could be designed where an amyloid model such as 

the APP/PS1 or 5XFAD mouse was injected with the AD-tau seed and then injected i.p. with S. 

typhimurium. When including the WT littermates, this would allow comparison of tau spread in 

the presence of amyloid plaques versus a naïve brain. However, given our understanding of how 

amyloid and now tau pathology is affected by S. typhimurium, it is to be expected that combining 

the pathology would lead to greater tau deposition and propagation. It may in fact be more novel 

to target factors with greater involvement in the immune response. 

 One such pathway of interest is the complement pathway. It has been established both in 

the P301S mouse model and post-mortem AD brain tissue that complement 1q (C1q) will 

demarcate post-synaptic densities for microglial phagocytosis through activation of complement 3 

(C3) receptor (Dejanovic et al., 2018). Furthermore, C3a receptor (C3aR) expression correlates to 

Braak stages in AD post-mortem tissue, and when deleted in PS19 mice reduced PHF1-positive tau 

pathology and pro-inflammatory cytokines (Litvinchuk et al., 2018). Establishing tau spread in a 

C3aR-/- mouse with and without systemic infection would investigate whether this receptor plays 

a role in the results observed in Chapter 6. This would also elucidate to what extent the uptake of 

tau by microglia through this mechanism facilitates spread.  

 One alternative avenue is to target microglial populations through membrane proteins such 

as colony stimulating factor 1 receptor (CSF1R). CSF1R is expressed on microglia and involved in 

the response to infection or injury through promoting proliferation and cytokine production 

(Mitrasinovic et al., 2005). A recent paper showed that P301S mice given CSF1R inhibitor (JNJ527) 

for 8 weeks within their diet showed decreased AT8 to total tau ratio and significantly improved 

performance in the rotarod test. However, these mice still performed significantly worse than 

wild-type controls (Mancuso et al., 2019). Whether CSF1R inhibitor administered throughout 

systemic infection would in turn reduce the propagation of tau is unclear. CSF1R does not simply 
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deplete microglial populations, it also depletes peripheral macrophage populations (Lei et al., 

2020). Furthermore, depletion of CSF1R signalling reduces tight junction proteins in vitro, 

suggesting a potential role in maintaining the BBB (Delaney et al., 2021). Therefore, CSF1R may be 

preferable to examine as a marker of microglial activation given that studying the effect of 

systemic infection is an overarching aim of this thesis. 

 Findings in this thesis suggest that FcγRI expression is upregulated in the presence of tau 

pathology. Furthermore, the FcγRI results in Chapter 7 highlight a potential role for effector 

function on microglial activity (Lee et al., 2016). One potential avenue is to examine the role of 

FcγRII and FcγRIII. These two Fc receptors have been shown in multiple studies to facilitate 

antibody-mediated uptake of fibrillar tau in vitro (Congdon et al., 2013; Funk et al., 2015). With Aβ 

immunotherapies, a role of Fc receptors has also been suggested. Microglia from Tg2576 mice 

bred with FcRγ-/- mice demonstrated significantly reduced uptake of the immune complexes (Das 

et al., 2003). However, knockout of the FcRγ chain causes loss of FcγRIII expression and also loss 

of FcγRI effector function. Inducing tau propagation in the FcRγ-/- mice would potentially slow the 

spread of tau following systemic infection. FcRγ-/- mice show reduced splenomegaly and lower 

serum concentrations of TNFα and IL-6 following E. coli infection through i.p. injection (Wei et al., 

2019).  

 In turn, Chapter 7 demonstrated that FcγRI expression was significantly upregulated after 

systemic infection. A study looked at FcγRI-/- mice after they received an i.v. injection of the same 

aroA mutant strain of S. typhimurium (SL3261) used in this thesis but with a lower dose of cfu 

administered (5 x105 cfu versus 106 cfu in this thesis). There was higher initial cfu in the spleen and 

liver of FcγRI-/- mice compared to wild-type mice which suggests that clearance of the bacteria is 

slower without this Fc receptor (Menager et al., 2007). Therefore, establishing the same tau 

propagation study in the FcγRI-/- mouse may highlight the importance of this Fc receptor in tau 

propagation through microglial uptake and downstream ITAM signalling pathways. In a separate 

study, deletion of the fractalkine receptor and downstream ITIM signalling increases tau 

propagation in the murine brain (Maphis et al., 2015). Therefore, reduction of ITAM signalling 

associated with FcγRI may similarly reduce the propagation of tau through amelioration of 

microglial activation. However, it must be considered that there is a clear balance between 

peripheral clearance of bacterial infection and microglia responding to aggregated protein. 

Therefore, a mouse with reduced Fc receptor function may in turn show less microglial activation 

and tau propagation, but reduced ability to clear pathogens may lead to greater release of pro-

inflammatory cytokines through other compensatory mechanisms. 
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8.8 Summary 

Targeting the propagation of tau is an important avenue for halting or slowing the cognitive 

decline of AD. Understanding the link between systemic infection and tau propagation should 

lead to greater recognition of how therapeutic intervention may be achieved. This thesis 

highlights a clear need for bridging the gap between immunology research and dementia 

research. This work demonstrates in vivo that human AD tau pathology propagates to distinct 

brain regions at a greater rate under the presence of a bacterial infection. This propagation is 

sustained and does not merely reflect acute hyperphosphorylation, rather the premature 

formation of pathology. The importance of the white matter tract cannot be understated, and 

human studies highlight the association between white matter disruption and greater tau 

pathology deposition 

Microglia appear to play a role with both MHCII and FcγRI expression altered by the 

presence of tau pathology and systemic infection. This thesis does pose many unanswered 

questions regarding the exact mechanism behind the change in spatiotemporal spread of tau. 

Future investigation into which pathways facilitate this may help to understand why tau 

propagation and systemic infection have such a profound effect on cognitive decline in AD, and 

potential therapeutic avenues. 
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Appendix A  
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A.1 Sex-dependent weight change following S. typhimurium infection in 

H1Mapt-/- mice and Mapt-/- mice 

We find no significant main effect of sex on weight change in the H1Mapt-/- mice (F(1,16)= 0.002, 

p= 0.97). H1Mapt-/- male and female mice exhibit very similar weight loss 24 hours post-S. 

typhimurium injection (Male= -6.3% ± 1.71; Female= -5.83% ± 2.68). No statistical analysis was 

carried out for the Mapt-/- cohort due to the reduced sample size of the male group but weight 

change is notably similar in the initial 24 hours post-infection (Male= 7.81% ± 0.14; Female= -

7.36% ± 4.19).  

 

 

 

 

 

Figure S1. Sex-dependent differences in weight change following S. typhimurium infection. 

A) H1Mapt-/- mice weight change following IP injection of saline or S. typhimurium. n= 5 for all 

groups. Repeated measures ANOVA with Huynh-Feldt correction and Tukey’s post-hoc test B) Mapt-

/- mice weight change following IP injection of saline or S. typhimurium. n= 4 for both female groups, 

n= 2 for both male groups. All data is presented as mean ± standard deviation (SD).   
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A.2 Linear regression of spleen weight compared to weight change 24 

hours post-infection  
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Figure S2: Weight change and spleen weight in the C57BL/6, H1Mapt-/- and Mapt-/- mice. 

Spleen weight was plotted in a linear regression model against weight change recorded one day post-

infection in S. typhimurium-treated groups of C57BL/6, H1Mapt-/- and Mapt-/- mice. The slope is 

significant at p<0.01. However the R2 value is 0.3, meaning that 70% of the variance isn’t accounted 

for by this regression. 
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A.3 Weight change post-intracerebral injection 

 

 

 

Figure S3: Weight change following i.c. injection 

Weight change following i.c. injection in C57BL/6 and H1Mapt-/- mice. All mice underwent 

stereotaxic surgery through isofluorane inhalation anaesthetic. C57BL/6 (KR) denotes mice in initial 

cohort which received ketamine rompun as the surgical anaesthesia. 
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A.4 BCA values for 0.5g prep of 10 AD post-mortem cases 

 

 

 

 

 

 

 

 

 

 

 

 

Sample minus blank mg/ml (diluted 1:10 in 
assay) 

mg/ml 

859 0.496933331 0.261191593 2.611916 
903 0.421533326 0.187385793 1.873858 
912 0.466600001 0.231499609 2.314996 
935 0.382750005 0.149422479 1.494225 
959 0.434800009 0.200371974 2.00372 
962 0.432666669 0.19828374 1.982837 
966 0.405866673 0.172050384 1.720504 
982 0.421900004 0.187744718 1.877447 
1027 0.3706 0.137529366 1.375294 
1033 0.465433329 0.230357605 2.303576 

Table S1: BCA values for AD post-mortem cases 
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A.5 IgG staining in the dentate gyrus one-month post-injection of AD-

seed prep 

 

 

  

Figure S4: IgG positive staining  

IgG staining using biotinylated anti-Mouse secondary antibody. Mouse received tau i.c. injection and 

was perfused two months post-injection. 
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A.6 Tau scoring data 

 

Figure S5: Tau scoring in the C57BL/6 mice 

Tau scoring from 0-3 in A) dorsal fornix and corpus callosum (CC) at AP= -1.00. At AP= -2.50 

tau is scored at the B) corpus callosum and C) hippocampus. At Bregma AP= -3.00, tau is scored 

at the D) corpus callosum, E) hippocampus, F) perirhinal cortex and G) mammillary nuclei. 
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Figure S6: Tau scoring in the H1Mapt-/- mice 

Tau scoring from 0-3 in A) dorsal fornix and corpus callosum (CC) at AP= -1.00. At AP= -2.50 

tau is scored at the B) corpus callosum and C) hippocampus. At Bregma AP= -3.00, tau is scored 

at the D) corpus callosum, E) hippocampus, F) perirhinal cortex and G) mammillary nuclei. 
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Appendix B  

Table 1- DNA Lysis Buffer for genotyping the H1Mapt-/- (for 25 samples) 

Starting concentration Volume (final concentration) 

1M TRIS (Fisher Scientific) 25μl (10mM) 

500mM EDTA (Fisher Scientific) 50μl (10mM) 

3M NaCl (Acros Organics) 83.3μl (100mM) 

20% SDS (Sigma) 125μl  

100 mg/ml Proteinase K (Sigma) 10μl (0.4 mg/ml) 

Make up to 2.5ml with DNase-free water 

Table 2- Line 102 PCR master mix (Genotyping) 

Reagent Volume 

REDTaq Master Mix 12.5μl 

PrP-S-J primer 1μl 

PrP-As-J primer 1μl 

Tn10 primer 2μl 

VP16 primer 2μl 

S36 primer 1μl 

DNA sample 1μl 

Make up to 25μl with DNase-free water 
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Table 3- Mapt PCR master mix (Genotyping) 

Reagent Volume 

Go Taq Master Mix 12.5μl 

MAPT WT forward primer 1μl 

MAPT WT reverse primer 1μl 

MAPT KO forward primer 1μl 

MAPT KO reverse primer 1μl 

DNA sample 1μl 

Make up to 25μl with DNase-free water 

Table 4- Line 102 PCR cycle conditions (Genotyping) 

Step Time Temperature 

1 cycle 5 minutes 94⁰C 

37 cycles 30 seconds 94⁰C 

1 minute 64⁰C 

1 minute 72⁰C 

1 cycle 10 minutes 72⁰C 

1 cycle Forever 4⁰C 

Table 5- Mapt PCR cycle conditions (Genotyping) 

Step Time Temperature 

1 cycle 5 minutes 94⁰C 

36 cycles 30 seconds 94⁰C 

30 seconds 53⁰C 

2 minutes 72⁰C 

1 cycle 10 minutes 72⁰C 

1 cycle Forever 4⁰C 
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Table 6- Standard dilutions for Gapdh and H1 qPCR (Genotyping) 

Standard DNA concentration (ng/μl) 

1 100 

1/2 50 

1/4 25 

1/8 12.5 

1/16 6.25 

Table 7- Gapdh and H1 qPCR master mix (Genotyping) 

Reagent Volume 

SYBR Green 10μl 

Forward primer 0.8μl 

Reverse primer 0.8μl 

DNase-free water  7.6μl 

DNA sample 0.8μl 

Table 8- H1 qPCR cycle conditions (Genotyping) 

Step Time Temperature 

Holding: 1 cycle 15 minutes 95⁰C 

33 cycles Denaturing 30 seconds 95⁰C 

Annealing 30 seconds 63⁰C 

Extension 90 seconds 72⁰C 

Melt Curve: 1 cycle 10 minutes 72⁰C 

10 minutes 35⁰C 

1 minute 95⁰C 

1 cycle Forever 4⁰C 
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Table 9- Gapdh qPCR cycle conditions (Genotyping) 

Step Time Temperature 

Holding: 1 cycle 2 minutes 94⁰C 

30 cycles Denaturing 1 minute 94⁰C 

Annealing 30 seconds 58⁰C 

Extension 30 seconds 72⁰C 

Melt Curve: 1 cycle 10 minutes 72⁰C 

10 minutes 35⁰C 

1 minute 95⁰C 

1 cycle Forever 4⁰C 

Table 10- Slc11a1 PCR mix 

Component Amount (μl per sample) 

DNA-free water 21.6 

Slc11a1 primer (forward) 0.6 

Slc11a1 primer (reverse) 0.6 

Gapdh primer (forward) 0.6 

Gapdh primer (reverse) 0.6 

DNA  1 

Table 11- Slc11a1 PCR cycle conditions 

Step Time Temperature 

1 cycle 3 minutes 94⁰C 

35 cycles 30 seconds 94⁰C 

1 minute 55⁰C 

1 minute 72⁰C 

1 cycle 2 minutes 72⁰C 

1 cycle Forever 4⁰C 
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Table 12- Lysis buffer for tissue homogenisation 

Reagent Stock concentration Final concentration Volume 

Tris-HCL (Fisher Scientific) 1M 25mM 1000μl 

NaCl (Fisher Scientific) 3M 150mM 2000μl 

Triton 100X (Fisher Scientific) 100% 1% 400μl 

dH20 - - 33ml 

Filter for 30ml 

PhosSTOP (Roche, UK)   3 tablets (1 

per 10ml) 

cOmplete Protease Inhibitor (Roche)   3 tablets (1 

per 10ml) 

Table 13- Migration and stacking gel recipe 

Reagent 10% Migration Gel Stacking Gel 

Acrylamide 30% (Sigma) 4.0ml 0.52ml 

TRIS 1.5M pH 8.8 (Fisher Scientific) 3.0ml - 

TRIS 0.5M pH 6.8 (Fisher Scientific) - 1.0ml 

APS (ammonium persulfate) 10% (Sigma) 120μl 40μl 

SDS (sodium dodecyl sulfate) 10% (Sigma)  120μl 40μl 

ddH2O 5.0ml 2.5ml 

TEMED (tetramethylethylenediamine) (Sigma) 12μl 4μl 

5X TBE (Tris/Borate/EDTA) buffer (1L) 

• 54g Tris Base 

• 27.5g Boric acid 

• 3.72g EDTA 

0.9% Saline (1L) 

• 9g sodium chloride  

• 1000ml dH2O 

Salmonella typhimurium (SL3261) 
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• 200μl aliquot of S. typhimurium (8e9) diluted in 1400μl 0.9% saline (Fannin, UK) = 1:8 

dilution 

• 100μl of the 1:8 dilution diluted with 900μl of saline = 1:80 dilution 

• 100μl of the 1:80 dilution diluted with 9,900μl of saline = 1:8000 dilution (106 cfu) 

Avertin (2, 2, 2-Tribromoethanol) 

Avertin concentrate (mix well): 

• 25g 2,2,2,Tribromothanol crystals 

• 15.5ml Tertiary amyl alcohol 

Anaesthetic solution: 

• 250ml 0.9% saline (Autoclaved) 

• 20ml Analytical absolute alcohol 

• 5ml of Rat Avertin Concentrate 

Mix covered in foil, stirring constantly for at least 6 hours. Filter and store at 4⁰C 

4% Paraformaldehyde 

• 40g Paraformaldehyde 

• 500ml dH2O 

• 500ml 0.2M phosphate buffer 

Store at -20⁰C 

30% sucrose 

• 3g sucrose 

• 10m 1X phosphate buffered saline 

10X Phosphate buffered saline 

• 8g NaCl 

• 0.2g KCl 

• 0.24g KH2PO4 

• 1.44g NA2PO4 

Make up to a litre in dH2O and adjust pH to 7.4 

0.2M Phosphate buffer 

• 85.8g NA2HPO4 

• 12.5g NAH2PO4 
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Make up to 2 litres in dH2O and adjust pH to 7.4 

3,3 Di-aminobenzidine (DAB) substrate solution (25mg/ml) 

• 250ml 0.1M Phosphate buffer 

• 125μl 30% H202 

• 5ml DAB 

Mowiol-DABCO mounting media 

• 4.8g Mowiol 4-88 

• 12ml Glycerol 

• 12ml dH2O 

Mix for 1 hour 

• 24ml 0.2M Tris-Cl (pH 8.5) 

Mix at 50⁰C until dissolved. Centrifuge at 5,000 rcf for 15 minutes at room temperature. Remove 

supernatant. 

• 2.5% DABCO (Merck, Germany) 

Store at -20⁰C 

50X TAE (Tris/Acetate/EDTA) buffer 

• 242g Tris Base 

• 57.1ml Acetic acid 

• 100ml 0.5M EDTA 

Make to a litre with dH2O 

4X Sample buffer 

• 4% SDS 

• 10% 2-mercaptoethanol 

• 20% Glycerol 

• 0.004% Bromophenol Blue 

• 0.125M Tris-HCl 

Store at -20⁰C 

10X Laemmli buffer 

• 30g Tris Base 

• 144g Glycine 



Appendix B 

363 

• 10g SDS 

• 1L dH2O 

Store at 4⁰C 

Transfer buffer 

• 1400ml dH2O 

• 200ml 10X laemmli buffer 

• 400ml Methanol 

Store at 4⁰C 

10X Tris buffered saline 

• 60.6g Tris Base 

• 87.6g NaCl 

• 1M HCl 

Dissolve Tris Base and NaCl in 800ml dH2O and adjust pH to 7.6 with HCl. Make up to a litre with 

dH2O, filter and store at 4⁰C. 

Gelatinised slide coating 

• 5g gelatine 

• 0.5g chromium potassium sulphate dodecahydrate 

• 1L dH20 

Filter the solution and coat the slides in solution, dry at room temperature for 48 hours. 

APS slide coating 

• 5% APS in methanol solution 

• 100% methanol 

Coat slides in the  5% APS solution followed by 100% methanol, rinse slides and dry overnight at 

37°C overnight 

.
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