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Abstract 

Within physiological ageing, recent evidence has shown that alterations to blood-brain barrier 

(BBB) permeability are potentially caused by a shift towards non-selective entry of systemic 

molecules into the brain via transcytosis. The ability to exploit this to deliver therapeutic 

molecules to target age-related changes of the BBB via lipid nanoparticles is an area of 

particular interest.  

In vivo C57BL/6 murine models were utlisied with ageing females ranging from 3-22 months in 

comparison to males at 3- and 18-months. Systemic inflammation was induced via 

lipopolysaccharide (LPS) in a separate cohort of 3- and 18-month females to investigate age-

related neuroinflammatory responses. Mice were injected intravenously with fluorescently 

labelled lipid nanoparticles (DiI-lip) and other permeability markers such as albumin and 

dextran. Brain infiltration was then tracked post-injection using optical imaging and 

histological analysis, complemented with behavioural cognitive function tests. Neurovascular 

unit (NVU) components and pro-inflammatory cytokines were also assessed for changes 

during ageing to identify possible therapeutic targets. Anti-inflammatory interleukin-1 receptor 

antagonist (Il1-ra) was conjugated to liposomes to determine if inflammatory changes in 

physiological ageing were reduced. 

Findings of the studies indicated that DiI-lip infiltration increased during ageing independent 

of sex but changes to NVU and transport mechanisms were regionally heterogenous. LPS-

induced neuroinflammation did not cause significant changes to DiI-lip infiltration or NVU 

components but did increase adhesion molecule and cytokine expression in ageing mice. 

Proteomic results uncovered multiple protein expression changes when comparing aged mice 

to LPS mice. Reduction of adhesion molecules and microglial activation were found when aged 

mice were exposed to Il1-ra liposomes, but no changes were observed in BBB permeability or 

astrocytic activation.  
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Overall, this work highlights the potential of liposomes to deliver therapeutics through the aged 

BBB, but further work needs to be completed to understand the underlying transport 

mechanisms and translatability to the human environment.  
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1.1. General Introduction 

Increased understanding of disease and developments in medical treatments over the last 

century have extended the human lifespan, especially in developed countries with the average 

life expectancy in the USA increasing from 47 to 78 years between 1900-2010 (Crimmins, 2015; 

Partridge et al., 2018).  Whilst increased lifespan has significant positive impacts upon society 

the increasing growth of the older population impacts on incidence of age-related diseases. 

Age is one of the main risk factors for dementia and other neurodegenerative disorders such 

as stroke and Parkinson’s disease and further research has correlated age-related pathological 

phenotypes with disease states (Guerreiro & Bras, 2015). Case incidences of 

neurodegenerative disorders are rapidly increasing for example, meta-analysis data suggested 

that over 130 million people will have Alzheimer’s disease (AD), the most common dementia, 

by 2050, up from 46.8 million in 2015 (Ford et al., 2018).  

Historically, research into neurodegeneration and ageing was neuro-centric and tended to 

focus on pathological changes in neuronal cells, the fundamental cell type of the brain. 

However, the brain is a complex organ both structurally and functionally, consisting of a 

plethora of cell types forming complicated connections to undertake both simultaneous and 

complex tasks. Ageing is multifaceted but can be briefly described as cognitive decline 

accompanied by structural and physiological changes resulting from numerous contributors 

such as environment and genetics (Palmer & Ousman, 2018). However, research studies have 

identified several key structural, molecular, and morphological changes which may indicate 

brain ageing such as loss of brain volume, changes to vascular morphology and loss of myelin 

sheathing (Abdelkarim et al., 2019; Peters, 2006). One of the major macrostructures within the 

brain is the blood-brain barrier (BBB) which is multifunctional; controlling the movement of 

molecules to the parenchyma as well as playing key roles in homeostasis (Knox et al., 2022). 

Figure 1-1 summarises the potential changes to the BBB and associated cells during 

physiological ageing which will be discussed in depth throughout this body of work. 
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Figure 1-1: Comparison of young and aged showing potential blood-brain barrier and associated 
cells changes. (1) Increased vascular expression of adhesion molecules and decreased tight 
junction protein expression. (2) Increased caveolae-mediate transcytosis transporting molecules 
into the brain parenchyma. (3) Pericyte degermation and loss (4) Extravasation of blood-borne 
molecules such as leukocytes, immunoglobulins, and albumin. (5) Activation of astrocytes and 
detachment of end-feet from the vasculature. (6) Activation of microglial (7) Increased microglial and 
astrocytic production of pro-inflammatory cytokines. Adapted from (Knox et al., 2022), created via 
Biorender.com 

1.2. BBB functionality  

This dynamic, multicellular barrier separates the central nervous system (CNS) from the 

peripheral circulation and protects structures against potentially harmful substances via tight 

regulation and control of molecular transport. Functionality can be subdivided into groups 

such as maintaining homeostasis, regulating neurotransmitter levels, reducing the number of 

large molecules (>400 Da) entering the brain and protecting from toxins, culminating in 

maintenance of the relative immune privilege of the brain (Kadry et al., 2020; Muldoon et al., 

2013). Previously it was believed this immune state to be absolute and that any change to BBB 

permeability would result in pathologies such as AD occurring. However, research has 

migrated towards a ‘relative’ immune state, based on the ability of the BBB to allow movement 

both in and out of the brain, dependant on molecule type under normal physiological 

functioning (Erickson & Banks, 2019). Multiple cellular components form and regulate the BBB, 

termed the neurovascular unit (NVU), and work in tandem to establish and maintain BBB 

integrity including endothelial cells, astrocytes and pericytes with support from microglia and 

neurons (Duncombe et al., 2017). 
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1.3. Transport and Cellular components of BBB. 

1.3.1. Transport mechanisms 

Paracellular transport through the BBB is restricted due to the presence of tight junctions (TJ) 

ensuring high selectivity over the movement of substances both into and from the brain 

parenchyma. However, multiple examples of transport mechanisms exist to allow the 

movement of vital molecules including simple diffusion, facilitated diffusion, efflux 

transporters and transcytosis which allow a range of molecules to pass the BBB varying from 

small lipids to larger molecules, visualised in figure 1-2. 

 
Figure 1-2: Diagrammatic representation of different blood-brain barrier transport mechanisms. 
(1) Simple diffusion of small lipid soluble molecules (2) Efflux pumps which uses ATP hydrolysis to 
move substances across the barrier (3) Facilitated transport (4) Receptor-mediated transport of 
molecules such as insulin (5) transcytosis and endocytosis which can transport plasma proteins 
such as albumin and positively charged molecules. JAM= junctional adhesion molecule. Adapted 
from  (Al-Ahmady, 2018), created via Biorender.com. 

 

1.3.2. Molecular transport through BBB 

 

Glucose is essential for energy metabolism within cellular systems of the brain and 

maintenance of glucose transport is essential to prevent energy depletion and cell death. 

Glucose transport 1, a uniporter protein, (Glut-1) is the main transporter and is located within 

the BBB as well as neurons and astrocytes (Erickson & Banks, 2019). Some studies have 

identified a reduction in glucose transport and GLUT-1 expression during ageing, correlating 
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with BBB dysfunction (Bonte et al., 2017; Jiang et al., 2013; Mooradian et al., 1991). However, 

more research is required to isolate cell-specific loss of Glut-1 in ageing as some studies 

highlight that neuronal Glut-1 is lost at a higher rate than BBB Glut-1 (Ding et al., 2013). 

The efflux protein, P-glycoprotein (P-gp) has been highlighted as a molecule affected by ageing 

in human and murine models with decreases in expression (Bors et al., 2018; Van Assema et 

al., 2012). This is important not just to ageing studies but also pathological research as the loss 

of P-gp has been linked to an inability to clear toxic amyloid beta (Aβ) from the brain, which 

contributes to further exacerbation of Alzheimer’s disease (Storck et al., 2018). Human studies 

have further noted that there are different expression level patterns in males and females, with 

males more susceptible to changes during ageing, emphasising the need to be comprehensive 

in cohort selection with a mixed-gender cohort preferable (Van Assema et al., 2012).   

Recently, research groups have expanded their techniques to study BBB leakage from the 

typical tracers, serum proteins and radioisotopes to the whole plasma proteome. Briefly, the 

plasma proteome can be defined as all the proteins which exist in blood samples and can be 

used to extract functional data regarding functional aspects of proteins through techniques 

such as mass spectrometry characterisation and protein microarray analysis (Anderson & 

Anderson, 2002). For example, Yang et al., 2020, demonstrated that ageing caused a shift in 

transport mechanism from specific ligand or receptor-mediated transport to non-specific 

caveolar transcytosis. The relevance of this is not yet fully understood but alludes to a more 

complicated transport change than previously anticipated during ageing which may explain 

how BBB leakage occurs on a molecular level. Further studies must be conducted to elucidate 

the impact of this on the ageing BBB and whether it is detrimental to normal functionality.  

1.3.3. Endothelial cells  

Brain endothelial cells (BEC) form the central cellular component of the BBB comprising 

approximately 85% of the BBB structure via a close-contact monolayer lining blood vessels 

(Montagne et al., 2017). Multiple studies have documented morphological changes in BEC’s 
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during ageing including decreased cell coverage, thickening of the basement membrane and 

micro vessel thinning (Bhat, 2015; Brown & Thore, 2011; Hunter et al., 2012). Other studies 

have found that during physiological ageing, proliferation, and migration of BEC’s is 

compromised, affecting their ability to produce a stable BBB (Murugesan et al., 2012). 

BECs are held together tightly by TJ and adheren junction proteins. Numerous studies have 

shown changes to junctional proteins claudin-5 and Zona-Occuldins-1 (Zo-1) during both 

pathological and physiological ageing and demonstrate a direct impact on BBB permeability 

and TJ maintenance during (Lv et al., 2010; Mooradian et al., 2003; Park et al., 2014). For 

example, Elahy et al., 2015, investigated the effect of physiological ageing on the BBB via 

comparison of 3 month and 24-month-old mice by looking at links between BBB dysfunction 

and peripheral and neurological inflammation. This study correlated the impact of peripheral 

inflammation, a common co-morbidity in ageing, to BBB dysfunction through increases in pro-

inflammatory tumour necrosis factor-alpha (TNF-α) which had been shown to affected TJ 

proteins such as occudin-1 and Zo-1 to suppress TJ activity, increasing BBB permeability.  

Human studies further confirmed age-dependant decreases in Zo-1 expression and 

hypothesised that this may be a driving factor in increased BBB leakage (Goodall et al., 2018). 

However, contradiction exists within the field (table 1-1) with both human and mouse studies 

also demonstrating no changes to TJ proteins in ageing, indicating that further research should 

be undertaken (Bell et al., 2010; Cummins et al., 2024; Tachibana et al., 2024).  

1.3.4. Extracellular matrix and associated structures  

The extracellular matrix (ECM) is a cellular scaffold which constitutes up to 40% of the overall 

brain volume, highlighting its importance in brain functionality (Soles et al., 2023). 

Functionally, the ECM works as a physical part of the BBB, preventing the movement of 

soluble molecules as well as having roles in synapse growth and maintenance (Lam et al., 

2019). Multiple different structures within the brain vasculature are associated with the ECM 

including the luminal glycocalyx and abluminal basement membrane (Reed et al, 2019).  
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Table 1-1: Human and mouse studies of tight junction protein changes in ageing. 

 Study Tight junction 
protein Species Age Effect 

(Goodall et al., 
2018) Zo-1 Mouse 18-24 months Decrease 

(Elahy et al., 
2015) 

Occludin 
Zo-1 Mouse 24-months Decrease 

(Stamatovic et 
al., 2019) 

Claudin 5 
Zo-1 Mouse 22-months Decrease 

(Stamatovic et 
al., 2019) 

Claudin 5 
Zo-1 Human 75 years+ Decrease 

(Mooradian et 
al., 2003) Occludin Rat 24-months Decrease 

(Tachibana et 
al., 2024) Claudin-5 Human 70 years+ No change 

(Bors et al., 
2018) TJ Rat 14-16 months Decrease 

(Cummins et 
al., 2024) 

Zo-1 
Claudin-5 
Occludin 

Mouse 24-months 
Decrease 

No change 
No change 

(Bell et al., 
2010) 

Zo-1 
Claudin-5 
Occludin 

Mouse 14-16 months 
Decrease 

No change 
Decrease 

1.3.4.1. Glycocalyx  

The glycocalyx  is a hairy layer of sugars located on the luminal side of the barrier and is thought 

to be the initial defence against movement through the BBB (Banks et al., 2021). Studies have 

shown that the glycocalyx prevents the infiltration of large molecules through the barrier whilst 

the EC’s and extravascular components decrease permeability to smaller molecules (Kutuzov 

et al., 2018). The main functionality of the glycocalyx is to regulate blood flow and maintain 

homeostasis but has also been shown to have a role in the control of shear stress and as a 

protective mechanism against oxidative stress (Machin et al., 2018; Mason McClatchey et al., 

2016). Shear stress is a tangenital force created via the flow of blood through the vessels and 

is vital for the functioning BBB, affecting multiple transport pathways and transport molecule 

properties, such as Zo-1, and therefore it crucial to control this force (Tarbell, 2010).  

The glycocalyx is comprised of multiple proteoglycans, glycoproteins and plasma proteins as 

well as 5 types of glycosaminoglycans (GAG) (Reed et al., 2019). The most abundant of these 

are Heparan Sulfates but one GAG of particular relevance to ageing is Hyaluronan (HA) which 

is believed to be crucial in regulating the permeability of the glycocalyx and also aids in ECM 
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structure stabilisation and cell-adhesion interactions (Reed et al., 2019). However, this GAG, 

as well as the glycocalyx overall, have been overlooked historically within vascular research. 

This was due to loss during standard tissue processing techniques and inability to isolate the 

structure from the abluminal side with past data predominately being extrapolated from the 

overall parenchyma (Henry & Duling, 1999; Reed et al., 2019). Limited studies have 

investigated the glycocalyx in ageing, with one immunohistochemical study noting that HA 

accumulation in cortical regions occurred in the mouse brain but did not correlate this further 

with typical BBB dysfunction markers such as increased permability (Reed et al., 2018). 

Compromised BBB glycocalyx structure and function have been shown in lacunar stroke via 

dark field imaging (Martens et al., 2013). Electron microscopy to measure glycocalyx thickness 

and immunosorbent assays to determine GAG concentrations from rat plasma determined 

that BBB dysfucntion occurs due to glycocalyx degredation after cardiac arrest in rats (Zhu et 

al., 2018). Glycocalyx damage has also been correlated with subarachnoid haemorrhage 

induced ischaemia via immunosorbent assays of glycocalyx biomarkers (Bell et al., 2017). 

More studies need to be undertaken specifically looking at BBB damage and the glycocalyx to 

determine any significant effect that glycocalyx changes may possess.  

HA has demonstrated an age-related increased expression, but this may be location-

dependent as it seems to occur more in the grey matter than in other areas (Cargill et al., 2012; 

Lindwall et al., 2013). Interestingly, Howell & Gottschall, 2012, noted that following CNS injury 

increased expression of HA and other GAG correlated with glial scarring, indicating a role of 

glial cells with glycocalyx changes. This may be of relevance to physiological ageing which also 

can display glial reactivity and morphological changes which impact the integrity of BBB 

functions (Salas et al., 2020). Another avenue of interest is the effect of the glycocalyx on BBB 

transport mechanisms, as studies have shown links to both transcytosis and endocytosis, 

through specific GAG’s acting as receptors (Joshi & Zuhorn, 2021; Leite et al., 2020). This area 

needs further investigation to elucidate relevance to ageing and also mechanisms of action 

that could be important when considering the shift to transcytosis in ageing (Yang et al., 2020).  
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The glycocalyx also has an anti-inflammatory functionality as it prevents the BEC signalling to 

pro-inflammatory adhesion molcules; intercellular adhesion molecule (ICAM-1) and vascular 

cell adhesion molecule (VCAM-1) (Schnoor et al., 2015). Conversley, increased thickness of 

the glycocalyx with ageing has been demonstrated in mice and humans and reported to 

correlate with the increased ability of red blood cells to penetrate the structure (Machin et al., 

2018). However, to date, this has only been demosntrated in peripheral pulmonary and cardiac 

vasculature so relevance to the BBB needs determining. The glycocalyx coverage of brain EC’s  

is significantly increased compared to peripheral structures and increased thickness would 

suggest lower adhesion molcule effects contradicting BBB specific findings (Ando et al., 2018).  

1.3.4.2. Basement membrane 

The basement membrane (BM) is also a crucial part of the BBB and is a filter meshwork 

surrounding the EC’s and pericytes and is attached to the astrocytic end-feet via adhesion 

molecules (Morris et al., 2014). This structure, consisting of molecules such as collagen IV, 

fibronectin, laminin and some GAG’s, is key for physically supporting the overall BBB structure 

and is also important for cell adhesion (Reed et al., 2019). 

There are studies of the effect of ageing on the BM but in 30 month-old mice compared to 6 

month-old mice, it has been found to increase in thickness which may be exacerbated by lipid 

droplets (Ceafalan et al., 2019). This study hypothesised that the inclusion of lipid droplets 

indicates an imbalance in lipid metabolism, which may be involved in neurodegeneration via 

impact on abnormal protein production. Multiple studies have investigated BM changes in 

human ageing and again identified increased thickness as well as increased stiffness which 

may be related to an accumulation of Collagen IV and laminins (Candiello et al., 2010; 

Uspenskaia et al., 2004) 

1.3.6. Astrocytes  

Astrocytes are the most abundant glial cell within the parenchyma and were considered as 

passive, functioning to support neuronal cells (Sadick & Liddelow, 2019). However, research 
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has discovered a plethora of functions such as maintenance of BBB homeostasis, the tripartite 

synapse and permeability of BBB (Garwood et al., 2017). Astrocytes are a heterogeneous cell 

type consisting of morphologically and functionally diverse sub-groups; including 

protoplasmic astrocytes in the grey matter, fibrous astrocytes in the white matter and 

interlaminar astrocytes which differ in function based on location (Garwood et al., 2017). Thus, 

when studying the cell type, consideration must be made that any expression changes in one 

region of the brain may not be consistent throughout the parenchyma (Rodríguez et al., 2014).  

Astrocytic end-feet interact with BEC’s contributing to the development, maintenance and 

regulation of the BBB (Palmer & Ousman, 2018). Under normal physiological conditions, 

astrocytes secrete the glycoprotein Sonic Hedgehog (Shh) which is then received by BEC’s to 

aid BBB formation by upregulating TJ proteins from the development stage onwards (Xing et al., 

2020). This is vital to maintaining BBB integrity as a lack of Shh has been shown to increase 

BBB permeability and compromise cell phenotypes, although no studies have currently found 

a link between this and physiological ageing (Alvarez et al., 2011). Ion and water homeostasis 

within the BBB are also controlled by perivascular astrocyte channels Kir4.1 and aquaporin-4 

(Aqp4) (Abbott et al., 2006). Preliminary studies have noted that in an  AD murine model, Aqp4 

expression increased in ageing independent of pathology in the Cornu Ammonis (CA1) region 

which has been hypothesised to compensate for functional changes in astrocytes during the 

ageing process which agrees with findings from a human post-mortem cohort (Bronzuoli et al., 

2019; Hoozemans et al., 2011). Furthermore, a study found a loss of Aqp4 perivascular 

localisation in an ageing human cohort, irrespective of pathology, which they hypothesised 

may result in brain vulnerability to neurodegeneration (Zeppenfeld et al., 2017).  

Astrocytes play a role in regulating leukocyte infiltration into the brain, as astrocytic cytokines 

control key molecules such as VCAM-1 (Lécuyer et al., 2016). Secretory factors, such as glial-

derived neurotrophic factor (GDNF) have been shown to modulate functionality of BBB via 

increased expression of claudin-5 and subsequently increasing the trans-endothelial 

electrical resistance (TEER) of the barrier (Igarashi et al., 1999). Astrocytes also have 
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significant vascular functions in neurovascular coupling (mediating communication between 

BEC’s and neurons) and the regulation of blood flow, via changes in intracellular Ca2+ causing 

the release of vasoactive substances (Goodall et al., 2018).  

Recently, more studies have been published specifically investigating physiological ageing and 

astrocytic function at the BBB. Evidence shows that expression of Glial Fibriallry Acidic Protein 

(GFAP) increases in ageing correlating with increased BBB permeability in both humans 

(Goodall et al., 2018; Verkerke et al., 2021) and rodents (Janota et al., 2015; Rodríguez et al., 

2014; Verkerke et al., 2021).  Changes to astrocytic signalling of transforming growth factor- 

Beta (TGFβ) may also occur during ageing which has been identified as a positive feedback 

pathway, increasing BBB permeability and infiltration of large molecules, such as albumin into 

the parenchyma (Verkerke et al., 2021). However, the highly heterogeneous population and 

different expression profiles of astrocytes make a comparison between studies difficult unless 

investigating the same brain architecture coupled with similar techniques/markers. Rodríguez 

et al., 2014, demonstrated this by investigating different astrocyte markers; GFAP, S100 

calcium-binding protein B  (S100β) and glutamate synthase in 3 brain regions, and found 

different patterns of expression in age with each combination. This has resulted in some 

investigations finding no significant alteration of the BBB due to astrocytes in the context of 

ageing (Janota et al., 2015; Mackic et al., 2002).  

1.3.7. Pericytes 

Pericytes are small mural cells intricately linked with the BBB and are the third component of 

the NVU, associated with all stages of BBB development, from embryogenesis and through 

ageing (Bennett & Kim, 2021). Historically, these cells were unrepresented within the literature 

and have only recently emerged as a key player in the NVU with implications in both healthy 

and diseased brains. Within the healthy brain vasculature, pericytes have multiple roles such 

as mediating the immune response through the release of cytokines such as TNF-α and 

controlling cerebral blood flow, through the expression of contractile proteins such as α-

smooth muscle actin (Brown et al., 2019; Pieper et al., 2014). Interestingly, pericytes have also 
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been shown to have pluripotent ability and under the correct circumstances, can be 

transformed into neuronal and vascular cell types (Nakagomi et al., 2015; Nakata et al., 2017). 

This ability may have far-reaching consequences in NVU research, especially in in vitro BBB 

modelling where multicellular systems, including pericytes, are required to attempt to 

physiologically recreate the BBB environment.  

Within the BBB system, pericytes possess multiple functions that aid in the maintenance of 

barrier integrity and functionality and form connections with BEC’s via lock and socket 

junctions (Bennett & Kim, 2021). Shimizu et al., 2012 demonstrated pericytes ability to 

maintain the BBB integrity and increase TEER by releasing factors such as GDNF to increase 

the expression of existing TJ proteins and impact overall TJ number (Armulik et al., 2010). 

Further studies have shown the plethora of roles pericytes perform including toxin clearance, 

managing basal lamina protein levels, and also preventing unwanted leukocyte infiltration 

(Bennett & Kim, 2021; Daneman, Zhou, Kebede, et al., 2010; Winkler et al., 2011). Pericyte-

astrocyte interactions are also key within the NVU in order to maintain functionality and this 

involves signalling which allows for polarisation of both the astrocytic end-feet and in more 

detail, AQP4, indicating a  key role for pericytes in maintaining homeostasis of the BBB (Armulik 

et al., 2010; Gundersen et al., 2014).  

Age-dependant changes are documented throughout the literature such as ultrastructural 

alterations, including the appearance of lipofuscin inclusions and increased mitochondria as 

well as pericyte loss from the BBB (Bennett & Kim, 2021; Hughes et al., 2006; Peters et al., 

1991). The loss of pericytes has been shown in studies utilising genetic knockdown of platelet-

derived growth factor receptor-β (PDGFRβ) signalling, which resulted in increased BBB 

permeability to serum proteins and a reduction in microcirculation (Bell et al., 2010; 

Nikolakopoulou et al., 2017). These findings preceded any inflammation or 

neurodegeneration, indicating that this is pericyte-specific as opposed to a consequence of 

other pathologies. This finding has been replicated in both rodent and human studies which 

have found an age-dependent loss of pericytes resulting in BBB dysfunction and also effecting 
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the transport mechanisms within the BBB (Daneman, Zhou, Kebede, et al., 2010; Erdö et al., 

2017; Yang et al., 2020). Other studies have partially agreed with this result, such as Montagne 

et al., 2015, who observed that age-related pericyte loss in human subjects was seen in the 

hippocampus, hypothesising that this is the initial brain region to be affected by ageing. Other 

studies did not find pericyte loss but instead a detachment and migration of pericytes away 

from BEC’s, again resulting in BBB dysfunction and permeability (Hughes et al., 2006). 

However, alternative studies have observed no change in pericyte number or coverage during 

ageing (Bors et al., 2018; Goodall et al., 2018; Ximerakis et al., 2019) and one study noted 

increased pericyte number through ageing (Peinado et al., 1998). Relevance of these historical 

findings may be diminished as it relied upon ultrastructural identification of pericytes instead 

of immunohistochemical or protein analysis, potentially leading to false positive or negative 

pericytic identification. Furthermore, the study focused exclusively on the parietal cortex 

which does not encapsulate age-vulnerable regions such as the hippocampus and frontal 

cortex.  

Regional heterogeneity, in terms of brain and vasculature location may contribute to the 

variation in results, with some areas appearing to have increased vulnerability, such as the 

hippocampus, to age then others (Brown et al., 2019; Montagne et al., 2015; Peinado et al., 

1998). Another consideration is sample size, as some studies have low participant numbers, 

especially in human studies, so expansion of groups may conclude with different results 

(Goodall et al., 2018).  

Recently, another hypothesis has been postulated regarding age-related pericyte shifting to a 

hypertrophic PDGRFβ+ predominant phenotype change, correlating with reductions in 

claudin-5, TJ breakdown and increased BBB permeability (Bohannon et al., 2020). This is a 

similar theory to the astrocytic and microglial activation changes and may be more relevant to 

physiological ageing then complete pericyte loss.  
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1.4. BBB dysfunction and disruption 

BBB dysfunction and disruption has been characterised by the infiltration of identifiable large 

molecules into the parenchyma, which ordinarily would not be able to pass (Erickson et al., 

2020). These are markers such as immunoglobulin G (IgG), fibrinogen and albumin as well as 

tracers such as Evans blue dye (EBD), sodium fluorescein and dextran (Ahishali & Kaya, 2020). 

Increased infiltration of such molecules through the BBB into the brain have been shown not 

only to be valuable as markers of dysfunctional permeability but also directly contributing to 

an increase in molecules which can cause pathology hallmarking neurodegeneration 

(Petersen et al., 2018). For example, accumulations of fibrinogen have been known to form 

fibrin clots which have been linked to AD pathology (Paul et al., 2007). Studies have further 

suggested that BBB dysfunction could possibly be linked to cognitive decline in an age-

dependant manner, further highlighting the importance of understanding BBB changes in 

physiological ageing.(Montagne et al., 2015; Verheggen et al, et al., 2020). Most studies have 

only utilised molecules as markers of BBB disruption, not progressing further into the 

mechanistic properties behind this shift to a dysfunctional state. Limited studies have 

identified possible causative mechanisms of infiltration such as the loss of Sirtuin 1 (Sirt1) 

which may contribute to tight junction disassembly or via a change in transport mechanisms 

towards caveolar transcytosis (Stamatovic et al., 2019; Yang et al., 2020). Transcytosis is one 

of numerous intracellular transport mechanisms in the BBB and can utilise 3 different 

endocytic vesicles to mediate transport; clathrin-coated pits, the type involved in most normal 

receptor-mediated transcytosis (RMT), macropinocytotic vesicles and caveolar (Mayor & 

Pagano, 2007; Pulgar, 2019).   

Regarding physiological ageing, there is conflicting evidence which exists regarding the 

occurrence of BBB leakage and questioning the correlation between BBB disruption and 

dysfunction of the NVU. Numerous studies have noted a significant correlation between age 

and parenchymal infiltration in mice (Elahy et al., 2015; Stamatovic et al., 2019), rats (Bors et 

al., 2018; Salahuddin et al., 1988) and humans (Stamatovic et al., 2019). Alternatively, other 
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studies have found no age-dependant leakage in both murine and rat models (Banks et al., 

2000; Stewart et al., 1987). Of note is a comparative study between mice and humans, which 

demonstrated in the murine model an age-dependant increase of infiltration, but the human 

cohort demonstrated no correlation (Goodall et al., 2018). Both technical and methodological 

differences found within studies investigating permeability and BBB dysfunction demonstrates 

the complexities in the field and that further research is required before any definite 

conclusions are drawn on the relevance of permeability changes to BBB. For example, studies 

have chosen to inject dyes in vivo or via immunohistochemical staining on post-mortem tissue 

which have resulted in varied findings (Goodall et al., 2018; Stamatovic et al., 2019). 

Furthermore, when comparing findings utilising similar methodologies, the analysis type has 

to be considered as this can change the interpretations of results, this is demonstrated when 

2D and 3D analysis of transmission electron microscopy (TEM) images resulted in different 

findings for ultrastructural changes of the ageing BBB (Frías-Anaya et al., 2021). 

Modern imaging techniques, such as dynamic contrast-enhanced magnetic resonance 

imaging (DCE-MRI) are also being utilised to examine BBB leakage, especially in humans, 

which allows investigations into living cohorts during the ageing process (Banks et al., 2021). 

But even using advanced technology conflicting data has been uncovered, for example, 

Montagne et al., 2015, observed a correlation between age and infiltration specifically in the 

hippocampus and postulated that may be the most susceptible region to BBB damage in 

ageing. Whilst Verheggen et al., 2020, disagreed and instead noted that there was an age-

dependant leakage through the BBB into the grey and white matter in comparison to 

hippocampal regions.  

1.5. Inflammation in the ageing brain  

Historically, the healthy CNS had been described as ‘immune privileged’ due to the BBB and 

other structures preventing peripheral inflammatory molecules from entering (Louveau et al., 

2015). This meant that it was assumed that during physiological ageing, there was not a 

specific immune and inflammatory response. However, as ageing is a major factor in most 



16 
 

neurodegenerative diseases, it was prudent to investigate possible low-grade systemic 

inflammation present prior to pathology.  Franceschi et al., 2007, coined the phrase 

‘inflammageing’ and described this as the changes to composition of anti- and pro-

inflammatory networks during physiological ageing. Subsequently, many cellular types have 

been identified as brain associated inflammatory cells such as microglia, astrocytes, 

macrophages, dendritic cells, monocytes, neutrophils and natural T-killer cells (Costa et al., 

2021). Most of these cells are not normally present in large quantities within the healthy young 

brain, with microglia the largest population, and instead are predominantly within the 

circulating vasculature (Yang et al., 2010). Another key aspect of inflammageing is the 

presence of cytokines; specific pleiotropic proteins which are secreted by CNS cells and can 

act as either pro- or anti-inflammatory substances (Sartori et al., 2012). These can be divided 

into different sub-families such as interleukins (IL), interferons and tumour necrosis factor 

(TNF) which are all functionally distinct but work in combination to produce inflammatory 

effects (Konsman, 2022).  

1.5.1. Anti-inflammatory profile  

Inflammation inherently is not a negative biological response and in non-pathological 

conditions many components of the inflammatory response are required for maintaining 

homeostasis, remodelling the ECM and synaptic plasticity (Finger et al., 2021; Sochocka et al., 

2017). 

1.5.1.1. Anti-inflammatory Microglia 

Microglia are the resident macrophage in the brain and therefore act to phagocytose cell debris 

and remove toxic materials such as amyloid beta (Richter et al., 2020). It has also been 

demonstrated that the presence of microglia is crucial for maintaining synaptic plasticity 

across the lifespan as depletion of the cell type induced a reduction in synaptic proteins 

leading to a decrease in glutamatergic synapses (Parkhurst et al., 2013). This study further 

linked ageing to a decrease in memory and learning, showing an important link between the 
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immune cell and cognitive abilities and proposed that this may be linked to the microglial 

production of BDNF (brain-derived neurotrophic factor).  

1.5.1.2. Neuroprotective Cytokines 

Anti-inflammatory cytokines are also present within the brain such as IL-4, IL-10 and TFG-β 

which act to reduce any inflammation present in the CNS (Sochocka et al., 2017). 

IL-10 is one of the more abundant anti-inflammatory cytokines due to its origin in multiple cell 

types such as leukocytes, microglia, dendritic cells among others, also pointing towards its 

importance (De Malefyt et al., 1991; Saraiva et al., 2009).  This cytokine is multi-functional and 

affects the inflammatory profile by not only reducing expression of pro-inflammatory 

cytokines, such as IL-6, and inhibits the expression of major histocompatibility complex II 

(MHC-II) which reduced antigen presentation (De Malefyt et al., 1991; Porro et al., 2020). IL-10 

also works bifunctionally to reduce TNF-α as it not only reduces expression of the cytokine but 

has been shown in the cardiovascular system to reduce reactive oxygen species (ROS) 

production leading to TNF- α antagonism (Dhingra et al., 2009; Zemse et al., 2010). Within both 

human and mouse ageing, it has been shown that IL-10 polymorphisms correlate with 

increased lifespan  (Cederholm et al., 2007; Dagdeviren et al., 2017; Dhingra et al., 2009). 

However, there has been some contradictions within the clinical setting which suggest that IL-

10 is not related to longevity, and this may be linked to differences in populations and sex 

(Khabour & Barnawi, 2010; Wang et al., 2001).  

1.5.1.3. Neuroprotective Interleukin 1-beta (IL-1β) 

Although primarily associated with pro-inflammatory responses, low, almost undetectable, 

levels of IL-1β have been essential to the normal functioning of multiple homeostatic systems 

such as sleep, synaptic plasticity and appetite (Bourgognon & Cavanagh, 2020; del Rey et al., 

2013; Liu & Quan, 2018). The existence of low-level IL-1β is shown to also be of importance in 

hippocampal memory and learning as the knock-out of the cytokine in 3-month mice 

demonstrated a significant drop in abilities on behaviour tasks such as water maze test, fear 
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conditioning and olfactory discrimination tests (Avital et al., 2003; Cibelli et al., 2010; Takemiya 

et al., 2017). Further studies also note that IL-1β is required for long term potentiation (LTP), 

but again used young in vivo models so is not reflective of the aged phenotype (del Rey et al., 

2013). Other tests contradict some of these findings, although still show some cognitive 

decline with reduced IL-1β, as there was no change in fear conditioned responses or visual 

memory suggesting a region-specific requirement of the cytokine in young physiological 

conditions (Avital et al., 2003; Gonzalez et al., 2009).  

1.5.2. Pro-inflammatory profile in ageing  

As the brain physiologically ages, the phenotype of many cells transform from an anti-

inflammatory state to a pro-inflammatory state including morphological and functional 

changes which effect the overall system with the brain and BBB. Many immune cell types are 

affected by ageing such as macrophages, neutrophils and dendritic cells but the most 

associated cells with inflammaging are microglia and the effect of increase cytokine burden 

(Finger et al., 2021).  

1.5.2.1. Pro-inflammatory Cytokines  

Within both human and in vivo studies, it has been shown that age correlated with an increase 

in the major pro-inflammatory cytokines above young physiological levels; IL-1β, TNF-α and IL-

6 (Álvarez-Rodríguez et al., 2012; Lindbergh et al., 2020; Porcher et al., 2021; Ye & Johnson, 

1999). There is a gap within the research in physiological ageing, as many of the studies 

investigate the expression of the cytokine and not the effect of the molecule on the brain and 

BBB. This may be because of the highly characterised effects of cytokines in either systemic 

infection-based models or neurodegeneration.  

1.5.2.1.1. Pro-inflammatory TNF-α 

TNF-α has been shown in relation to the BBB to activate the NF-Kβ pathway, which is important 

in further downstream induction of pro-inflammatory molecules and has also been linked to a 

decrease in claudin-5 expression in vivo during stroke or over-expression of TNF-α (Aslam et 
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al., 2012; Chen et al., 2019; Cheng et al., 2018). The effects on in vivo stroke models were 

confirmed in vitro via culturing of BBB with as specific blocker of TNF-α (infliximab) which 

resulted in the reduction of BBB permeability via TEER measurements (Chen et al., 2019). 

Ageing has been shown to link the increase of TNF-α with decreases in TJ proteins, especially 

occludin, suggesting that the paracellular transport is targeted by this cytokine (Elahy et al., 

2015b). Further in vitro studies have linked increased TNF-α production with an increase in 

matrix metalloproteinase-9 (MMP-9) which is again linked to the disruption of the BBB (Barr et 

al., 2010; wei Ding et al., 2019). This is also important translationally as it has been shown that 

the inhibition of MMP-9 can decrease cognitive impairment in 14-month mice and may hint 

that the inhibition of TNF-α would be an upstream director of this effect (Ji et al., 2023).  

1.5.2.1.2. Pro-inflammatory IL-1β 

IL-1β is also a major inflammatory cytokine which is upregulated during brain ageing, 

especially in the hippocampal region (Porcher et al., 2021). The increased expression of IL-1β 

affects the BBB through a variety of mechanisms which either increase BBB permeability or 

activate neuroinflammatory pathways, such as Nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kb) (Yang et al., 2022). Firstly. ICAM-1, TNF-α and IL-6 levels were 

increased in age with higher IL-1β levels  (Labus et al., 2014; Starr et al., 2015). In vitro this 

resulted in decreased TEER and Zo-1 indicating dysfunction in BBB and increased permeability 

to leukocytes within the brain. Increased ICAM-1 has been observed during ageing in the 

human cortex but is questioned within the in vivo setting as studies note no increase in either 

ICAM-1 or similar VCAM-1 (Elahy et al., 2015; Miguel-Hidalgo et al., 2007).  

The other major mechanism for BBB disruption is the activation of NF-kb pathway in astrocytes 

via the upregulation of hypoxia inducible factor 1 (HIF-1) and vascular endothelial growth factor 

A (VEGF-A) (Argaw et al., 2006). Older studies suggest that the activation of this pathway 

causes an increase in ICAM-1 and VCAM-1 but again is contradicted in later literatures (Elahy 

et al., 2015; Moynagh et al., 1994). The production and maintenance of the BBB by astrocytes 

is also inhibited by the presence of IL-1β as it downregulates sonic hedgehog (SHH) (Wang et 
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al., 2021; Wang et al., 2014). This occurs as the downstream transcription factor, Zinc finger 

protein (Gli-1) is curial to the expression of TJ proteins such as zo-1 and occludin, therefore 

affecting the paracellular transport pathway (Xia et al., 2013). Further qualifying the 

importance of SHH in BBB functionality, in a stroke mice model the introduction of SHH 

reduced BBB leakage and increased expression of Zo-1 (Xia et al., 2013). However, 

contradictory to this, Wang et al., 2021, propose that the transcytosis pathway is preferentially 

affected as albumin infiltrated the murine brain whilst biocytin-tetramethyl rhodamine, 

evaluating paracellular transport, was unchanged. This may link to ageing as it is noted that 

transcytosis is a major upregulated transport pathway in older mice (Yang et al., 2020).    

1.5.2.1.3. Pro-inflammatory IL-6 

The upregulation of IL-6 is also noted within ageing and can lead to increased inflammatory 

profile like the actions of TNF-α and IL-1β (Porcher et al., 2021; Tyrrell et al., 2020). It has been 

documented that Il-6 decreases BBB permeability via reduction in TJ protein expression and 

that in the ovine foetus, introduction of IL-6 antagonist reversed these effects and restored BBB 

functionality (Zhang et al., 2015). IL-6 also acts upon astrocytes in a hypertriglyceridemia 

model noting a decrease in Aqp4 which was reversed with increased IL-10 (Barabási et al., 

2023). It is suggested that IL-6 increases neuroinflammation through activation of signal 

transducer and activator of transcription 3 (STAT3) in both neurons and microglia (Hu et al., 

2020).  

1.5.2.2. Pro-inflammatory Microglia  

Within the field, it has been proposed that microglia are particularly affected by physiological 

ageing (Tay et al., 2017).  This has recently been demonstrated in INK-ATTAC mice, where drug-

induced elimination of senescent cells resulted in a decrease in mainly the microglia 

population, leading to an increase in cognitive ability and reduction in cytokines (Ogrodnik, 

2021). It was historically accepted that in the presence of inflammation, microglia switch from 

a resting ‘M1’ phenotype to an active ‘M2’ phenotype, but this has been challenged and seen 
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as an oversimplification of the complex changes to characteristic of the brain immune cell and 

its effects on the overall brain macrosystem.  

Morphologically, it has been established that in ageing a shift to a dystrophic model occurs 

including an increased soma and decreased branch length to form an ameboid morphology 

(Latham et al., 2023). However, this may be a regional effect as Hart et al., 2012 established 

that white matter microglia had a more pronounced change then grey matter cells,  shown with 

a significant increase in cluster of differentiation (CD) CD11 and CD68.  This may be linked to 

the inherent heterogenous density of microglia populations as it is documented that the 

hippocampus has higher levels of the cell compared to the cerebellum (Lawson et al., 1990; 

Tan et al., 2019). Other studies have shown that in aged mice inflammation causes the distinct 

spatial populations to move closer together and be less dynamic and therefore slower in 

immune surveillance than in younger groups (Damani et al., 2011). This has the consequence 

of reduction in function when exposed to inflammatory stimuli and further damage accruing. 

Specific microglial sub-populations, such as lipid-droplet accumulating microglia (LDAM) are 

increased during ageing and present with differing transcriptomic profiles to other microglia; 

with a decrease in phagocytosis but increase in cytokine and ROS production leading to 

increasing inflammation (Marschallinger et al., 2020). This highlights the complex effects of 

age on microglia and the importance of investigating sub-populations and their variability for 

downstream therapeutic targeting.  

Complicating the translatability of in vivo studies to the clinical setting is the variation between 

aged microglia morphology, with mouse and non-human primates displaying the discussed 

dystrophic model but in aged humans, this shift is not observed unless under neurogenerative 

conditions (Choi et al., 2022; Rodríguez-Callejas et al., 2019; Shahidehpour et al., 2021; 

Shobin et al., 2017). The changes in morphology also correlate with an increased production 

of pro-inflammatory cytokines, such as TNF-α, IL-1β and IL-6 during ageing is well documented 

within the murine model (Cyr & de Rivero Vaccari, 2023; Garner et al., 2018; Sierra et al., 2007).  
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Microglia activation also has deleterious effects on other cells within the parenchyma such as 

astrocytes and neurons, via acting on the important myelin sheath of neurons (Latham et al., 

2023). These effects begin at differentiation of oligodendrocyte precursor cells (OPC’s), which 

transform into oligodendrocytes that are the main producers of myelin for neurons (Kuhn et al., 

2019). During ageing, it has been shown that microglia activation disrupts this process by 

inhibiting OPC differentiation leading to a decrease in myelin production (Baror et al., 2019; 

Luan et al., 2021). This has been shown to be damaging to neuronal function in disease states 

such as multiple sclerosis (Windener et al., 2024). The signal transducer and activator of 

transcription 1 (STAT1) pathway has been a proposed mechanisms behind these changes as 

this is upregulated in aged microglia and shown to contribute to the OPC differentiation 

inhibition in traumatic brain injury (Luan et al., 2021; Y. Zhao et al., 2022). An alternative theory 

links the production of transforming growth factor-beta (TGF-β) which is expressed by aged 

microglia and has been shown to inhibit OPC differentiation in vitro (Baror et al., 2019). Another 

consequence of myelin dysfunction is the increased accumulation of myelin debris during 

ageing, which is then phagocytosed by microglia (Xu et al., 2023). Safaiyan et al., 2016 

demonstrated in the white matter of 24-month mice, an accumulation of the myelin-debris 

within the microglia producing lysosomal inclusions. Within neurodegeneration, it is known 

that these inclusions cause further microglial senescence exacerbating the cellular 

inflammatory phenotype and increasing the burden upon the wider parenchyma (Latham et 

al., 2023; Rim et al., 2024).  

There are multiple signalling pathways affected by ageing that link to the increased 

inflammatory phenotype of microglia. One of these is the decreased expression of CX3C Motif 

Chemokine Receptor 1 (CX3CL1) chemokine which binds to the CX3CR1 exclusively in the 

microglia within the CNS (Mecca et al., 2018). When young mice are CX3CL1 deficient, the 

microglial transcriptome resembles that of the ageing phenotype, including increased 

production of IL-1β, suggesting that it is very important in the overall shift to inflammation 

(Gyoneva et al., 2019). This downregulation is also observed in a BALB/C mouse model of 

https://uk.search.yahoo.com/search;_ylt=Awr.rF277KxmkQQAL3kM34lQ;_ylu=Y29sbwNpcjIEcG9zAzEEdnRpZAMEc2VjA3Fydw--?fr=mcafee&type=E211GB384G0&p=exacerbating&fr2=12642
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inflammation comparing age with lipopolysaccharide (LPS) injection where they observed a 

downregulation in the aged controls as well as the LPS condition correlating with a decrease 

in anti-inflammatory TGFβ (Wynne et al., 2010).  Another potential mechanism for the ageing 

microglial phenotype is the decrease in CD200 receptor which has been found to be an 

important regulator in maintaining the microglial resting state (Latham et al., 2023; Lyons et 

al., 2007). During stress and ageing in rats, it has been shown in vivo and in vitro that decreases 

in the receptor correlated to the activation of microglia and increased production of cytokines 

TNF-α and IL-1β and the decrease in neuroprotective IL-4 (Frank et al., 2018; Lyons et al., 2007; 

Oria et al., 2018). Further increases in IL-1β production by microglia may be caused by the age-

related reduction of SIRT1, as in knockout mice, the removal of the protein activated the NF-kB 

pathway and exacerbated cognitive decline (Cho et al., 2015).  

Dysregulation of iron homeostasis may also be a potential mechanism for the activation of 

microglia within ageing (Levi et al., 2024). It has been shown in vitro that both IL-6 and TNF-α 

cause the induction of divalent iron transporter 1 (DMT1), an iron influx transporter, causing 

the accumulation of iron within the microglia (Rathore et al., 2012; Urrutia et al., 2013; Zhou et 

al., 2017). Within AD human samples and in vivo models, increased microglial iron was linked 

to increased ionized calcium binding adapter molecule 1(Iba-1) and decreased 

transmembrane protein expression linked with Aβ plaque formation and increased 

neurodegeneration (Kenkhuis et al., 2021; McIntosh et al., 2019). Interestingly, the same group 

found in induced pluripotent stem cell (iPSC) derived microglia, that the iron accumulation did 

not affect the inflammatory status of the microglia but did induce oxidative stress, leading to 

further neuroinflammation in the surrounding brain tissue (Kenkhuis et al., 2022). Within 

ageing marmosets, it has been shown that the increase in iron accumulation may be due to 

the increase in ferratin within the microglia but interestingly, the amount of ferratin-positive 

microglia within the aged hippocampus and cortex decreased (Rodríguez-Callejas et al., 

2019). Iron accumulation is linked to increased BBB permeability as increased iron deposits 

lead to senescence of BEC’s preceding decreases in cognitive ability (Noh et al., 2023). 
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Interestingly, a sex-dependent effect of iron accumulation was observed in the study, with 

females more vulnerable to dysfunction then males, further indicating that sex differences 

contribute to BBB variation in ageing.  

1.6. Methodological approaches to investigating age-related BBB changes 

 

Multiple methodologies can be utilised to study the BBB in ageing dependent investigations 

based upon the aims and predicted outcomes of the work, for example, changes to protein 

localisation and morphology can be investigated via immunohistochemical staining but other 

techniques such as western blotting may be more suitable for expression change aims. Various 

approaches can be implemented including in vitro, and in vivo approaches with a range of 

techniques as detailed in table 1-2 along with postmortem, human tissue analysis and clinical 

imaging studies in humans are crucial to validate the translation potential for preclinical 

observations. Table 1-2 chronologically summarises current literature, demonstrating a 

historical preference for post-mortem studies, but as technology has advanced, molecular 

and imaging techniques have been applied.  

Human approaches are considered the gold standard to investigate the BBB in ageing and 

many post-mortem and neuroimaging studies have implemented human modelling to 

enhance the field (Chiu et al., 2015; Montagne et al., 2015; Shao et al., 2020). However, 

accessibility to human cohorts is difficult due to the feasibility and availability of participants. 

Human samples are also limited regarding techniques that can be employed and more 

stringent ethical considerations (Goodall et al., 2018; Viggars et al., 2011; Waller et al., 2016). 

Alternatively, most studies implement models of other species, as demonstrated in 1-2 with 

95% of the studies employing non-human models. 
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Table 1-2: Characteristics of studies investigating Blood-brain barrier and ageing highlighting species selected, sex of cohort and experimental 

models/techniques chosen 

Study Species Sex Outcome measure  
Post-mortem Imaging Behavioural Molecular In vitro 

(Rapoport et al., 1979) Rat (senescent) Not stated •  
    

(Stewart et al., 1987) Human Mixed •  •  
   

(Mooradian et al., 1991) Rat Male •  
    

(Peters et al., 1991) Mk Not stated •  
    

(Ueno et al., 1996) Mouse (SAMP8) Not stated •  
    

(Peinado et al., 1998) Rat Male 
     

(Su et al., 1998) Canine Mixed •  •  •  
  

(Mooradian et al., 2003) Rat Male •  
    

(Hughes et al., 2006) Rat Not stated •  
   

•  
(del Valle et al., 2009) Mouse (SAMP8) Male •  

    

(Bell et al., 2010) Mouse Not stated •  •  •  
  

(Wu et al., 2010) Mouse (SAMP8) Not stated •  
    

(Viggars et al., 2011) Human Mixed •  
    

(Van Assema et al., 2012) Human Mixed •  
    

(Ding et al., 2013) Mouse Female •  
    

(Rodríguez et al., 2014) Mouse Male •  
    

(Chiu et al., 2015) Human Mixed •  
    

(Elahy et al., 2015) Mouse Female •  
    

(Janota et al., 2015) Mouse Male •  •  
   

(Nation et al., 2019) Human Mixed 
 

•  
   

(Sartorius et al., 2015) Mouse Male •  •  
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Human Mixed •  •  
   

(Bonte et al., 2017) Human Mixed  •  •  
   

(Duncombe et al., 2017) Mouse Male •  
 

•  
  

(Osgood et al., 2017) Rat Male •   •    
(Nahirney et al., 2016) Mouse Male 

 
•  

   

(Yamazaki et al., 2016) Mouse Not stated     •  
(Hoffman et al., 2017) Mouse Male •  

 
•  •  

 

(Nikolakopoulou et al., 2017) Mouse Mixed •  
    

(Bors et al., 2018) Rat Male •  •  
   

(E. F. Goodall et al., 2018) Mouse Not stated •      
Human Not stated •      

(Ceafalan et al., 2019) Mouse Not stated •  •  
   

(Emily F. Goodall et al., 2019) Mouse Male •  
  

•  
 

Human Mixed 
(Nation et al., 2019) Human Mixed  •  •  

 
•  

 

(Senatorov et al., 2019) Mouse Mixed •  •  •  
  

Human Mixed 
(Stamatovic et al., 2019) Mouse Mixed •  

   
•  

Human Mixed •  •  
(Ximerakis et al., 2019) Mouse Not stated 

   
•  

 

(Bohannon et al., 2020) Human Mixed •  
    

Monkey Mixed 
(Chen et al., 2020) Mouse Not stated •  

    

(Hill et al., 2020) Mouse Female 
 

•  
   

(Kiss et al., 2020) Mouse Male 
   

•  
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(Shao et al., 2020) Human Mixed 
 

•  
   

(Verheggen, et al., 2020) Human Mixed 
 

•  
   

(Verheggen, et al., 2020) Human Mixed 
 

•  
   

(Yang et al., 2020a) Mouse Male •  
    

(Almanzar et al., 2020) Mouse Mixed 
   

•  
 

(Zhao et al., 2020) Mouse Male 
   

•  
 

(Frías-Anaya et al., 2021) Mouse Female •  •  
   

(Versele et al., 2022) Human N/A  •    •  
(Choi et al., 2022) Mouse Male •  •     
(Giacobbo et al., 2022) Mouse Male  •     
(Britton et al., 2022) Mouse Male •  •  •  •   
(Halder & Milner, 2022) Mouse Female •  •  •    
(Hendrickx et al., 2022) Mouse Male  •  •    
(Noh et al., 2023) Primary mouse 

culture 
Mixed  •  •  •  •  

(Ji et al., 2023) Mouse Male •  •  •  •   
(Yuan et al., 2023) Mouse Male •   •    
(Bakhtiari et al., 2023) Human Male  •     
(Cyr & de Rivero Vaccari, 2023) Mouse Mixed •      
(Windener et al., 2024) Primary mouse 

culture 
Mixed •     •  

(Cummins et al., 2024) Mouse Mixed •  •     
(Shao et al., 2024) Human Mixed  •     
(Healy et al., 2024) Mouse Mixed •   •  •   
(Hu et al., 2024) Mouse Female •   •    
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Figure 1-3: Overview of methodological approaches to BBB investigations. Highlighted are three 
streams (1) In vitro approaches including diverse types of culture systems used (2) In vivo approaches 
visualizing different experiments available (3) post-mortem approaches which can be conducted in 
human or animal specimens. Each section includes a brief description of the common aims for each 
approach. Produced in Biorender.com 

1.6.1. Approaches to investigating brain ageing modelling. 

 

1.6.1.1. In vitro models  
 

In vivo studies can be useful for identifying the functional consequences of BBB dysfunction 

but may have more limited use for examining the underlying molecular mechanisms. However, 

in vitro models can be used to determine molecular changes and various models exist  

(Williams-Medina et al., 2021). Certain benchmarking criteria are commonly used to assess 

model suitability including shear wall stress, ultrastructure, expression of TJ markers, 

permeability, and TEER (Destefano et al., 2018). Currently, no in vitro model successfully 

encapsulates all of these factors or replicates the in vivo environment in its entirety (Bagchi et 

al., 2019). Changes to permeability and TJ markers during ageing makes it difficult to check the 

validity of in vitro models as the main criteria can be compromised (Verheggen, et al., 2020). 
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Multiple species and cell types can be used as BBB in vitro models and the advantages and 

limitations are summarised in table 1-3.  

Monoculture models, although simplistic have been utlisied within ageing BBB studies to 

investigate changes to a singular cell type (Logsdon et al., 2021; Musafargani et al., 2020). 

Stamatovic et al., 2019 utilised a Transwell monoculture of primary mouse endothelial cells as 

a model of ageing. This investigated Sirt1 expression via quantitative polymerase chain 

reaction (qPCR) and depleting or overexpressing Sirt1 to compare the permeability of the cells 

via the addition of a fluorescently conjugated bovine serum albumin tracer. The study 

demonstrated that BBB permeability correlated with Sirt1 loss and that may be linked to 

decreases in claudin-5 expression. This research demonstrated that even with limitations, 

monocultures can be used to investigate age-related BBB changes in the field, especially when 

investigating molecular mechanisms of BBB dysfunction. The most promising cell type moving 

forward in BBB modelling is induced pluripotent stem cells (iPSC’s), which can be obtained 

from ageing patients and reprogrammed to BBB cell types such as endothelial cells, astrocytes 

and  pericytes, to quickly model the ageing phenotype and increase shear stress in the model 

(Linville et al., 2019).  

Another important consideration when designing an in vitro model is whether to use a dynamic 

or static system, with subtypes of each shown in table 1-4. Static systems, the most common 

of which is the Transwell system, involve endothelial cells grown on a 2-dimensional filter 

within a compartment, representing the luminal side of the BBB with an electrical current 

running through the system (Weiss et al., 2009). Other cell types can be grown on the other 

side of the filter or on the base of the well, representing the abluminal BBB. Many of the BBB 

essential criteria needed to increase the suitability of a model such as high TEER, low 

permeability and expression of TJ and cell markers can be achieved within a dynamic model to 

a higher level than in static models. Importantly, dynamic models also allow the replication of 

cerebral blood flow and shear stress which are not achievable in static models (Williams-

Medina et al., 2021; Yeon et al., 2012).   
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Table 1-3: Advantages and limitations of cell types utilised for in vitro studies into blood-brain barrier changes. 
Cell type Examples Advantages Limitations References 
Rodent primary cells  Mouse 

Rat  
• Expression of tight junction 

proteins (Claudin-5, -3, occludin)  
• Expression of P-gp and Glut-1 

transport proteins.  
• Tri-culture systems available  

• Low TEER 
• Difficult to maintain cultures 

and require large amounts of 
cells.  

• Not representative of human 
cells 

(Lukic-Panin et al., 
2012 ; Stamatovic et 
al., 2019) 
(Zhang et al., 2016) 
(Molino et al., 2014) 

Human primary cells  • Reflect translatable phenotype  • Not easy to obtain. 
• Inefficient cell numbers when 

obtained and lose phenotypic 
properties 

(Wang et al., 2015) 
(Helms et al., 2015) 
(Stone et al., 2019) 
(Shawahna et al., 
2013) 

Immortalised human 
cell lines 

hCMEDC/D3 
hBMEC 

• Readily available  
• Well characterised 
• Express transport proteins  
 
 

• Low TEER 
• Do not reflect transport of BBB. 
• Low claudin-5 expression  

(Helms et al., 2015) 
(Weksler et al., 2013) 
(Ahn et al., 2020) 
(Daniels et al., 2013) 

Mouse immortalised cell 
lines 

bEND.5 
bEND.3 
cEND 
cerebEND 

• Readily available  
• Stable through passaging  
• High yields 
• Reduced variation between cells  

• Reduced barrier tightness 
• Reduction in tight junction 

expression  
• Interspecies variation  

(Idris et al., 2018) 
(Yang et al., 2007) 
(Shayan et al., 2011) 

 Human iPSC  • Model phenotype of donor 
• Mimic sheer stress 
• Low permeability  
• High TEER 

• Need careful phenotyping of 
transformed cells. 

• More expertise required to 
produce cells 

(Campisi et al., 2018) 
(Lippmann et al., 2014) 
(Roux et al., 2019) 
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Table 1-4: Advantages and limitations of in vitro systems for investigating the blood-brain barrier. 
System 
type 

Model type Cell type(s) Uses Advantages Limitations References 

Static Transwell 
monoculture 

Endothelial cells  • High-throughput 
basic studies 

• Signalling pathways  
• Transporter kinetics  

• Simple  
• Easy to use. 
 

• Does not replicate 
NVU.  

• No sheer stress 
• High permeability  

(Williams-Medina 
et al., 2021) 
(Bagchi et al., 2019) 
(Stamatovic et al., 
2019) 

Co-culture Endothelial cells 
with other NVU 
components  

• Permeability 
studies  

• Cell interaction 

• Replicates NVU 
components 

• Increased expression 
of tight junctions 

• Higher TEER and low 
permeability  

 

• No sheer stress 
• No direct cell-cell 

contact 
• Incomplete TJ 

production at edge 
of model  

(Ahn et al., 2020) 
(Stone et al., 2019) 
(Kulczar et al., 
2017) 

Dynamic Dynamic In Vitro-BBB 
 
 
 
 
 
 
 

Endothelial cells 
with other NVU 
components 

• Drug development 
and optimisation 

• Pathophysiology of 
disease  

• Provides sheer 
stress.  

• Replicates NVU 
phenotype 

• Expression of 
transporters and TJ 

• High TEER 
• Low permeability  

• Need large number 
of cells. 

• Increased time to 
achieve TEER 

(Pas, 2018) 
(Prashanth et al., 
2021) 

Microfluidic Endothelial cells 
with other NVU 
components 
Can be patient 
derived 
pluripotent stem 
cells (iPSC’s) 

• Cell migration 
 
• Drug permeability 

 
• Pharmacokinetics 

• Provides sheer 
stress.  

• iPSC can replicate 
phenotype of 
participant. 

• Expression of 
transporters and TJ 

• Prohibitive cost 
• Hard to maintain.  
• Need specialist 

technology. 
• Vessel diameter not 

representative 

(Bhalerao et al., 
2020) 
(Lee & Leong, 2020) 
(Campisi et al., 
2018) 
(Y. Shin et al., 2019) 
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Microfluidic models, including organ-on-a-chip technology which consist of microchannels on 

a chip through which fluids are injected to achieve specific cellular conditions whilst also 

mimicking vessel matrixes such as ECM, may be the most promising dynamic in vitro model 

(Williams-Medina et al., 2021). This could be accomplished by producing a co-culture of cells 

derived from iPSC’s to produce the most accurate representation of phenotype and 

morphology, especially when utilising patient- derived iPSC’s to mimic physiology although 

currently, no model has investigated physiological ageing (Campisi et al., 2018; Lee et al., 

2020; Shin et al., 2019). Another aspect to consider is the ability of a model to replicate the 

ECM, which is key for maintaining BBB structure. Many microfluidic culture systems use a 

material to mimic this, such as fibrin, but this is comparably weak to the in vivo environment 

(Linville & Searson, 2021). Recent advances have favoured ECM hydrogels, such as collagen-

based, which possess a higher similarity to the in vivo ECM than other materials whilst also 

being adjustable chemically and physically to tailor the model to characteristics of study 

interest (Chen et al., 2021). 

There has been limited use of in vitro models pertaining to physiological ageing, which may be 

due to the field being recently relevant and so studies may be utilising this technology 

currently. This may also be conflated by challenges in recreating the ageing phenotype 

compounded by difficulties overcoming low proliferation due to lengthened cell cycle and high 

cell death of aged cells, making obtaining sufficient cell numbers for assays challenging 

(Nassrally et al., 2019; Ogrodnik, 2021). 

Osipova et al., 2018 recently suggested a multitude of solutions to this. Firstly, they suggested 

acquiring cells from iPSC cultures of an aged cohort or cells isolated from senescent animal 

models (e.g., Senescence Accelerated Mice 8 (SAMP8) mice) to overcome the obstacle of 

ageing cells via the passage. The group also suggested inducing the senescent phenotype in 

young cells by delivery of several factors and manipulating age-related pathways. However, 
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these cells would require extensive phenotype validation to ensure that ageing had been 

replicated (González-Gualda et al., 2021).  

1.6.1.2. In vivo approaches 

The BBB is a highly conserved system across vertebrates, and some invertebrates such as 

zebrafish, thus implementing in vivo animal approaches are a useful tool (O’Brown et al., 

2018). Utilizing in vivo models has the advantage of being able to produce high throughput, 

controlled experiments whilst still observing a dynamic and living environment (Banks, 2010). 

There are a plethora of investigations which utilise in vivo approaches such as injection of, for 

example, contrast agents used in BBB permeability assays, neuroimaging such as DCE-MRI, 

micro dialysis sampling and behavioural studies (Kuhnline Sloan et al., 2012).  

1.6.1.2.1. Rodent models 

Murine models of BBB are the most used model and offer the potential for genetic modification 

to examine a particular target (O’Brown et al., 2018; Yuan et al., 2011). For example, Bell et al., 

2010, used a mouse model with knockdown for the pericyte marker PDGFRβ to demonstrate 

the effects of the loss of this receptor during ageing. However, when using in vivo models, it is 

important to consider whether cellular differences exist between the proposed model species 

and humans. In mice and rats, it has been shown that BEC’s express many of the crucial 

molecules in TJ formation as well as transporters such as GLUT-1 and P-gp (Daneman, Zhou, 

Agalliu, et al., 2010). However, some differences have been identified, including a different 

mechanism for P-gp transport in mice and differential uptake of some receptor antagonists 

(Erdo & Krajcsi, 2019; Syvänen et al., 2009). Thus, extrapolation of results from rodents to 

humans may not always be relevant without further validation studies in human post-mortem 

tissue. 

Many studies, 60% of the literature identified in table 1-2 exclusively used male mice, but this 

may not reflect age-related BBB damage. To ensure results from such models are valid for both 

sexes research studies should implement the use of a mixed-sex model as implemented in 
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20% of current murine studies within table 1-2. (Senatorov et al., 2019; Stamatovic et al., 

2019). 

Most murine in vivo ageing studies use the common C57BL/6J inbred mouse model for BBB 

investigations (Goodall et al., 2018; Hill et al., 2020; Nahirney et al., 2016). This strain is 

advantageous as genetic alterations to investigate changes in specific markers are easily 

achieved, such as with PDGFRβ (Nikolakopoulou et al., 2017). However, in order to research 

changes with ageing, this requires the use of aged animals which is time-consuming and costly  

(Kõks et al., 2016). To counteract this, studies have chosen specific accelerated ageing models 

such as the SAMP-8 (del Valle et al., 2009; Fernández et al., 2021). Pelegrí et al., 2007 

demonstrated in the SAMP8 model that the hippocampus displayed age-related BBB 

disruption whilst Liu et al., 2020, noted that decreases in cognitive ability correlated with 

ageing. However, care must be taken when employing SAMP8 mice models for physiological 

ageing as studies have shown this model to also exhibit pathological phenotypes such as 

accumulation of Aβ (Kõks et al., 2016; Liu et al., 2020). Therefore, any correlation with 

physiological age must be tentative and may be used as a proof-of-concept study with follow 

up investigations in normal aged animals.  

1.7. Technical approaches for age-related BBB study 

1.7.1. Post-mortem tissue investigations 

 

The use of human post-mortem tissue is restricted due to it being a fixed point in time at the 

end-stage life and cannot encapsulate dynamic changes unlike live neuroimaging studies  (Sun 

et al., 2021). However, tissue obtained post-mortem can be investigated using a variety of 

methods to provide information on protein and genetic expression (Bors et al., 2018c; Hoffman 

et al., 2017; Ximerakis et al., 2019).  

The increasing complexity of genetic and molecular approaches available to examine post-

mortem tissue is impacted by tissue quality (Wimmer et al., 2018). Tissue is typically preserved 

via formalin-fixed paraffin embedded (FFPE) or frozen tissue. FFPE tissue is advantageous due 
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to ease of long-term storage whilst frozen specimens retain tissue and genetic architecture 

and are more suited to specific techniques, such as molecular microarray studies ( Goodall et 

al., 2018; Wimmer et al., 2018).  

Other factors to consider when using post-mortem tissue include the agonal state which is 

crucial for ribonucleic acid (RNA) quality, thus, affecting results of techniques reliant upon this 

such as microarrays and western blotting (Tomita et al., 2004). In addition, the time between 

death and storage of tissue, i.e. post-mortem interval (PMI), can affect protein and nucleic acid 

integrity as well as the activity of enzymes (Blair et al., 2016). Thus, it is important to correlate 

any results with PMI time especially within brain studies as neurodegenerative markers have 

been shown to be vulnerable to expression changes with increased PMI (Lundström et al., 

2019; Pikkarainen et al., 2010).  

1.7.1.1. Markers of BBB Alterations 
 

1.7.1.1.1. Permeability markers  
 

Increased permeability of the BBB is a hallmark of dysfunction; thus, many studies implement 

techniques enabling the investigation and visualisation of leakage into the parenchyma. Such 

techniques rely on the use of a BBB tracer and numerous factors which need to be considered 

include potential for toxicity, non-specific binding, whether the substance is metabolically 

active/inert (Saunders et al., 2015). It is possible to use endogenous markers to characterise 

BBB permeability such as EBD which has been commonly used in in vivo models due to noted 

reliability and sensitivity (del Valle et al., 2009; Nahirney et al., 2016). EBD is a non-toxic azo 

dye that can remain in circulation over time and allows for permeability to be assessed by 

colorimetric analysis (Saunders et al., 2015). However, researchers are questioning EBD 

suitability as non-specific binding of albumin  may occur as well as some reports of toxicity in 

animals (Saunders et al., 2015; Sun et al., 2021). An improvement upon the use of EBD is 

dextran which is advantageous as it exists at multiple molecular weights, allowing studies to 

determine the extent of permeability and identify the most susceptible regions to the 
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breakdown of the BBB in response to particular treatment or disease, for example (Stamatovic 

et al., 2019; Sun et al., 2021).  

Plasma proteins have also been heavily utilised to assess BBB permeability, including albumin 

and IgG. Ageing studies have applied both markers to examine their infiltration into the brain 

exclusively in post-mortem tissue (Elahy et al., 2015; Pelegrí et al., 2007; Senatorov et al., 

2019). The inability for plasma proteins to be detected in live imaging studies limits their 

usability in comparison to other endogenous markers which can be measured/visualised via 

multiple methods. Furthermore, recent investigations have questioned the reliability of IgG as 

a marker of permeability as it may not originate exclusively in blood vessels (Sun et al., 2021). 

Albumin may be more appealing, especially when conjugated with a fluorescent dye, as it 

allows for both permeability quantification and determination of transcellular transport 

changes (Ahishali & Kaya, 2020; Park et al., 2018). However, Goodall et al., 2018, noted that 

albumin infiltration can be affected by PMI and so the correlation with this is required to ensure 

that results can be comparable across the research field as findings could differ if this is not 

considered.  

1.7.1.1.2. NVU components  
 

Cellular markers are employed in the detection and quantification of marker expression during 

ageing of cellular components of the NVU. There are two main challenges to this type of 

methodology: the heterogeneous nature of cell populations and the specificity of cellular 

markers. Astrocytic markers have been well characterised, with GFAP regarded as the ‘gold 

standard’ throughout many studies of ageing (Goodall et al., 2018; Janota et al., 2015). One of 

the main justifications of GFAP is that it can label a substantial proportion of the cell 

morphology (Jurga et al., 2021). However, GFAP possesses a preference to immunolabel 

reactive astrocytes, meaning that cells in the unreactive phenotype remain unstained 

(Garwood et al., 2017). During ageing, some cells may not express the reactive phenotype, 

resulting in inaccurate staining patterns only immunolabelling reactive cells. Zhang et al., 
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2019, suggested the simultaneous use of astrocytic markers to produce a more detailed 

pattern of expression but considerations must be made that expression patterns of markers 

may be altered during ageing (Boisvert et al., 2018; Rodríguez et al., 2014). Studies should 

incorporate more than one astrocytic marker for accurate identification and can choose from 

a variety of classical markers with different expression patterns (table 1-5) or newly discovered 

markers such as Ras-related protein Rab-6A (Melzer et al., 2021).  

Pericytes have a varied morphological population dependant on functionality and location but 

are not as thoroughly characterised as astrocytes, exacerbated by confusion over what 

differentiates a pericyte from other contractile mural cells such as vascular smooth muscle 

cells, but this can be overcome via transcriptomics (Brown et al., 2019; Vanlandewijck et al., 

2018). The lack of a universal classification system has resulted in confusing and contradictory 

literature and future correlations of pericyte expression and ageing need to be tentative until 

an agreement can be made. Compounding the issues of pericyte identification is the lack of a 

specific marker, with many studies colocalising two common markers, neural-glial antigen 2 

(NG2) and PDGFRβ to confirm morphology (Jung et al., 2018). The use of whole organ clearing, 

and subsequent 3D immunofluorescent imaging is a new technique shown in ageing studies 

to detect changes to widespread changes to pericyte (NG2/ PDGFRβ) expression and could be 

applied to post-mortem samples from humans as well as rodent models (Chen et al., 2021). 

The identification of BEC’s has been more reliable than that of astrocytes and pericytes, due 

to phenotypic markers, such as Platelet Endothelial Cell Adhesion Molecule (PECAM-1) being 

unique and specific to BEC’s throughout the parenchyma, therefore allowing for more certainty 

that the staining present is for the target cell (Elahy et al., 2015; Fernández et al., 2021). 

However, Mbagwu & Filgueira, 2020, noted that there are regional differences in PECAM-1 

expression meaning that further studies should be carried out to identify location-based 

variation in ageing or other pathologies.  
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Table 1-5: Protein markers utilised in astrocyte expression studies. 

 

 

 

 

 

 

Marker Expression 
pattern 

Astrocyte 
Phenotype 

Specificity  References  

Glial fibrillary 
acidic protein 

• Cell body 
cytoplasm 

• Proximal 
processes  

• Reactive  • Astrocytes 
• Neural progenitor 

cells  

(Sofroniew & 
Vinters, 2010) 
(Ito et al., 
2016) 
 

Glutamate 
synthetase 

• Cell body 
cytoplasm 

• Fine 
processes  

• - • Astrocytes 
• Oligodendrocytes 

(Zhang et al., 
2019) 
(Anlauf & 
Derouiche, 
2013) 

NMYC 
downstream-
regulated 
gene 2 
(NDRG2) 

• Cytosol • Non-
reactive 
mature  

• Predominately 
astrocytes  

(Flügge et al., 
2014) 

Vimentin • Cytoplasm  
• Fine 

processes  

• Reactive • Astrocytes 
• Endothelial cells  

(O’Leary et 
al., 2020) 

S100B • Intracellular 
membranes 

• Cytoskeleton 
• Processes  

• - • Astrocytes  
• Oligodendrocytes 
• Epithelial cells 
• Neurons 

(Brozzi et al., 
2009) 

ALDH1L1 • Extensive 
processes 

• Cell body 

• - • Astrocytes (Yang et al., 
2011) 
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1.7.2. Neuroimaging techniques  

 

The main limitation of post-mortem techniques is that it is static and cannot visualise dynamic 

changes which may be crucial in understanding how dysfunction in ageing occurs over time. 

However, neuroimaging techniques can be utilised to overcome this which can be used in both 

in vivo and clinical applications (Breuer et al., 2017). Imaging allows for three-dimensional 

mapping of BBB function and can be repeated multiple times in the same animal, enabling 

longitudinal assessment of ageing effects in the same animal (Giridharan et al., 2019). There 

are multiple techniques which can be applied to BBB leakage in ageing, each with advantages 

and limitations (summarised in table 1-6). 

Bors et al., 2018, utilised single photon emission computed tomography (SPECT) to investigate 

efflux transporters in ageing and found that P-gp expression was reduced with age in  rats and 

correlated this with increased BBB permeability. Positron emission tomography (PET) scanning 

has also been applied in ageing studies (Ding et al., 2013; Yang et al., 2020) and has the 

advantage of using fluorine-18 emitters which can be readily available for labelling a wide 

variety of molecules (Breuer et al., 2017). Two-photon and multi-photon imaging have also 

been used to great effect when investigating BBB in ageing, especially when combined with 

optical coherence tomography, which allows for repeated measurements in animals without 

the need for toxic tracers (Bell & Zlokovic, 2009; Nyúl-Tóth et al., 2021). The most promising 

technique for ageing studies is DCE-MRI which primarily investigates BBB permeability via the 

measurement of intravenously injected gadolinium-based contrast agents (GBCA) 

extravasation from the blood to the parenchyma. This has been widely implemented in 

neurological studies in in vivo rat and mouse studies, as well as human studies, and the results 

have been comparable to post-mortem studies (Hoffman et al., 2017; Montagne et al., 2015; 

Senatorov et al., 2019)  
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Table 1-6: Advantages and disadvantages of imaging techniques for blood-brain barrier changes. 

Imaging type Advantages Disadvantages References  

Positron emission 
tomography (PET) 

• Small volumes of tracer needed.  
• Non-invasive  

• Dynamic protocols complicated  (Breuer et al., 2017 ; 
Simoncic et al., 2017) 

Computed 
tomography (CT) 

• Easily available 
• Can be used on patients eliminated from MRI 

studies. 
• Quick process 
 

• Iodide contrast exposes participants to radiation 
• Participants may have adverse reactions to 

contrast. 
• Low sensitivity reduces detailed scans 

(Veksler et al., 2014) 

Dynamic contrast 
emission- magnetic 
resonance imaging 
(DCE-MRI) 

• Increased sensitivity to BBB changes 
• Gadolinium tracers eliminated exposure to 

radiation.  
• Multiple contrast agents for different study aims 

• No standardised post-image analysis  
• High cost and operational expertise 
• Increased time to acquire images  
• Large time delays in sequential imaging  
• Signal-noise ratio can be high 

(Heye et al., 2014 ; 
Varatharaj et al., 2019 ; 
Veksler et al., 2014) 

Single photon 
emission compute 
tomography (SPECT) 

• High sensitivity to contrast agent • Low spatial resolution means low sensitivity to 
small changes.  

• Exposes participant to radiation  

(Veksler et al., 2014) 

Optical coherence 
tomography (OCT) 

• Can look at large tissue areas in more depth. 
• Does not need tracers  

• Low spatial resolution 
• Complicated analysis required  

(Nyúl-Tóth et al., 2021) 

Multiphoton 
microscopy   

• Provides subcellular visualisation at 500-600µm 
depth.  

• Reduced photobleaching 

• Hard to image sub-cortical regions, e.g. 
hippocampus  

(Cho et al., 2011 ; Lee 
et al., 2018) 

Arterial spin labelling 
magnetic resonance 
imaging (ASL-MRI) 

• No tracer required. 
• Picks up subtle BBB changes  

• Difficult to investigate small brain regions. 
• May not reflect dysfunction. 
• Time-consuming 

(Gold et al., 2021 ; 
Ohene et al., 2021 ; 
Shao et al., 2020) 
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Age-related permeability changes have been found to be subtle in comparison to severe 

pathologies such as stroke and brain tumours, and so the molecular weight (Mw) of the 

contrast agent is an important consideration. Gadolinium has a Mw of approximately 550Da 

which may be too large for small permeability changes to BBB and so the subtle changes may 

not be detected using this methodology, so recent literature has explored the use of other 

agents with smaller Mw such as water. Approaches that aim to probe water exchange across 

the BBB can be performed using arterial spin-labelling (ASL) MRI sequences, eliminating the 

need for GBCA’s (Ohene et al., 2021; Stringer et al., 2021). Mouse studies using a multiple-

echo-time (multi-TE) ASL MRI have found that there is a 32% increase in water exchange 

between adult (7 months) and aged (27 months) animals (Dickie et al., 2019; Ohene et al., 

2021).  

Further optimisation of these protocols is required as many have focused on large regions of 

the brain such as the cortex and reproducibility issues combined with the need for higher 

resolution MRI may need to focus on smaller important regions such as the key age-related 

areas; the hippocampus and amygdala (Ohene et al., 2021; Shao et al., 2020). Multiple 

mechanisms of water exchange are responsible for permeability and so any leakage measured 

may not be due to ageing (Dickie et al., 2020). However, Ktrans also has limitations as it is 

influenced by the surface area of capillaries, meaning normalisation of vessel size and density 

is necessary for comparisons (Heye et al., 2016).  

1.7.3. Molecular studies  

Another recent advancement is the use of molecular studies, including RNA and single cell 

sequencing to enhance the analysis of gene expression profiles, enhancing immunostaining 

and imaging studies to investigate genetic changes (Huntley et al., 2014). Fewer studies have 

utilised the techniques (summarised in table 1-7) but have been able to identify differential 

expression patterns within BBB-associated cells in ageing. Digital spatial profiling is a new 

technique which aims to further advance the field via the simultaneous analysis of cell marker  



42 
 

Table 1-7: Molecular studies investigating ageing within the brain. 

 

  

Study Species Cell types Isolation 
method 

Investigation 

( Goodall et al., 
2019) 

Human, 
mouse 

Microvascular LCM Transcriptomic 
and miRNA 
profiling 

(Kumar et al., 
2013) 

Human Bulk tissue and 
neurons 

Bulk tissue and 
LCM 

Microarray 

(Simpson et al., 
2011) 

Human Astrocytes  LCM Microarray 
analysis of 
astrocyte 
transcriptome 

(Ximerakis et 
al., 2019) 

Mouse 25,including 
endothelial cells, 
astrocytes and 
pericytes 

FACS Single-cell 
transcriptomics 

(Ximerakis et 
al., 2018) 

Mouse 25,including 
endothelial cells, 
astrocytes and 
pericytes 

FACS Single-cell 
transcriptomics 

(Almanzar et 
al., 2020) 

Mouse Multiple including 
endothelial cells  

FACS Single-cell 
transcriptomics 

(Chen et al., 
2020) 

Mouse Endothelial cells  Flow cytometry Single-cell RNA 
sequencing  

(Zhao et al., 
2020) 

Mouse Endothelial cells  FACS Single-cell 
transcriptomics 

(Boisvert et al., 
2018) 

Mouse Astrocytes Ribotag Microarray 
analysis of 
astrocyte 
transcriptome 

(Orre et al., 
2014) 

Mouse Microglia and 
astrocytes 

FACS Transcriptomics 

(Davie et al., 
2018) 

Drosophila  Glia and neuronal cells  FACS Single-cell 
transcriptomics  

(Galatro et al., 
2017) 

Human, 
Mouse 

Microglia FACS Transcriptomics 

(Kiss et al., 
2020) 

Mouse Endothelial cells Centrifugation Single-cell RNA 
sequencing 

(L. Zhao et al., 
2020) 

Mouse Whole brain FACS Single-cell 
sequencing 
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expression profiles on FFPE tissue allowing for regional investigations with no studies 

exclusively studying physiological ageing to date (Fadul et al., 2020).   

1.8. Therapeutic strategies targeting aged blood-brain barrier. 

As demonstrated in the above sections, the impact of age on the BBB is complex and can lead 

to a decrease in cognitive ability and the potential to cascade into neurodegeneration. Current 

strategies to modify the effects of blood-brain barrier disruption in ageing including changes to 

exercise and diet (Gaspar-Silva et al., 2023). Increasing exercise has shown in aged humans to 

decrease production of pro-inflammatory cytokines, such as IL-6 and TNF-α, as well as 

increase expression of SIRT1 both leading to a decrease in BBB permeability (Cho & Roh, 2022; 

Chupel et al., 2018). Interestingly, both studies exclusively used female subjects, suggesting a 

sex related effect of exercise and BBB rejuvenation. Within in vivo studies, similar affects were 

observed in ageing but only in the presence of apolipoprotein E (APOE), a protein associated 

with AD, suggesting that neurodegeneration may drive these changes as opposed to 

physiological ageing (Raulin et al., 2022; Soto et al., 2015). Dietary changes have also been 

observed to positively impact aged BBB as 20%-40% reduction in calories in mouse and 

human studies has increased cerebral blood flow and cognitive abilities (Calingasan & Gibson, 

2000; Hoffman et al., 2017; Witte et al., 2009). Another dietary impact has been metabolite 

increase as both resveratrol and nicotinamide adenine dinucleotide additions have enhanced 

cognitive function linked to increased SIRT1 expression in ageing (Cicero et al., 2019; Gocmez 

et al., 2016; Xie et al., 2019).However, one of the main challenges in implementation of these 

changes in the aged population is the decreased motor capabilities, limiting exercise and 

inability to change diets, limiting the impact these can have on the wider populace.   

Pharmacologically, there has been some therapeutic strategies available targeting ageing, 

although these have been preferentially focused on models of AD (Bussian et al., 2018; Yao et 

al., 2024). Both studies used in vivo mouse models, with either genetic targeting in INK-ATTAC 

mice or administration of common senolytic combination, dasatinib and quercetin to target 

microglia and reduce BBB permeability. treatment of age-related diseases, such as AD (Chu et 
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al., 2022). Senolytics, designed to target senescence cells by inducing apoptosis, have 

demonstrated rescue of cognitive ability in Tau Senomorphics, anti-inflammatory drugs, have 

also been observed in vivo to rescue effects on the BBB during ageing related to AD. There are 

different mechanistic approaches to anti-inflammatories such as inhibition of NF-kB pathway 

or promotion of apoptosis via molecules such as metformin and curcumin (Liu et al., 2017; 

Lopes-Paciencia et al., 2019; Moiseeva et al., 2013; Sun et al., 2018). An alternative strategy 

for reducing inflammation is the targeting of specific inflammatory cytokines (Chu et al., 2022). 

Reduction in AD pathology was observed along with rescue of cognition in rats administered 

with Tocilizumab, an IL-6 receptor antagonist, or anakinra, an IL-1β receptor antagonist in 

macaques (Batista et al., 2021; Elcioğlu et al., 2016). The conservation of effects across 

species lends credence to the therapeutic possibilities of IL family antagonism.  

1.8.1. Alternative administration routes avoiding BBB 

Only <2% of drug molecules can pass through the healthy BBB with an average maximum size 

of 400 Da, meaning that many potentially viable therapies cannot access the target brain 

region (Pardridge, 2005; Teleanu et al., 2022). Other physiochemical properties also hinder the 

transport of molecules transcellularly such as lipophilicity, hydrogen bonds and polarity 

(Chikhale et al., 1994; Pardridge, 2012). Ideally, molecules need to have less than 6 hydrogen 

bonds, which could be achieved via chemical structure modification and be non-polar to cross 

through the BBB (Geldenhuys et al., 2015; Kadry et al., 2020b)  

Different administration routes have been investigated as potential diversions around the BBB 

including intracerebral, intrathecal, and intranasal (Mittal et al., 2022). The main issue with 

both intracerebral and intrathecal routes is the highly invasive nature of the techniques, 

rendering it unusable unless for severe neuropathology. This means that discussed therapies 

above like Tocilizumab, are not relevant to physiological ageing studies (Elcioğlu et al., 2016). 

Furthermore, Furtado et al., 2018 states that only 1-2% of drugs administered this route pass 

through to the parenchyma, making it inefficient as well as invasive. Intranasal administration 

is less invasive than other methods and bypasses the BBB and has been shown in an in vivo 
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obesity model to admit large 6500 Da neuropeptide into the brain with high accumulation in 

many brain regions (Jeong et al., 2022; Nonaka et al., 2008). Solid nanoparticles containing 

Efavirenz, a Human Immunodeficiency Virus therapy, successfully crossed into the brain 

demonstrating proof-of-concept for this route (Gupta et al., 2017). However, the surface area 

of the nasal cavity limits the amount of therapy administered in one injection and so is a 

limitation of delivery system, as shown in chemotherapy trials (Sarin, 2009). Low water 

solubility of drugs also is a hinderance as it means that most of the drug volume does not reach 

the target brain region, but potential solubilises or encapsulation into nanoparticles may 

alleviate this problem (Pires et al., 2022). 

Ultrasound has also been used to transiently open the BBB to allow for therapeutics to enter 

the brain without need for invasive techniques (Gandhi et al., 2022). Studies in glioblastoma 

mice models have shown that the use of ultrasound allows for the increased permeability of 

both paracellular and transcellular pathways without damaging the affected tissue areas to 

successfully administer drugs (Zhang et al., 2017). Human clinical trials have utilised this 

technique in for safety tests in AD, brain cancers and motor neuron disease as well as in vivo 

studies highlighting the wide-ranging use of this method (Abrahao et al., 2019; Carpentier et 

al., 2024; Lipsman et al., 2018; Tsai et al., 2018). However, potential side effects of 

neuroinflammation, cell apoptosis and haemorrhaging have been observed in in vivo studies, 

showing that further experimental work to confirm safety needs to be completed (McMahon & 

Hynynen, 2017; Shin et al., 2018). Another limitation of this method is the optimum size of 

potential drugs or carriers, such as nanoparticles, to cross through the openings. Ohta et al., 

2020, demonstrated the differences between in vitro and in vivo size requirements, showing 

that smaller gold nanoparticles, 15 nm diameter, were the best at penetrating through the BBB 

whilst cell models showed a larger size permeability.  

1.9. Nanoparticle drug delivery  

The above techniques and drugs have all either included drugs that pass through the BBB or 

bypass the barrier, with major limitations on feasibility surrounding safety, dose amount and 
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invasiveness. One alternative that is currently gathering interest is the use of nanoparticles 

which can pass through the BBB (Chu et al., 2022; Juhairiyah & de Lange, 2021; Mittal et al., 

2022). Nanoparticles can be categorised into diverse types; lipid based, inorganic and 

polymeric which all have promise in the passage through the BBB. Table 1-8 summarises 

previous nanoparticle studies in ageing or age-related neurodegeneration.  

1.9.1. Lipid-based nanoparticles  

Lipid-based nanoparticles, also called liposomes, are primarily composed of phospholipid 

bilayer with the ability to encapsulate both hydrophilic and hydrophobic drugs (Juhairiyah & de 

Lange, 2021). Within the CNS, clinically available liposomes have been used in meningitis, 

glioblastoma and other brain tumours, highlighting the liposomal ability to pass through the 

BBB in pathology (Domínguez et al., 2005; Lippens, 1999; Lu et al., 2024). Liposomes are not 

capable of passing through BBB via paracellular transport, but many in vivo studies have 

documented the transport of liposomes through RMT, especially caveolae-mediated 

transcytosis (Al-Ahmady et al., 2019; Liu et al., 2024; Reginald-Opara et al., 2022).  

Size of liposomes is crucial for the transport through the BBB and classically are optimal at 100 

nm (Bitounis et al., 2012; Morse et al., 2022). However, in models of traumatic brain injury and 

AD, it has been noted that liposomes up to 200 nm can cross the BBB, with the increasing size 

being advantageous to the amount of drug cargo loaded (Cruz et al., 2016; Rodrigues et al., 

2020). Compositionally, ‘naked’ liposomes consist of phospholipids, but it has been shown 

that these struggle to cross the BBB, meaning functionalisation elements must be added to 

modify physical properties (Teixeira et al., 2023). There are several types of functionalisation 

strategies, one of the most common is the addition of polyethylene glycol (PEG) which reduces 

liposomal binding to plasma, increasing circulation time within the body (Raju et al., 2023). 

PEGylation of liposomes has been observed to increase liposome effectiveness in vivo within 

cancer, inflammation and viral settings (Diniz et al., 2020; Hattori & Hattori, 2016; Mondal & 

Ghosh, 2023). Cholesterol can also be added to increase the stability of liposomes and has 

also been demonstrated to increase liposome uniformity by decreasing polydispersal index  
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Table 1-8: Nanoparticle studies in physiological ageing. 

Study Species Age/ weight 
(months/gram) 

Target Nanoparticle 
type 

Size 
(nm) 

Age 
(Bony et al., 2021) Mouse 12 Claudin-1 Gold 3 
(Tracy et al., 
2023) 

Mouse 13-18 CD44 PGLA 200 

(Rehman et al., 
2020) 

Mouse in 
vitro 

- Transferrin Gold 2 

Alzheimer’s disease 
(Meng et al., 
2015) 

Mouse 2-3 Aβ Liposome 90-
163 

(Mourtas et al., 
2014) 

In vitro - Aβ Liposome 116-
159 

(Kuo et al., 2020) Rat N/S ApoE Liposome 157 
(Neves et al., 
2016a) 

In vitro - ApoE SLN <200 

(Lazar et al., 
2013) 

Mouse 10-12 Aβ Liposome 207 

(Fidelis et al., 
2019) 

Mouse 
In vitro 

3 Aβ Liposome 291-
312 

(Zhang et al., 
2020) 

Rats 200-300g Cognitive 
function 

Gold 10-15 

(dos Santos 
Tramontin et al., 
2020) 

Rat 250-300g Inflammation Gold 20 

(Yang et al., 2021) Mouse 25-30g NF-kB PGLA 200 
(Mathew et al., 
2012) 

In vitro - Aβ PGLA 150-
200 

Stroke 
(Amani et al., 
2019) 

Mouse 
In vitro 

2/3 Inflammation Selenium 12 

(Al-Ahmady et al., 
2019) 

Mouse 3 Untargeted liposome 100 

(Al-Ahmady et al., 
2019) 

Mouse 3 Untargeted Liposome 100 

(Kim et al., 2009) Rat 1/2 tPA Liposome 150-
170 

(Chen et al., 
2012) 

In vitro - tPA Silica-coated 
magnetic 

100 

( Lv et al., 2018)   ROS Polymeric 163 
(Santos et al., 
2018) 

Mouse N/S Untargeted Dendrimer N/S 

Neuroinflammation 
(Mi et al., 2022) In vitro - NF-kB Selenium 30-80 
(Gonzalez-Carter 
et al., 2017) 

In vitro - H2S-
synthesizing 
enzymes 

Silver 50 

(Ralvenius et al., 
2024) 

Mouse 
In vitro 

2 PU.1 Liposome N/S 
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and shifting the morphology to the desired spherical shape (Kaddah et al., 2018). However, 

caution must be observed in increasing cholesterol concentration as the increase causes an 

increase in size, which can reduce overall BBB permeability (Briuglia et al., 2015).  

The transferrin family, which can target receptors exclusively expressed in brain endothelium, 

have been utilised to increase BBB permeability in vitro resulting in greater uptake of drug into 

the parenchyma (Johnsen et al., 2017). This has further been explored in vivo and AD and could 

have potential in the ageing setting (Diniz et al., 2020; Kong et al., 2020; Lee & Leong, 2020; 

Yang et al., 2021). Lactoferrin is a specific member of the transferrin family and has been 

shown in vitro in human endothelial cells and in vivo in an AD rat model to increase BBB 

permeability and targeting to the brain (Kuo & Wang, 2014; Meng et al., 2015). Within the rat 

model, curcumin encapsulated liposomes with lactoferrin displayed a 1.39-fold increased 

parenchymal infiltration in comparison to control liposomes without the glycoprotein. Other 

functional options are APOE4, but this is not as translatable to ageing with the lower APOE 

expression, or insulin (Neves et al., 2016; Ross et al., 2018). Further specificity can be achieved 

via the conjugation of antibodies to the surface of the liposomes, the use of antibody scFv46.1 

has demonstrated a 10-fold increase in brain uptake in vitro and uses the RMT transcytosis 

route in vivo (Georgieva et al., 2020; Ye et al., 2022).  

Although limited studies have been conducted on physiological ageing, the developments in 

the AD field show promise and could be adapted to target age-related effects in non-AD brains, 

particularly as transcytosis increases during ageing, providing a mechanistic transport route 

(Yang et al., 2020). 

1.9.2. Polymeric nanoparticles  

Polymeric liposomes are biodegradable and consist of a polymer matrix for stabilisation and 

come in many forms; micelles, dendrimers, polymers (Chu et al., 2022; Mittal et al., 2022). 

*N/S= not stated, PGLA=Poly (lactic-co-glycolic acid), ApoE= Apolipoprotein E, SLN= solid 
lipid nanoparticles, ROS= reactive oxygen species, NF-kB= Nuclear factor kappa-light-
chain-enhancer of activated B.  
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Dendrimers are branched and possess multiple drug attachment sites which is advantageous 

for dual drug therapies, however, increased toxicity has been linked to branching, so this must 

be controlled (Al-Azzawi et al., 2018). There are multiple in vivo studies within the AD field 

demonstrating viability of dendrimers and can reduce inflammation by targeting microglia 

which could potentially be translated into reduction in imflammaging phenotypes (Liu et al., 

2021; Zhang et al., 2016). One concern with dendrimers is the cytotoxicity of some 

components, as polyamidoamine (PAMAM) amine groups protonate and cause cell membrane 

disruption. This can be counteracted by low concentrations of PAMAM or by functionalisation 

like liposomes, for example PEGylation (Arbez-Gindre et al., 2023).  

Other types of polymeric nanoparticle are composed of other polymers such as poly(alkyl 

cyanoacrylate) (PGLA) which does not have the same cytotoxicity as PAMAM (Chu et al., 2022). 

These can then be further functionalised to cross the BBB and have been shown to decrease 

ROS, TNF-α and IL-6 as well as increase cognition when conjugated with peptide cyclic 

CRTIGPSVC in AD (Huang et al., 2017). Tracy et al., 2023, used a PGLA nanoparticle conjugated 

to CD44 and demonstrated that the particles infiltrate the astrocytes and microglia in the 

hippocampus of both AD and age-control mice but not young littermates. This lends credence 

to utilising nanoparticles in ageing and were 200 nm in size, with further work incorporating 

therapies the next step.  

1.9.3. Inorganic nanoparticles  

Inorganic nanoparticles are made of varied materials, normally metallic in nature, such as gold 

(AuNP), silver and magnetic nanoparticles (Martano et al., 2022). One of the most promising 

inorganic nanoparticles are AuNP as these have shown low toxicity compared to polymer 

varieties and can range between 3-200 nm (Chu et al., 2022). However, some studies still note 

a toxic element in high concentrations, so this must be considered in all AuNP studies (Soenen 

et al., 2011). One advantage of AuNP’s is that they can be smaller than other nanoparticles and 

reduce effect of Aβ in AD, therefore have a high chance of transport through BBB (Gao et al., 

2015). In the context of physiological ageing, there is a small number of recent studies which 
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document that AuNP cross the BBB in age both in vitro and in vivo (Bony et al., 2021; Rehman 

et al., 2020). Bony et al., 2021, used 3 nm AuNP targeting claudin-1 in 2- and 12-month mice 

demonstrating a non-significant increase in AuNP infiltration but a decrease in BBB 

permeability. Increasing the age of the mice to represent older ages (18-24 months in C57BL/6) 

mice would be beneficial to see long-term physiological ageing effects.  

1.10. Aims and objectives.  

The overall aims of this research project were to investigate the changes to the BBB during 

physiological ageing and the potential to exploit age-related deviations using nanoparticles as 

drug delivery carriers of therapeutics. Multiple studies were conducted within the murine in 

vivo setting to explore changes to the BBB and associated cells in ageing and 

neuroinflammation. Particular attention was paid to the sex differences observed during 

ageing and relation to drug delivery.  Further encapsulation of an anti-inflammatory therapy to 

nanoparticles investigated the efficacy of targeting age-related changes.  

1.10.1. Objectives and Hypotheses 

The aims of the thesis are as follows:  

1. To enhance the understanding of age-related changes to the BBB and associated cells 

in female and male mouse brain (Chapter 3) 

2. To determine if liposome nanoparticle infiltration was increased during physiological 

ageing and inflammation (Chapter 3 and 4) 

3. To assess changes to BBB ageing when exposed to an LPS-induced inflammatory 

phenotype (Chapter 4) 

4. To explore the potential of conjugating IL1-ra to liposomes in the context of reducing 

inflammation in ageing murine brain (Chapter 5) 
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Hypotheses 

 

1. Physiological ageing will decrease BBB function through increased permeability and 

inflammatory profile combined with decreases in cell expression 

2. Nanoparticle infiltration will increase in physiological ageing and neuroinflammation 

3. IL1-ra-liposomes will decrease inflammatory profile of aged brain 
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2. Materials and Methods 
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2.1. Contribution statement  

All research methodology, data collection, analysis and thesis writing were completed by the 

author of this thesis. The only methodological exceptions were as follows; Dr Zahraa Al-

Ahmady completed intravenous injections of mouse tail vein and MATLAB analysis of MRI 

data, Dr Rob Morris and Jim Hall ran the MRI machine, Dr Dominic Craske and Dr Graham 

Hickman completed TEM imaging and Dr David Boocock and Clare Coveney completed mass 

spectrometry of protein samples.  

2.2. Animal care and husbandry 

2.2.1. Animal Care 

All mice were housed according to the ‘Code of Practice for the Housing and Care of Animals 

Used in Scientific Procedures’ in conjunction with the United Kingdom Home Office 

requirements. The design of the study followed the scientific objectives of United Kingdom’s 

Act 1986 by causing minimum distress or suffering to the animals. All mice were housed at the 

bioscience support facility (BSF) at Nottingham Trent University under PP2325961 project 

licence.  

2.2.2. Animal Housing 

C57BL/6 mice (Charles River, UK) were housed in Techniplast Sealsafe plus cages with up to 4 

mice per cage containing corncob bedding and a range of environmental enrichment items 

(Datesand Ltd, Cheshire, UK). The animal unit was kept under controlled conditions of 12-hour 

light/dark cycle beginning at 7:00am; temperature of 20-24°C, humidity of 45-64% and 

ventilation of at least 15 air changes per hour. Prior to the onset of study, mice were 

acclimatised for a period of at least 5 days in the BSF. At the onset of the study, each animal 

per cage was randomly selected via members of the university BSF, and ear-notch completed 

for further identification. For the duration of each study, mice were fed ad libitum with standard 

chow (Rodent 2018, Envigo global certified diet, USA) and tap water.  
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2.2.3. Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines 

All studies within this body of research follow ARRIVE guidelines where possible including 

blinding and randomisation to reduce bias within analysis. Details of this can be found in 

Table 2-1 and throughout the body of work.  

2.3. Study design and power calculations 

Each study design, including mouse age, sex and group number is noted in individual results 

chapters. Power calculation to determine the optimal number of mice to observe DiI-liposome 

infiltration was based on estimated effect size (m1-m2) of 2.07 e-04 and standard deviation of 

1.02 e-4 suggesting a sample size of 5 (Al-Ahmady et al., 2022). 

2.4. Behaviour testing  

To determine the effect of ageing on cognitive function in vivo, mice underwent novel object 

and novel location recognition testing. These tests allow for investigation into the inherent 

preference of mice to investigate novel objects over familiar objects and as mouse cognition 

declines, the ability to distinguish between novel and familiar objects also declines. This can 

then be represented as a ratio of investigation times and used to determine cognitive ability of 

the aged mice.  

2.4.1. Behaviour validation 

Before the main cohort was analysed for cognitive decline, optimisation tests were carried out 

on a separate cohort of male C57BL/6 mice (n=12) which were then randomly split into trial 

groups of 3. Eight objects (table 2-2)  were selected for novel object validation based on being 

of similar height and ability of mice to climb. Mice were then handled for at least 5 days by the 

investigator to allow for familiarisation with handling and movement. Each group of 3 were 

randomly assigned an object combination of the eight objects over 3 days to test preferences 

or aversion to any object, to a total of 10 tests per mouse. Each mouse was exposed to a 30cm 

x30cm plastic box (Ikea, UK) with each of the two objects positioned at diagonally opposite 
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Table 2-1:  ARRIVE guidelines. Information detailing study adherence to ARRIVE guidelines.  

 

ARRIVE guidelines Chapter 3 Chapter 4 Chapter 5 

Study design • 3,6,12,18 and 22 month females 
• 3 and 18 month males 
• Experimental unit: single animal 

• 3 and 18 month female mice  
• 0, 0.25 or 1 mg/kg LPS 
• Experimental unit: single animal 

• Vehicle, free drug formulation and 
liposomal drug formulation 

• Experimental unit: Cage of 
animals 

Sample size • Based on power calculations of 
liposome infiltration 

• See chapter 3 for group size 

• Based on power calculations of 
liposome infiltration 

• See chapter 4 for group size 

• Power uncalculated 
• See 5 chapter for group size 
 

Inclusion and exclusion criteria • All animals initially included  
• Exclusion based on: 
- Insufficient perfusion 
- Tissue loss during immunostaining  
- Death of animal prior to perfusion 
• Find exact n-numbers in chapter 

• All animals initially included  
• Exclusion based on: 
-  Insufficient perfusion 
- Tissue loss during immunostaining  
- Death of animal prior to perfusion 
• Find exact n-numbers in chapter 

• All animals initially included  
• Exclusion based on: 
-  Insufficient perfusion 
- Tissue loss during immunostaining  
- Death of animal prior to perfusion 
• Find exact n-numbers in chapter 

Randomisation • No randomisation possible • Randomisation of brain tissue by 
secondary researcher after 
extraction from animal 

• Each experimental unit (cage) 
included animal from each study 
group 

Blinding • No blinding possible • Blinding of brain tissue from 
researcher 1 by researcher 2  after 
extraction from animal 

• Blinding of study group from 
researcher 1 

• Researcher 2 performed all 
injections  

Outcome measures • See chapter 3 • See chapter 4 • See chapter 5 
Statistical methods • See chapter 3.2 • See Chapter 4.2 • See chapter 5.2  
Experimental animals • C57BL/6 mice • C57BL/6 mice • C57BL/6 mice 
Experimental procedures • See chapter 3.2 • See chapter 4.2 • See chapter 5.2 
Results  • See chapter 3.3 • See chapter 4.3 • See chapter 5.3 
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corners of the box, approximately 2.5cm away from the box edge. Each session was recorded 

using Any maze (version 7.1) using a digital USB camera (Stoelting, USA) for a total of 5 minutes. 

Table 2-2 Objects for behavioural studies.  

 

Mouse videos were then watched by the researcher and time of investigation of each object 

noted and totalled. Each video investigation time was then calculated via the following 

formula:  

𝐷𝑖𝑠𝑐𝑟𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 𝐴

𝐼𝑛𝑣𝑒𝑠𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 𝐴 + 𝑜𝑏𝑗𝑒𝑐𝑡 𝐵 
 

After calculations, any object combination with a discrimination index above 0.2 was excluded 

from further study. The intention is to have a low discrimination index, indicating that the mice 

do not have an inherent attraction to one object.  Once objects were identified with a low 

discrimination index, 3 combinations with one object (object 1) were chosen to move forward 

to behavioural testing.  

2.4.2. Acclimatisation to arena  

To determine the cognitive effect of ageing incorporating multiple brain regions, novel object 

recognition (NOR) tests were carried out. Mice were handled for 5 consecutive days prior to the 

beginning of any testing by the researcher in the behaviour suite to ensure acclimatisation to 

the environment and handling. During this time, mice were transported isingly housed and 

placed into empty arena. Before each experimental run and each individual mouse, the arena 

was cleaned with 70% ethanol to remove any scent which would influence mouse behaviour.  

No object type 
1 Bottle 
2 Tube 
3 Pentagon stack 
4 Cylinder stack 
5 Toblerone 
6 square pyramid 
7 20ml tube 
8 clear 50ml 
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2.4.3. Novel object recognition 

Initially, mice were trained to recognise the familiar object by being placed into an arena with 

two identical objects, object 1, for 10 minutes. These were secured in opposite corners 

approximately 2cm from the edge of the arena. Within each experimental group, mice were 

assigned one of top left or top right to set the starting positions of the objects to ensure no 

place bias in experiment. After 10 minutes, the mice were removed from the arena and 

returned to single housing whilst all objects and arena were cleaned with 70% ethanol. To 

investigate short-, medium- and long-term cognition, mice were tested with inter trial periods 

of 5 minutes, 1 hour and 24 hours after the initial training video was completed within the same 

mouse. Mice were returned to the arena with 1 familiar object remaining in the same position 

throughout all trials and a different novel object for each timepoint measured. This was 

randomised throughout the group to ensure all 4 corners were equally used as the familiar 

object position to remove bias. Immediately after mice entered the arena, video was recorded 

for 5 minutes. 

2.4.4. Novel object location  

To test changes to hippocampal based cognition, mice were also subjected to novel object 

location (NOL) experiments (Denninger et al., 2018). This followed a similar formula to that of 

NOR but instead of objects changing, the position of the objects was altered to test spatial 

learning. Briefly, the objects remained the same as the training objects and the same position 

was selected as familiar as the NOR test for consistency. The novel object was then tested with 

an inter-trial period of 1 hour and 24 hours respectively, moving the novel object to a different 

corner of the arena each time.  

After both NOR and NOL testing, each video was manually scored by the researcher and overall 

investigation time of each object was determined. The discrimination index of each trial period 

was calculated using the equation for each age cohort. Normality was tested utilising the 

Shapiro-Wilk test and statistical significance determine via either one-way analysis of variance 
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(ANOVA) and Tukey’s multiple comparison test or Kruskal-Wallis test followed by Dunn’s 

multiple comparison test based on data normality.  

2.5. Liposome preparation 

2.5.1. DiI-liposome 

To study the uptake of liposomes to the brain and peripheral organs, DiI-liposomes were 

prepared utilising the thin film hydration method followed by extrusion (Zhang, 2017). Lipids 

used in liposomes preparation were as follows:  1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000 (DSPE-PEG-2000), 

hydrogenated soy phosphatidylcholine  (HSPC) (Lipoids, UK) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000 (ammonium salt) (DSPE-

PEG(2000)Maleimide) (Merck, Germany), DiI (Invitrogen, UK)  and Cholesterol (Sigma-Aldrich, 

UK).  

Before preparation of liposomes, individual lipid components were dissolved in 4:1 mixture of 

chloroform: methanol to concentrations and overall ratio HSPC: Chol: DSPE-PEG2000 

(56.3:38.2:5.5 mol/mol%) to an overall concentration of 12.5mM. Once the DiI had been added 

to the mixture, all following procedures were protected from light. Lipids were made to a total 

of 4ml per batch in a round bottomed flask and solvents were evaporated using a rotary 

evaporator (IKA, RV 10, UK) for 1 hour at 130rpm with the water bath set at 40°C. Lipids were 

hydrated using 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid (HEPES) buffer (20mM 

HEPES, 150mM sodium chloride  (NaCl), pH 7.4) and sonicated for 1 minute in a bath sonicator 

(VSC300TH, VWR, UK). Liposome size was then reduced via the extrusion method utilising 

800nm, 200nm and 100nm polycarbonate filter membranes (Whatman, VWR, UK) for 5:5:20 

times respectively on a mini extruder (Avanti Polar Lipids, Alabaster, AL). Prior to delivery into 

in vivo models, liposomes were filtered using 0.2 µm filter (Merck Millipore, UK) in a sterile 

environment.  
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2.5.2. IL1-ra-liposome 

 

To study the effect of Interleukin 1-recpetor antagonist conjugated to liposomes (IL1-ra-lip), 

liposomes without DiI were prepared utilising the same techniques as DiI-liposomes. 

Liposomes were produced to the final volume of 6 ml per batch and composed of: HSPC: Chol: 

DSPE-PEG2000: DSPE-PEG-Malemide (56.3:38.2:3.5:2 mol/mol%) to a final concentration of 

25 mM. Under deoxygenated conditions, IL1-ra was thiolated via combination with Traut’s 

reagent (Thermofisher, UK) at 1:20 ratio for 1-hour continuous stirring at room temperature to 

produce 4.472 mg IL1-ra: 1 ml buffer (pH 8, 25 mM HEPES, 140 mM NaCl, 3 mM 

ethylenediaminetetraacetic acid  (EDTA)). To remove unreacted Traut reagent, the solution was 

run through Sephadex G50 (Sigma-Aldrich, UK) columns in triplicate, the columns were pre-

equilibrated to deoxygenated HBS buffer to decrease oxygenation.  

Thiolated IL1-ra (Kineret, Amgen, USA) and liposomes were combined at 1:10 molar ratio in pH 

7.4 HBS buffer at left continuously stirring at room temperature overnight in deoxygenated 

conditions. To stop the reaction and block uncoupled liposomes, cysteine hydrochloric acid 

(Thermofisher, UK) was added to a final concentration of 1mM (Loomis et al., 2010). 

Conjugated IL1-ra-liposomes were then concentrated via centrifugation in Viva spin 20 

columns (Sartorius, Fisher, USA) at 10000 revolutions per minute (rpm) for 10-minute sessions 

until each batch has a 2 ml volume. Unconjugated IL1-ra was removed via running through a 

Sepharose CL-4b column (Sigma-Aldrich, UK) hydrated with pH 7.4 HBS in triplicate. IL1-ra 

protein concentration was determined and further solutions further concentrated to 1 mg/ml 

via centrifugation and stored at 4°C for up to a week before use.  

2.6. Liposome characterisation 

2.6.1. Size and zeta potential 

To characterise the DiI-lip, dynamic light scattering (DLS) was used to determine size and zeta 

potential (surface charge) of each liposome. Each batch was diluted 1:100 using purified and 

filtered with distilled water to a total of 3ml in a disposable cuvette. To measure zeta potential, 
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the samples were measured in a 1ml zeta cuvette in a 1:10 dilution to total of 1ml. 

Measurements were taken in triplicate on NanoPlus (Particulate Systems, USA) via the 

software NanoPlus version 5.22/3.00 (Particulate Systems, USA) with date displayed as 

average ± standard error or mean (SEM).  

2.6.2. Fluorescence intensity 

To check fluorescence intensity of DiI-lip before in vivo administration, the Carry UV-VIS 

compact spectrophotometer (Agilent, UK) was employed, with samples diluted in HEPES 

buffer to a concentration of 1:800 to a final volume of 4 ml. Measurements were taken at 

excitation 540nm and emission 567 wavelengths in triplicate and expressed as average ± SEM.  

2.6.3. Protein concentration 

To determine the amount of IL1-ra protein conjugated to the surface of liposomes, the 

enhanced pierce bicinchoninic acid (BCA) assay (Thermofisher, UK) was utilised according to 

manufacturer guidelines. This colorimetric assay worked via the reduction of Cu2+ to Cu1+ 

resulting in the formation of  BCA/copper complexes forming a purple colour with increasing 

protein concentration (Cortés-Ríos et al., 2020). Each sample of IL1-ra-lip was diluted to a 

ration of 1:20 in BCA reagent (reagent A and reagent B, 1:50) to a total of 600 µl. IL1-ra was used 

as the protein standards and diluted to a range between 1-0.005 mg/ml in RIPA buffer, again to 

600 µl. Samples were then heated at 60° for 30 minutes in darkness followed by reading on 

Tecan plate reader (Tecan, Switzerland)  at 562 nm at 37°C. Protein concentration of liposomes 

was then calculated via extrapolation of the standard curve.  

2.6.4. Lipid composition 

To quantify the phospholipid concentration, present within a liposome sample, the Stewarts 

assay was implemented. IL1-ra-lip stocks were diluted to 2.5 mM in HEPES buffer and then 

added to chloroform and Stewart’s reagent (Sigma-Aldrich, UK) (ratio 1:50:25) and vortexed to 

ensure sufficient reagent mixing. Standards were created from liposomes of each 

corresponding IL1-ra-lip batch prior to protein conjugation ranging from 25- 0.78 mM. All 



61 
 

samples were incubated for 1 hour at room temperature protected from light before being 

centrifuged at 13000 rpm for 1 minutes. Samples from the chloroform layer were measured at 

280-800 nm using Cary UV-VIS spectrophotometer (Agilent, USA) and lipid concentration 

determined via standard curve extrapolation at 485 nm.  

2.7. In vivo injections  

2.7.1. Injection of permeability markers and DiI-liposomes 

Albumin fluorescently conjugated to AF488, 5mg or 3000 Mw Dextran fluorescently conjugated 

to AF488 (Thermofisher, UK) were reconstituted to 10mg/ml in sterile phosphate buffered 

saline (PBS) prior to intravenous (I.V) injections. Individual mice were anaesthetised via 

inhalation using oxygen and nitrous oxide followed by isoflurane and tail heated to 37°C using 

heat pad to allow for tail vein to be injected. Mice were then I.V injected by either Dr Zahraa Al-

Ahmady or principal researcher with the following combinations of fluorescent particle: DiI-lip, 

DiI-lip + albumin or DiI-lip + dextran to 10mg/ml. Animals were monitored after cessation of 

anaesthesia to ensure full recovery.  

2.7.2. Injection of LPS  

LPS (E.coli 0111:B4, Sigma-Aldrich, UK) was appropriately diluted in sterile PBS from stock to 

either 1 mg/kg or 0.25 mg/kg and kept on ice until administration. Individual mice were I.P 

injected with the designated dose or PBS vehicle control. Animals were monitored daily after 

injection for clinical observations.  

2.7.3. Injection of IL1-ra-lip  

Individual mice were anaesthetised via inhalation using oxygen and nitrous oxide followed by 

isoflurane and tail heated to 37°C using heat pad to allow for tail vein to be injected. Mice were 

then I.V injected by Dr Zahraa Al-Ahmady with either IL1-ra-lip, IL1-ra (Swedish Orphan 

Biovitrum, Sweden) or HBS vehicle control. Animals were monitored after cessation of 

anaesthesia to ensure full recovery. 
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2.7.4. Animal culling  

2-hours post I.V injection, animals were intraperitoneally (I.P) injected with 200mg/ml dolethal 

(Vetoquinol Ltd, UK). Mice were then transcardially perfused with ice cold 0.9% saline for 2 

minutes for DiI-lip studies followed by 4% paraformaldehyde (Sigma-Aldrich, UK) in 0.1M PBS 

for a further 2 minutes for albumin and dextran studies. Brain, spleen, liver, lung, heart and 

kidneys were then weighed and imaged using In Vivo Imaging system (IVIS) before disposal of 

all organs except brain and spleen. For DiI-lip only, LPS and IL1-ra-lip studies, brain 

hemispheres were separated, and one hemisphere and spleen were snap frozen in liquid 

nitrogen for protein or molecular studies. The other hemisphere, and brains from albumin and 

dextran studies, were submerged in 4% PFA and kept at 4°C for 48 hours. Brains were then 

transferred to 30% sucrose (Sigma-Aldrich, UK), acting as a cryoprotectant, for a further 48 

hours and frozen in isopentane (Sigma-Aldrich, UK). All hemispheres and spleens were stored 

in ultra-low temperature freezers until further analysis was completed.  

2.7.5. Paraformaldehyde (PFA) preparation 

4% PFA was prepared by heating 1x PBS to 60°C prior to adding 40g/l PFA. Sodium hydroxide 

pellets (Sigma-Aldrich, UK) were added to the solution to allow for PFA dissolution prior to 

removing the solution from heat and keeping at room temperature for minimum 1 hour. PFA 

was then transferred to 4°C overnight and then filtered with 0.2µm bottle filter (ThermoFisher, 

UK) and pH was adjusted to 7.5 with 1M hydrochloric acid (Sigma-Aldrich, UK). 

2.8. In vivo optical imaging and analysis of DiI-lip, Albumin and Dextran for brain and 

peripheral organs 

To assess the infiltration of DiI-liposomes, albumin or dextran into the mice, optical imaging of 

brain and peripheral organs (spleen, lung, heart, liver, kidney) was undertaken immediately 

following cardiac perfusion. Organ images were acquired on the IVIS Lumina II Imaging System 

(Caliper Life Sciences Corp, USA) at specific settings dependant on fluorophore and target 

organ including exposure time and excitation and emission filters (table 2-3). Image analysis 
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was completed on Living Image software 4.5.2 (Caliper Life Sciences Corp, USA) on 

fluorescence efficiency settings whereby each emitted photon was equal to that of individual 

pixels. Infiltration of each target was quantified via equal regions of interest and displayed as 

the ratio of emitted light and incident light (total efficiency). For representative images, each 

organ was adjusted to minimum and maximum scales based on visualising the quantifiable 

results (table 2-2). 

Table 2-3: Settings for organ optical imaging. Details for DiI-liposome, albumin, and dextran imaging 
of either brain or peripheral organs detailing exposure time, binning, field of view (FOV), excitation and 
emission filters and minimum and maximum scale for representative images.  

Target Organ Exposure 
(ms) 

Binning FOV Excitation 
(nm) 

Emission 
(nm) 

Min 
scale 

Max 
scale 

DiI-
liposome 

Brain 1 (M) 4 10 520 570 5.00e-
5 

1.00e-
3 

Peripheral 
organs 

1 HR 
(4/2) 

12.5 520 570 2.00e-
3 

1.50e-
2 

Albumin Brain 0.5 HR 
(4/2) 

10 480 520 1.00e-
4 

3.55e-
4 

Dextran Brain 0.5 M (4) 10 480 520 2.00e-
4 

1.00e-
3 

         

2.9. Mouse plasma extraction and storage 

Prior to cardiac perfusion, a 21-gauge needle (BD Microlance, Switzerland) was inserted into 

the heart and blood extracted and placed into heparinised tubes (Sarstedt, Germany) and 

centrifuged at 2000g for 5 minutes. The serum was then removed and stored in ultra-low 

temperature freezer for downstream ELISA analysis. 

2.10. Tissue sectioning 

Immunofluorescence and immunohistochemical staining were utilised to investigate 

expression of different NVU components of the brains harvested from male and female ageing 

cohort. Each brain hemisphere was covered in optical cutting temperature (OCT; VWR, UK) 

before sectioning (30µm thickness) on the Leica CMV1860 cryostat.  
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2.11. Immunofluorescence staining  

Tissue slides were then stored in ultra-low temperature freezers until use whereby they were 

defrosted for 20-minutes, and OCT removed via x1PBS wash for 10 minutes. For DiI-lip 

infiltration, the slides underwent no further processing and immediately coverslipped (see 

below). Slides were then rinsed in tap water and left vertically to dry at 37°C for 1 hour. 

Specifically optimised stains (table 2-4) required antigen retrieval; slides were incubated in 

100°C 10mM EDTA Ph6 (Sigma-Aldrich, UK) for 10 minutes before washing with ultrapure water 

in triplicate. All immunofluorescence stains then underwent a blocking step with 5% species 

specific serum for a further 1 hour (Jackson Immunoresearch Laboratories Inc, USA) in a 

humidifying chamber. Primary antibodies specific to protein of interest were incubated at 4°C 

overnight at optimised concentrations (table 2-4). For each run, a negative control slide 

(without any primary antibody) was included with the same protocol except instead of primary 

antibody, was incubated in blocking solution.  

After 24 hours, primary antibodies were removed from the slides via triplicate washes of 0.1% 

PBS-tween 20 (Sigma-Aldrich, UK) before being incubated at room temperature for an hour in 

secondary antibody corresponding to species of blocking and primary antibody steps (table 2-

4), ensuring a humid and dark environment. Post-incubation, slides were again washed in 0.1% 

PBS-tween20 for 5 minutes in triplicate before being washed for 1 minute in distilled water and 

left to dry overnight. Coverslips (Sigma-Aldrich, UK) were mounted onto slides using ProLong™ 

Gold Antifade Mountant (Invitrogen, UK) and left to dry before being cleaned of excess 

mountant using 70% ethanol.  

Images were obtained using the Leica Thunder imager microscope utilising the Leica 

application suite (LAS X) software. Each region of interest; Cornu Ammonis (CA3), CA1 and 

dentate gyrus hippocampal regions and two cortex and striatal region were imaged in triplicate 

per anatomical area at x40 magnification (coronal level -1.94mm from bregma). Each 

immunofluorescence stain was imaged using specific exposure times which remained 

consistent across the ageing cohort. Following image acquisition, deconvolution and 



65 
 

background subtraction was completed using Leica Thunder and lightning large volume 

computational clearing proprietary software.  

Table 2-4: Antibodies for immunofluorescent studies. Primary and secondary antibodies used for 
immunofluorescence studies including the dilution factor and use of antigen retrieval.  

Antibody Antigen 
retrieval 

Dilution 
factor 

Supplier Product 
code 

 
Goat anti-
mouse CD31 

N 1:100 Bio-techne AF3628 

Rabbit anti-
mouse 
Caveolin-1 

N 1:150 Cell Signalling 
Technologies 

3267T 

Rabbit Anti-
mouse NG2 

N 1:50 Merck Millipore Ab5320 

Rabbit Anti-
mouse iba-1 

Y 1:300 Alpha Laboratories 019-19741 

Chicken Anti-
mouse GFAP 

N 1:500 Thermofisher PA110004 

Mouse Anti-
mouse ICAM-1 

N 1:50 Biotechne  NBP2-22541 

 
Donkey anti-
goat 647nm 

- 1:500 Invitrogen A-21447 

donkey anti-
goat 488nm 

- 1:500 Invitrogen A-11055 

donkey anti-
rabbit 647nm 

- 1:400 Invitrogen A-31473 

Donkey anti-
chicken 
488nm 

- 1:800 Jackson 
Immunoresearch 

703-545-155 

Donkey anti-
mouse 647 nm 

- 1:500 Invitrogen A-31571 

 

To quantify the expression of each fluorescence channel as well as colocalisation between 

channels, Image J macros were employed. Initially, multiple-coloured background macro was 

applied to determine threshold levels of individual stains to eliminate background staining. 

Analysis continued by initiating the multiple colour analysis macro which produced 

histograms correlating to the number of pixels labelled with individual colour channels in each 

image. These channels included the classical red, green and blue corresponding with each 
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immunofluorescence stain in addition to cyan, yellow, magenta and white which reported 

colocalisation between 2 or all 3 colour channels respectively.  

For analysis requiring the % area of endothelial cells, the individual channel for Cluster of 

Differentiation 31 (CD31-also PECAM-1) was extracted from the multichannel image. Within 

ImageJ, images were then transformed into the 8-bit format and threshold adjusted to 

minimum 50 and maximum 255 on the default setting. The % area was then measured of this 

detected area and used for individual corresponding images for analysis.  

2.12. Immunohistochemical staining 

To determine permeability of BBB during ageing, immunohistochemistry for immunoglobulin 

G (IgG) was completed. Slides were removed from ULT freezer and defrosted for 10 minutes 

prior to washing in 1xPBS in triplicate for 10 minutes to remove traces of OCT. Endogenous 

peroxidases were then blocked using 0.3% hydrogen peroxide (H2O2) in distilled water (ddH2O) 

for 10 minutes in a humidifying chamber followed by a further x3 10-minute washes in PBS. 

Further blocking was carried out via 10% horse serum (Vector laboratories, USA) in 0.3% triton-

PBS solution for 1 hour at room temperature. Slides were then incubated overnight at 4°C in 

horse-anti-mouse IgG biotinylated antibody (Vector laboratories, USA) at 1:250 overnight. 

Blocking was removed via triplicate PBS washes for 10 minutes before incubation for 1 hour 

with avidin-biotin complex (ABC) (Vector laboratories, USA). PBS was then used to wash 

excess ABC from slides in triplicate before incubation with diaminobenzidine (DAB) for 4 

minutes before further washing with PBS. Slides were allowed to dry thoroughly before cover 

slipping using Eukitt® Quick-hardening mounting medium (Sigma-Aldrich, UK).  

Images were obtained on the Leica Thunder imaging system utilising brightfield settings and 

camera at x20 magnification. Image settings were as follows: exposure, 50ms, red green blue 

(RGB) colour channels: (8.4, 1.0, 18.4), Illumination settings were as listed; 121 intensities with 

5 aperture and Tl-Fld. Exported images were uploaded to ImageJ whereby they were 

transformed to 8-bit images and positive regions of immunoreactivity were selected via 
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thresholding on default setting to 0 minimum and 100 maximum. Per region, 2 images were 

collected, and the average of the % area immunoreactivity was quantified per cohort group. 

The Shapiro-Wilks test was employed to test for normality and based on results either the one-

way ANOVA and Tukey’s multiple comparison test or Kruskal-Wallis test followed by Dunn’s 

multiple comparison test were used to determine statistical significance.  

2.12.1. Prussian blue iron staining  

To further assess BBB permeability and cerebral microbleeds, Prussian blue histological 

staining quantified the amount of iron accumulation within the brain parenchyma. The key 

principle behind this technique is that ferrocyanide will react with any ferric ion present within 

the brain tissue producing ferric ferrocyanide which produces a quantifiable blue pigment (Liu 

et al., 2014). Briefly, frozen brain sections were allowed to thaw prior to rehydration in ddH2O. 

20% aqueous solution of hydrochloric acid and 10% aqueous solution of potassium 

ferrocyanide (Sigma-Aldrich, UK) were combined 50:50 and tissue immediately incubated for 

20 minutes. Triplicate ddH2O washes removed excess solution prior to incubation with nuclear 

fast red (Sigma-Aldrich, UK) for 5 minutes. Dehydration of tissue through a gradient of 

methanol and 2 changes of xylene (Sigma-Aldrich, UK) was performed prior to coverslipping 

using Eukitt® Quick-hardening mounting medium (Sigma-Aldrich, UK).  

Images were obtained on the Leica Thunder imaging system utilising brightfield settings and 

camera at x20 magnification. Image settings were as follows: exposure, 50ms, RGB colour 

channels: (8.4, 1.0, 18.4), Illumination settings were as listed; 121 intensities with 5 aperture 

and Tl-Fld. Exported images were uploaded to ImageJ whereby they were transformed to 8-bit 

images and positive regions of immunoreactivity were selected via thresholding on default 

setting to 0 minimum and 75 maximum. Per region, 2 images were collected, and the average 

of the % area immunoreactivity was quantified per cohort group. 



68 
 

2.13. Tissue homogenisation  

For downstream protein analysis assays, such as Enzyme-Linked Immunosorbent Assay 

(ELISA) and Mass Spectrometry, brain tissue from flash frozen hemispheres was obtained. On 

dry ice, the hemispheres were sliced to acquire the part of the hemisphere containing the 

hippocampal region and weighed, all brains were approximately 100 mg ± 20 mg. Using a small 

glass pestle and mortar, each tissue was individually homogenised in 400µl solution 

containing; 1% protease Max (Promega, USA), x1 RIPA buffer (Merck, Germany), 1% HALT 

protease inhibitor (Fisher, UK) and 0.1% 100 mM PMSF protease inhibitor (Fisher, UK) in dH2O. 

Individual homogenate was transferred to 1 ml glass millitube (Covaris, USA) and incubated on 

ice for 10 minutes to allow lysis development. Homogenates were then sonicated using S220 

focused ultrasonicator (Covaris, UK) using the following settings: x3 30 second 200 pulses split 

by 30 second rests at 4°C. Samples were then centrifuged using Frontier 5513R (Ohaus, 

Switzerland) at 4°C for 10 minutes on highest g setting before being transferred to clean 1.5 ml 

Eppendorf and either kept at 4°C for short-term use or -80°C for long-term storage.  

2.13.1. BCA protein quantification 

To determine protein concentration of tissue homogenates, the BCA protein assay for 

quantification was conducted. Albumin standards were diluted to a range of 0-2000 µg/ml and 

samples diluted 10-fold in RIPA buffer. Working reagent was created from BCA reagent A and B 

at 50:1 ratio and added to microplate at 1:8 (sample: working reagent) ratio. Microplate was 

then incubated at 37 °C for 30 minutes in darkness prior to reading of plate at 562 nm on Tecan 

plate reader. Protein concentration of liposomes was then calculated via extrapolation of the 

standard curve. 

2.14. Mass Spectrometry  

To investigate protein expression in brain lysate, proteomics via mass spectrometry was 

conducted to see effects of ageing and LPS induced inflammation. After protein quantification, 

50 µg protein was extracted and sent to the Nottingham Trent University biological mass 
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spectrometry and clinical proteomic facility lead by David Boocock and Clare Coveney who 

completed all experimental aspects after samples were transferred.  

Each lysate was passed through an S-trap micro column (Protifi, USA) and vacuum-

concentrated to remove buffers and reconstituted in 300 µl before being injected by 

autosampler (Waters M-class) onto a SciexZenoTOF 7600. Analysis was conducted using the 

Optiflow source in positive sequential window acquisition of all theoretical fragment ion 

spectra (SWATH) mode to produce generation of protein library. DI-ANN 1.8.1 was used to 

process SWATH data utilising the FASTA digest for library-free and deep learning options. The 

Swissprot Mouse May 2022 database was used for the analysis and output data was further 

analysed on AMICA 3.0.1(Didusch et al., 2022).  

The following settings were used on AMICA; filter on count values: 2, minimum valid values in 

group: 3, normalisation method: none, imputation: minimum (downshift 2.8, width 0.3). To 

produce values for differential expression of proteins in each condition as well normalisation 

and log 2-fold change set at 0.3 with unadjusted p-values (0.05) following recommendations 

from literature (Cox et al., 2014; Pascovici et al., 2016). Volcano plots of expression compared 

to 3-month vehicle, or 18-month vehicle groups were created using log (fold change) and -log 

(10) (p-value) data.  

2.14.1  Functional pathway analysis  

Ingenuity pathway analysis (IPA) (Qiagen, UK) was utlisied the elucidate upstream canonical 

and functional pathways to understand the effect of systemic inflammation on the aged brain 

samples. The top up/down regulated proteins were calculated based on an expression fold 

change (-0.3<, 0.3<) with a significance of p≤0.05 based on Fisher’s exact test.  

2.15. In vivo magnetic resonance imaging (MRI) 

2.15.1 Microparticle of iron oxide production 

To visualise changes to BBB, microparticles of iron oxide (MPIO) were functionalised with 

VCAM-1 antibody (BD Biosciences, USA) according to previous literature work (Gauberti et al., 
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2018). Briefly, 1µM dynabead myone tosylacivated MPIO (Thermo Fisher, UK) were 

resuspended and added to a falcon tube before being washed in triplicate with 0.1 M borate 

buffer (Thermo Fisher, UK) by magnetic separation. MPIO’s were resuspended with 200 µg 

VCAM-1 antibody in 37% 3 M ammonium sulfate (Sigma-Aldrich, UK) and 63% 0.1 M borate 

buffer before being incubated at 37°C for 48 hours under constant agitation. Magnetic 

separation of MPIO from supernatant occurred before resuspension with blocking buffer (0.5% 

bovine serum albumin in 0.005% Tween20-PBS) prior to a further 24 hour agitated incubation 

at 37°C. To prevent MPIO aggregation, sonication was completed on Soniprep 150 plus (MSE, 

UK) at 5 amplitude for 60 seconds on ice prior to triplicate magnetic separation washing of 

MPIO is washing buffer (0.1% bovine serum albumin in 0.005% Tween20-PBS). Final MPIO-

VCAM-1 conjugate suspended in wash buffer and stored at 4°C under constant agitation prior 

to use.  

2.15.2. MRI imaging  

To visualise MPIO-VCAM-1 binding within the brain of aged mice, MRI imaging was undertaken. 

Imaging was conducted at Nottingham Trent University by the Imaging and Display research 

facility staff, Dr Robert Morris and Jim Hall.  

Mice were anaesthetised via subcutaneous injection of 75 mg/kg Ketamine and 1 mg/kg 

Medetomidine before being placed into a 37 °C heating box (Clinpath, UK). Intravenous tail 

insertion of 27-gauge cannula was completed and secured in place before placing mouse on 

a heated mat within human extremity coil in Avanto1.5T MRI (Siemens, Switzerland). Animal 

position was confirmed in the homogenous region of the scanner by a localiser sequence 

before an isometric gradient spin (settings in table 2-5 ) was applied to ensure multidirectional 

analysis. Using a spoiled gradient echo sequence, T1 weighted pre-contrast images were 

acquired prior to injection of MPIO-VCAM-1 via cannula. 5-minutes after injection, mice were 

imaged identically to pre-contrast.  
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Pre- and post- contrast images were uploaded into MATLAB to quantify amount on MPIO-

VCAM-1 binding in the region of interest. Briefly, threshold of the background image crated a 

mask to reduce and remove noise before a second threshold was applied to remove the 

peripheral mouse body to retain only the mouse skull and brain. MATLAB code then subtracted 

the contrast post-injection and difference calculated in the code.  

2.15.3.    Transmission electron microscopy (TEM) 

To confirm that MPIO-VCAM-1 was not aggregated, the estimate size, TEM of MPIO’s was 

undertaken pre- and post-sonication step. Glow discharged TEM mesh copper grid (Agar 

Scientific, UK) was incubated for 1 minute on MPIO sample before being washed in triplicate 

Table 2-5: Specifications of MRI imaging. 

 

on ddH2O) droplets. Grids were then stained with 1% uranyl acetate for 1 minute for 

visualisation and air dried prior to imaging. Imaging conducted by Imaging team at Nottingham 

Trent University; Dr Graham Hickman and Dr Dominic Craske.  

2.16. ELISA tests 

To test for changes to inflammatory markers in the peripheral blood system, ELISA’s were 

carried out for proteins utilising serum extracted from the terminal animal. All experiments 

followed the standardised protocols for DuoSet ELISA kits (R&D Systems, UK) with specific 

reagent working conditions noted in table 2-6. Briefly, 96-well plates were coated with 100 µl 

capture antibody and incubated overnight at room temperature (RT) prior to triplicate stringent 

washing in PBS containing 0.05% Tween-20. Wells were then blocked for non-specific binding 

via 1% BSA-PBS for 1 hour at RT. Plates were then washed as previously stated before serum 

Sequence parameter Parameter value 
Sequence Name SGE_60_ISO 
Slice thickness 0.6mm 
Repetition time (TR) 200 ms 
Echo time (TE) 13.2 ms 
Averages 1 
Field of view Phase 100 % 
Oversampling  100 % 
Flip angle 22 o 
Field of view  71 mm 
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samples or protein normalised brain homogenates were incubated for a minimum of 2 hours 

at RT at optimised concentrations table 2-6. After further washing steps, biotinylated detection 

antibody was incubated for 2 hours prior to another wash and incubation with streptavidin-

HRP for 20 minutes. Final washing took place before 20 minutes incubation with 100 µl 

substrate solution directly followed by 50 µl stop solution. Plates were read immediately at 450 

nm and 570 nm on Tecan plate reader. For analysis, 570nm values were subtracted from 

450nm to account for wavelength correction and values of the standards were inputted into 

sigmoidal, 4PL curve. Absorbance values for cohort samples then extrapolated from the curve 

using GraphPad Prism.  

Table 2-6: ELISA working concentrations. Final concentrations for capture antibody, protein 
standards, detection antibody, streptavidin-HRP and dilution of serum and protein standards. ELISA; 
enzyme-linked immunosorbent assay, Ab; antibody, DF: dilution factor, HRP: horseradish peroxidase. 

ELISA kit Capture 
Ab 
(µg/ml) 

Standard 
(pg/ml) 

Serum 
sample 
DF 

Protein 
sample 
DF 

Detection 
Ab (ng/ml) 

Streptavidin-
HRP 

ICAM-1 2 125-8000 1:1000 1:100 12.5 1:200 
IL-1β 4 15.6-1000 N/A 1:5 250 1:40 
IL-6 2 15.6-1000 1:20-

1:1000 
1:10 75 1:40 

VCAM-1 1 125-8000 1:10000 1:1000 100 1:200 

2.17. Statistical analysis  

All data was collated and inputted into GraphPad Prism 10 for all statistical analysis (except 

Mass spectrometry data). For all comparisons, the Shapiro-Wilks normality test was applied 

to determine normality of each cohort before further statistical tests. For comparisons of 2 

groups, parametric datasets used unpaired T-test whilst non-parametric groups utilised Mann-

Whitney test. For groups of more than 2 comparisons, dependant on analysis either the one-

way analysis of variance followed by Tukey multiple comparison Post-hoc test or two-way 

analysis of variance was applied followed by Dunn’s multiple comparison test under normal 

conditions. For non-parametric datasets, the Kruskal-Wallis test was followed by Dunn’s 

multiple comparison test. Graphical representations signified mean ± standard error of mean 

(SEM) and all significant results were graphically annotated using the following ranking: * 

p<0.05, ** p<0.01, *** p<0.001.  
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3. The investigation of lifespan and sex on the 

blood-brain barrier and associated 

neurovascular unit components in relation to 

cognitive function
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3.1. Introduction 

As previously discussed, the effect of physiological ageing on the BBB is disputed regarding 

both permeability and changes to NVU components. When looking at previous research, it 

becomes apparent that many studies prefer to utilise male mice to investigate physiological 

ageing which may have been to alleviate any variations which occur naturally due to 

fluctuations in female hormone cycles (Pan et al., 2021; Sartorius et al., 2015; Sumbria et al., 

2018). It is crucial to investigate sex differences related to BBB ageing and focus on females as 

the unreported group in comparison to males. This is important within BBB context as it has 

been documented in humans that BBB decline was more pronounced in the male cohort than 

females via MRI measurements (Moon et al., 2021; Shao et al., 2024). The lack of investigations 

into sexual dimorphism within in vivo models in comparison to clinical work highlights the 

importance of studying the female and male BBB changes. Some studies have researched BBB 

in both sexes but do not report on any differences observed in the cohorts and instead have 

focused on the group as a whole and not two distinct populations (Stamatovic et al., 2019; 

Britton et al., 2022). 

Commonly within ageing studies, only two age points, classified as young and aged adult are 

compared, typically 3 months and 18 months (Frías-Anaya et al., 2021; Halder & Milner, 2022; 

Yang et al., 2020). The mouse strain C57BL/6 has been widely used in ageing studies as it is a 

well-defined strain commonly used in neurogenerative and genetic models and ages more 

rapidly than humans with 1/30th overall lifespan (Kõks et al., 2016; Yanai and Endo, 2021). The 

comparative ages of C57BL/6 mice are as follows: 3-6 months (20-30 years), 10-15 months (38-

47 years) and 18-24 months (56-69 years) (Jackson et al., 2017; Yanai and Endo, 2021).  

In C57BL/6 mice, it has been estimated that adolescence stops between post-natal day 50-70 

in both males and females and full reproductive maturity at 3 months (Groó et al., 2013; Finch, 

2014; Arellano et al , 2024). Due to the unpredictability of individual mouse adolescence, the 

prevailing age for adult mice is 3-months (92 days), ensuring the end of puberty and maturation 

of reproduction  (Yanai and Endo, 2021). It has also been shown that development of major 
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brain regions, such as the hippocampus, ceases at approximately 77 days, justifying the use 

of 3-month mice as young adult (Fu et al., 2013). For older age groups, the lifespan and survival 

rate of specific mouse strains must be considered, for C57BL/6 mice, the survivorship of mice 

is 75% in 18–24-month mice but drops to 50% at 28-months, indicating for in vivo studies 

should ideally not progress past 24-months due to high mortality rates (Graber et al., 2015; 

Jackson et al., 2017; Yanai and Endo, 2021). Few studies have looked at a range of ages in either 

males or females to determine the progression of BBB changes.  Investigating this progression 

would possibly identify novel therapeutic windows to target age-related changes, like in stroke 

models, where a biphasic therapeutic window has been identified (Al-Ahmady et al., 2019, 

2022).  

Within the brain, different regions are more vulnerable to age-related changes than others, 

particularly the hippocampal region. Functionally, the hippocampus has a role in spatial 

learning and memory, but in ageing, impaired LTP has been shown in rodents correlating with 

decreases in cognitive ability, specifically the consolidation of long-term memory (Lister and 

Barnes, 2009; Bettio, Rajendran and Gil-Mohapel, 2017; Patrick et al., 2024). When focusing 

on the BBB, human MRI studies demonstrate increased permeability of the hippocampus, 

further broken into 3 main hippocampal regions, CA1, CA3 and dentate gyrus (Montagne et al., 

2015). In vivo studies have also replicated this, demonstrating hippocampal related cognitive 

decline, and highlighting the conservation of ageing effects on this brain region. (Wimmer et 

al., 2012; Koh, Spiegel, and Gallagher, 2014).  

Although the hippocampus historically has been linked the most to BBB dysfunction in ageing, 

it is important to compare this to other brain regions to examine spatial effects of age. The 

cortex is a major structure in the brain and can be broken down into 4 lobes; frontal, temporal, 

occipital and parietal lobes with further functional breakdowns such as the motor and auditory 

cortex (Hogstrom et al., 2013). Regarding ageing, the motor cortex exhibits changes to synaptic 

plasticity and neuronal activity leading to a decline in motor function (Inoue and Nishimune, 

2023). The auditory cortex also shows age-related decline such as the decreased recognition 
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of the spoken word and inability to decipher speech-in-noise (Rogers et al., 2020). Studies have 

investigated this mechanistically and propose that the changes to the neurotransmitter 

gamma-aminobutyric acid (GABA) in ageing could be driving these changes (Dobri and Ross, 

2021). The striatum is also an important structure within the brain which is responsible for 

many cognitive functions such as motor and action planning (Bamford and Bamford, 2019). 

Within these models, increased BBB permeability has been observed so it is an important point 

to compare this to physiological ageing to determine if effects can be detected before 

pathology.  

The tight control of molecular movement by the BBB is one of the major obstacles for delivery 

of therapeutics into the brain parenchyma as it is impermeable to the majority drug molecules 

(Pardridge, 2005). Even in severe neuropathology, such as AD, where increased BBB 

permeability has been established, the ability of small molecules to pass through is still 

minimal, with only 2% of molecules infiltrating the brain (Janelidze et al., 2017). Lipid 

nanoparticles (liposomes) have been considered as an alternative to free drug molecules and 

have been shown to infiltrate across the BBB in different neuropathology, such as Stroke, 

Parkinson’s and AD (Al-Ahmady et al., 2019; Chu et al., 2022; Monge-Fuentes et al., 2021). 

There are multiple potential mechanisms of transport that allow for lipid nanoparticles to move 

through the BBB including caveolae/ receptor/ absorptive mediate transcytosis (CMT/ RMT 

/AMT) (Juhairiyah and de Lange, 2021). Particular attention should be shown to caveolae-

mediated transcytosis as this has been shown in cancer and stroke models to be a mechanism 

of liposome transport (Sorets et al., 2020; Tylawsky et al., 2023). This is relevant as in vivo 

studies have demonstrated a link between physiological ageing and a shift towards this type of 

transport, indicating a possible pathway for liposomes to cross the BBB (Yang et al., 2020). 

Another key aspect of ageing is the cognitive decline present as age progresses which has been 

shown previously in humans and rodents (Wimmer et al., 2012; Murman, 2015; Healy et al., 

2024). It is important to determine if changes observed to BBB permeability or NVU 

components occur prior to or after significant cognitive deficits and whether this is related to 
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age-related inflammatory response (Wang et al., 2014; Zhao et al., 2020; Hillmer et al., 2023). 

Therapeutically, it would be beneficial for changes to be observed pre-cognition changes as 

this would provide a therapeutic window to target changes which could potentially delay or 

reduce the cognitive changes predominantly seen.  

3.2. Aims and Objectives 

This chapter aims to assess age-related changes to the BBB and NVU by comparing a range of 

ages in female and male mice. This will determine if there is a systematic change to the brain 

microvasculature in young, middle-aged, and aged mice in females whilst comparing to the 

male mice which historically have been the preferred in vivo model. The chapter also aims to 

demonstrate age-related changes in BBB permeability and correlate with an increased 

infiltration of lipid nanoparticles. Changes to caveolae-mediated transport through the BBB 

will be assessed to determine female and male aged-related changes. The effect of ageing on 

other NVU components will also be observed to determine any potential therapeutic targets. 

All changes identified will be correlated with changes to cognitive function to identify if BBB 

changes happen post- or pre-cognition changes. Ultimately, the findings in the chapter will add 

to the growing understanding and improve clarity of how physiological ageing affects the BBB 

as well as demonstrating the ability of nanoparticles to exploit these changes for drug delivery.  

3.3. Hypotheses: 

1. Ageing causes increased BBB permeability to large molecules and nanoparticles  

2. Age-related changes to neurovascular unit components will occur prior to the onset of 

cognitive change 

3. Increased in inflammatory response will occur with increased age 

3.4. Methodology 

Detailed methodology for all techniques used in this chapter of work can be found in Chapter  

2.  
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3.4.1. Study design 

Mice were purchased at the desired age up to the point of 18 months, whereby mice were 

kept onsite up until the desired age range. Mice were observed and bodyweights monitored 

twice weekly following guidelines for aged animals (Wilkinson et al., 2020).  Each age point, 

females (3, 6, 12, 18, 22 months)/ males (3 and 18 months) were initially n=8 housed up to 4 

mice per cage.  This number was determined based on power calculation of nanoparticle 

infiltration (n=5) calculated from previous work (chapter 2.2) (Al-Ahmady et al., 2019, 2022). 

All mice underwent behavioural tests and injected with DiI-lip but then split into two groups: 

DiI-lip only (n=5) and taken forward for further immunofluorescence analysis or DiI-lip and 

albumin (n=3). The 22-month group consisted of n=7 due to mouse mortality and so was split 

into groups of n=4 and n=3 respectively. The separate Dextran study composed on n=3 male 

mice at 3- or 18- month ages. All predicted n-numbers are depicted in fig. 3-1 along with a 

diagrammatic representation of the overall study design.  

3.4.2. Behavioural testing  

Novel object recognition and novel object location testing were conducted to determine 

changes in cognitive ability across ageing in both sexes (2.4).  

3.4.3. Optical imaging  

Female brains were imaged for infiltration of DiI-liposomes and albumin whilst male cohorts 

investigated the effects of DiI-liposomes, albumin and dextran on brains as well as 

investigated the biodistribution of DiI-liposomes on heart, lungs, spleen, liver and kidney 

(2.8).  

3.4.4. Immunofluorescence staining  

Immunofluorescence staining was utilised to examine neurovascular unit components; CD31 

for endothelial cells, GFAP for astrocytes and NG2 for pericytes (2.11). Inflammatory 

responses during ageing were investigated via expression of iba-1, representing the microglial 

population. Further studies examined transcytosis transport routes evaluating the expression  



79 
 

Figure 3-1: Schematic representation of ageing mice study and study n-numbers. (A) Female and 
male mice at specific ages were injected intravenously with either DiI-lip, DiI-lip and albumin or DiI-lip 
and dextran and culled 2 hours post-injection. Prior to cardiac perfusion, terminal blood samples were 
obtained for downstream analysis. Optical imaging of brain and peripheral organs occurred 
immediately post-perfusion before brains treated for histological analysis. Diagrammatic 
representation of 6 regions of interest for post-mortem work. (B) Tabular representation of all mouse 
groups within the study specifying the sex and age of each cohort and the predicted n-number per 
assessment parameter.  
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of caveolin-1. Negative control images (without primary antibody) are found in appendix 3. Any 

tissue loss is recorded in appendix 4.  

3.4.5. Immunohistochemical staining. 

To determine permeability of BBB during ageing, immunohistochemistry for IgG was 

completed (2.12). Negative control images (without primary antibody) are found in appendix 3. 

Any tissue loss is recorded in appendix 4. 

3.4.6. ELISA tests 

For ageing studies, inflammatory markers ICAM-1 and VCAM-1 were examined using serum 

extracted terminally from each mouse group (2.16).  

3.4.7. Statistical analysis  

All statistical analysis was performed on GraphPad Prism for age-related effects on either 

male or female cohort (2.17). Normality was assessed in both cohorts via Shaprio-Wilkes test 

prior to downstream statistical tests. For comparison of the female cohort, either one-way 

analysis of variance applied followed by Tukey multiple comparison test under normal 

conditions or the Kruskal-Wallis test was followed by Dunn’s multiple comparison test for 

non-parametric groups. For the male cohort, either an unpaired T-test or Mann-Whitney test 

were used based on normality. Graphical representations signified mean ± SEM and all 

significant results were graphically annotated using the following ranking: * p<0.05, ** 

p<0.01, *** p<0.0001.  

3.5. Results  

3.5.1. Increased global infiltration of molecules into the ageing brain 

Increased permeability of the BBB to molecules during ageing has been demonstrated 

throughout the literature (Yang et al., 2020; Ohene et al., 2021; Pan et al., 2021). This project 

aims to ascertain if this permeability extends to nanoparticle infiltration. DiI-labelled  
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 liposomes were manufactured in the laboratory setting and demonstrated to have similar size 

(nm), zeta-potential, fluorescence intensity and poly-dispersal index (fig. 3-2). This allows for 

comparisons in DiI-lip infiltration across the aged cohorts in both males and females. As 

liposomes have been shown to travel through the caveolae-mediated transcytosis transport 

route, albumin was assessed alongside the DiI-lip to correlate with proposed transport 

mechanisms as transcytosis is the main pathway of albumin infiltration.  

To determine the global infiltration of DiI-lip and Albumin into the male and female brains, 

optical imaging was deployed (Fig. 3-3b-c). In females, DiI-lip significantly increased in the 

brain in a stepwise pattern from 3-22 months; with increases between 3- and 18-months (H 

=18.01(4,31), p=0.0486), 6- and 18- months (H =18.01(4,31), p=0.0068) and 6- and 22- months 

(H=18.01(4,31), p=0.0345) whilst albumin significantly increased to 18-months 

(F=30.98(3.7),p=0.0009/0.0002/0.0016) but not 22 months (fig.3-3c). In male brains, significant 

increases were shown in both DiI-lip (T=6.4(17)) and Albumin (T=1.563(7)), showing similar 

effects as the female groups (fig.3-3d-e). Dextran, a molecular smaller in size then both DiI-lip 

and albumin used to demonstrate tight junction permeability, did not show any significant 

changes in ageing (fig.3-3f). The increases in both albumin and DiI-lip but not dextran supports 

the hypothesis that ageing induces a semi-permeable BBB to specific molecule types based 

on transport pathways.  

3.5.2. Biodistribution of DiI-lip into peripheral organs  

To determine if the infiltration of DiI-lip into the brain during ageing was specific to the brain 

only, optical imaging of various peripheral organs was conducted in the male cohort. No 

significant increases were found in any tested organ which included the liver, heart, lung, 

spleen, or kidneys, indicating a brain organ specific effect when investigating physiological 

ageing (fig.3-4b).  
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Figure 3-2: Liposome characterisation for ageing cohort. Liposomes were made with identical 
formulations using thin film hydration followed by extrusion. Size (in nm), zeta potential (ZP) and poly-
dispersal index (PDI) were all completed in triplicate via dynamic light scattering. Fluorescence intensity 
was calculated using spectrophotometry set at 540nm (A) graphical representation of female cohort 
liposome size. (B) Graphical representation of male cohort liposome size. (C) Fluorescence intensity of 
average liposome batches in female cohort. (D) Fluorescence intensity of average liposome batches in 
female cohort. (E) Lipid compositions, size, Average PDI and ZP values for each liposomal cohort batch. 
All graphs created using GraphPad Prism   
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Figure 3-3: Optical imaging of global brain infiltration of DiI-liposome, Albumin and 
Dextran.C57BL/6 male  mice groups at 3- and 18-months and female mice groups at 3-, 6-, 12-, 18-, 22-
months received a single intravenous injection of DiI-lip and albumin 488nm or DiI-lip  and Dextran 
488nm. Cardiac perfusion was completed either 2-hours post-injection to remove circulating DiI-lip, 
albumin, and dextran. (A) Representative optical images of mouse brains indicating infiltration of 
albumin (green), DiI-liposomes (Red) and Dextran (blue). (B) Quantitative analysis of DiI-lip infiltration of 
female brains indicates significant increases across ageing (C) Quantitative analysis albumin infiltration 
showing significant increases in  
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female ageing. (D) Quantitative analysis of male DiI-lip  infiltration showing significant infiltration 
increases. (E) Quantitative analysis of albumin infiltration showing significant increases in ageing. (F) 
Quantitative analysis of dextran infiltration showing no significant increases in ageing. Images obtained 
using in vivo imaging system (IVIS) and analysed using living systems software. Statistical analysis was 
completed using GraphPad Prism software using one-way analysis of variance followed by Tukey 
multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test or 
unpaired T-test based on Shaprio-Wilk test for normality. N=7-8 (liposome), 3-4 (albumin), 3 (dextran) 
,average ± SEM, p<0.05 were considered significant. 
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Figure 3-4: Optical imaging of biodistribution of DiI-liposomes in ageing male mice. C57BL/6 
male mice groups at 3- and 18-months received a single intravenous injection of DiI-lip. Cardiac 
perfusion was completed 2 to remove circulating DiI-lip. (A) Representative optical images of male 
mouse brains indicating infiltration of DiI-liposomes (Red) (B) Quantification of all organs adjusted 
for organ weight demonstrated no significant changes in DiI-lip infiltration across ageing. Statistical 
analysis was completed using GraphPad Prism software using two-way analysis of variance followed 
by Sidak’s multiple comparison test. N=5/8, average ± SEM, p<0.05 were considered significant. 
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3.5.3. Regional differences of DiI-lip infiltration  

After looking into global infiltration of albumin and DiI-lip, it was important to further extract 

information relating to spatial infiltration into different age-vulnerable regions. In females, 

significant increases in DiI-lip infiltration have been observed in all measured hippocampal 

regions (fig.3-5b-d). DiI-lip infiltration increased in the CA1 (F=6.591(4,19),p=0.0039), CA3 

(F=20.48(4,19), p=<0.0001) and dentate gyrus (F=6.56(4,19), p=<0.0001) between the 3- and 18-

month group whilst only the CA1 region demonstrated the same significance at 22 months 

(F=6.591(4,19),p=0.0114). Similar increasing expression patterns were seen in the motor (F(4,19) 

=6.56(4,19), p=0.032) and auditory cortex (F=8,319(4,19), p=0.0037) as well as the striatum (F(4, 19) 

=6.298(4,19), p=0.049) but to less significant than observed in the hippocampal regions (fig.3-6b-

d).  

In the male cohort, the CA3 (M =6.277(13), p=0.0109), motor cortex (M =6.302(13), p=0.0125) and 

auditory cortex (T=14.21(13), p=0.0101) regions all displayed significant increases between 3- 

and 18-month but the CA1, dentate gyrus and striatal regions did not show significant changes 

(fig. 3-7b-g). Qualitatively, the expression of DiI-lip followed similar patterns in all regions (fig. 

3-5,3-6, 3-7). Expression was observed in endothelial like structures as well as diffuse 

punctate staining throughout the rest of the tissue and was particularly strong in the cortical 

regions analysed. This means that 2-hours post-injection, there was still some co-localisation 

with endothelial cells, but that parenchymal infiltration of DiI-liposomes had begun to occur 

which did not qualitatively co-localise with the endothelial expression.  

3.5.4. Evaluation of transcytosis transport through BBB  

It has been documented that during ageing as well as in neurodegeneration such as Stroke, 

that there is a shift towards the transcytosis mechanism (Al-Ahmady et al., 2019; Yang et al., 

2020). It has been noted that albumin is transported via transcytosis, this is comparable to DiI-

lip infiltration may indicate possible similarities in the transport through the BBB (Hillmer et al., 

2023).  
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Figure 3-5: DiI-liposomes infiltration in ageing female hippocampal regions.  C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion 
was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA1, CA3 and dentate gyrus hippocampal regions -1.94mm from 
bregma indicating infiltration of DiI-liposomes (Red). (B) Quantitative analysis of CA1 region. (C) 
Quantitative analysis of CA3 region. (D). Quantitative analysis of dentate gyrus region. All regions 
indicate significant increase in infiltration across ageing. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing (LVCC) prior to quantification 
in Image J. Statistical analysis was completed using GraphPad Prism software using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test based on Shapiro-Wilk test for normality. N=4/5,average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm. 
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Figure 3-6: DiI-liposomes infiltration in ageing cortical and striatal regions. C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion 
was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of motor cortex, auditory cortex, and striatum regions -1.94mm from 
bregma indicating infiltration of DiI-liposomes (Red). (B) Quantitative analysis of motor cortex region. (C) 
Quantitative analysis of auditory cortex region. (D). Quantitative analysis of striatal region. All regions 
indicate significant increase in infiltration across ageing. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing (LVCC) prior to quantification 
in Image J. Statistical analysis was completed using GraphPad Prism software using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test based on Shapiro-Wilk test for normality. N=4/5,average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm.
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Figure 3-7: DiI-liposomes infiltration in ageing male brains regions. C57BL/6 male mice groups at 3- 
and 18-months received a single intravenous injection of DiI-lip. Cardiac perfusion was completed 2 
hours post-injection to remove circulating DiI-lip.(A) Representative immunofluorescence images of 
CA1, CA3 and dentate gyrus hippocampal regions, motor and auditory cortical regions and striatal 
region -1.94mm from bregma indicating infiltration of DiI-liposomes (Red). (B) Quantitative analysis of 
CA1 region. (C) Quantitative analysis of CA3 region. (D). Quantitative analysis of dentate gyrus region. 
(E) Quantitative analysis of motor cortex region. (F) Quantitative analysis of auditory cortex region. (G) 
Quantitative analysis of striatum region. All regions indicate trends to increasing DiI-lip. Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on Shaprio-
Wilk test for normality. N=5-8,average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.   
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To further investigate infiltration, permeability to albumin was also explored (fig. 3-8-3-13). 

Increasing trends were observed in each female region, with low expression in 3–12-month 

groups with a significant expression increase in 18 months. This increase was significant in 

multiple regions including CA3 (F=14.93(4,10), p=0.0259) (fig.3-9f), CA1 (F=14.93(4,10), p=0.0007) 

(fig. 3-8f), striatum (H=12.57(4,12), p= <0.0001) (fig. 3-13f), auditory cortex (H(4, 12) =12.23(4,12), 

p=0.0259) (fig. 3-12f) and motor cortex (H=10.70(4,12), p=0.191) (fig.3-11f). All regions also 

display a non-significant decrease in albumin infiltration in the 22-month group in comparison 

to the 18-month group. Within the male cohort, significant albumin increases were observed 

in the three available regions: CA1 (T=7.084(7), p=0.0006) (fig. 3-14f) CA3 (T=20.51(7), p=<0.0001) 

(fig.3-15f) and dentate gyrus (T=9.766(7), p=0.0013) (fig.3-16f), demonstrating an increased 

permeability to albumin in the males in comparison to the females. The other regions were not 

quantifiable due to tissue damage in the low n-number cohort in the three available regions: 

CA1 (T=7.084(7), p=0.0006) (fig. 3-14f) CA3 (T=20.51(7), p=<0.0001) (fig.3-15f) and dentate gyrus 

(T=9.766(7), p=0.0013) (fig.3-16f), demonstrating an increased permeability to albumin in the 

males in comparison to the females. The other regions were not quantifiable due to tissue 

damage in the low n-number cohort.  

To track if infiltration of DiI-lip and albumin colocalised, suggesting a similar transport route, 

the interaction between albumin and DiI-lip was quantified. In females and males, all 18-

month groups in each region demonstrated significantly increased colocalisation from 3 

months group (all p=<0.0489) (fig. 3-8-3-17g), except for the female motor cortex (fig. 3-11g) 

and dentate gyrus (fig. 3-10g), which displayed non-significant increasing trends. The pattern 

of colocalisation reflected that of albumin infiltration, suggesting that similar transport routes 

were being followed.   

To further determine if caveolae-mediated transport is linked to the infiltration of DiI-lip, 

immunofluorescence staining of caveolin-1, one of the main markers for caveolin transport 

alongside DiI-lip and CD31 antibodies (Pandit et al., 2020). To ensure that cav-1 expression was 

linked to the vasculature, the expression levels were normalised to %area coverage of CD31  
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Figure 3-8: Evaluation of transcytosis transport in ageing female CA1 hippocampal region. 
C57BL/6 female mice groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of 
DiI-lip or DiI-lip and albumin. Cardiac perfusion was completed 2 hours post-injection to remove 
circulating DiI-lip and albumin.(A) Representative immunofluorescence images of CA1 hippocampal 
region -1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-
lip (Red). (B) Quantitative analysis of Caveolin-1 expression across ageing demonstrated decreasing 
expression between 6- and 22 months. (C) Quantitative interaction between CD31 and caveolin-1 
expression normalised to CD31 expression demonstrated decreased expression from 3 months to 
older ages. (D) Quantitative interaction between caveolin-1 and DiI-lip expression normalised to 
caveolin-1 expression displayed trends to increases across ageing. (E) Representative 
immunofluorescence images of CA1 hippocampal region -1.94mm from bregma indicating infiltration 
of albumin (green) and DiI-liposomes (Red). (F) Quantitative analysis albumin infiltration 
demonstrating non-significant trends of increasing infiltration. (G) Quantitative analysis albumin and 
DiI-lip colocalisation showing increases in ageing. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing (LVCC) prior to 
quantification in Image J. Statistical analysis was completed using GraphPad Prism software using 
one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test based on Shaprio-Wilk test for normality. N=4-5 
(caveolin-1), 3 (albumin),average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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Figure 3-9: Evaluation of transcytosis transport in ageing female CA3 hippocampal 
region.C57BL/6 female mice groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous 
injection of DiI-lip or DiI-lip and albumin. Cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip and albumin. (A) Representative immunofluorescence images of CA3 
hippocampal region -1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 
(blue) and DiI-lip (Red). (B) Quantitative analysis of Caveolin-1 expression across ageing demonstrated 
decreasing expression between in 6- and 12-months to 22 months (C) Quantitative interaction 
between CD31 and caveolin-1 expression normalised to CD31 expression demonstrated no changes 
to older ages. (D) Quantitative interaction between caveolin-1 and DiI-lip expression normalised to 
caveolin-1 expression displayed trends to increases across ageing from 3-month group. (E) 
Representative immunofluorescence images of CA3 hippocampal region -1.94mm from bregma 
indicating infiltration of albumin (green) and DiI-liposomes (Red). (F) Quantitative analysis albumin 
infiltration demonstrating significant trends of increasing infiltration. (G) Quantitative analysis albumin 
and DiI-lip colocalisation showing increases in ageing. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing (LVCC) prior to 
quantification in Image J. Statistical analysis was completed using GraphPad Prism software using 
one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test based on Shaprio-Wilk test for normality. N=4-5 
(caveolin-1), 3 (albumin),average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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Figure 3-10 : Evaluation of transcytosis transport in ageing female dentate gyrus hippocampal 
region. C57BL/6 female mice groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous 
injection of DiI-lip and albumin. Cardiac perfusion was completed 2 hours post-injection to remove 
circulating DiI-li and albumin.(A) Representative immunofluorescence images of dentate gyrus 
hippocampal region -1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 
(blue) and DiI-lip (Red). (B) Quantitative analysis of Caveolin-1 expression across ageing demonstrated 
no significant changes to caveolin-1 throughout ageing. (C) Quantitative interaction between CD31 and 
caveolin-1 expression normalised to CD31 expression demonstrated no significant changes to 
colocalization from 3 months to older ages. (D) Quantitative interaction between caveolin-1 and DiI-lip 
expression normalised to caveolin-1 expression displayed no trends across ageing. (E) Representative 
immunofluorescence images of dentate gyrus hippocampal regions -1.94mm from bregma indicating 
infiltration of albumin (green) and DiI-liposomes (Red). (F) Quantitative analysis albumin infiltration 
demonstrating non-significant trends of increasing infiltration. (G) Quantitative analysis albumin and 
DiI-lip colocalisation showing increases in ageing. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing (LVCC) prior to quantification 
in Image J. Statistical analysis was completed using GraphPad Prism software using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test based on Shaprio-Wilk test for normality. N=4-5 (caveolin-1), 3 
(albumin),,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm 
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Figure 3-11: Evaluation of transcytosis transport in ageing female motor cortex region. C57BL/6 
female mice groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip and 
albumin. Cardiac perfusion was completed 2 hours post-injection to remove circulating DiI-lip.(A) 
Representative immunofluorescence images of motor cortex region -1.94mm from the bregma 
demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). (B) Quantitative analysis 
of Caveolin-1 expression across ageing demonstrated no significant changes to caveolin-1 throughout 
ageing. (C) Quantitative interaction between CD31 and caveolin-1 expression normalised to CD31 
expression demonstrated no changes from 3 months to older ages. (D) Quantitative interaction between 
caveolin-1 and DiI-lip expression normalised to caveolin-1 expression displayed no changes. (E) 
Representative immunofluorescence images of motor cortex region -1.94mm from bregma indicating 
infiltration of albumin (green) and DiI-liposomes (Red). (F) Quantitative analysis albumin infiltration 
demonstrating non-significant trends of increasing infiltration. (G) Quantitative analysis albumin and 
DiI-lip colocalisation showing non-significant increases in ageing. Images obtained at x40 magnification 
on Leica Thunder microscope and underwent large volume computational clearing (LVCC) prior to 
quantification in Image J. Statistical analysis was completed using GraphPad Prism software using one-
way analysis of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by 
Dunn’s multiple comparisons test based on Shaprio-Wilk test for normality. N=4-5 (caveolin-1), 3 
(albumin),average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-12: Evaluation of transcytosis in ageing female auditory cortex region. C57BL/6 female 
mice groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip or DiI-lip 
and albumin. Cardiac perfusion was completed 2 hours post-injection to remove circulating DiI-lip 
and albumin.(A) Representative immunofluorescence images of auditory cortex region -1.94mm from 
the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). (B) 
Quantitative analysis of Caveolin-1 expression across ageing demonstrated no significant changes to 
caveolin-1 throughout ageing. (C) Quantitative interaction between CD31 and caveolin-1 expression 
normalised to CD31 expression demonstrated increased expression from 12 months to 18-months. 
(D) Quantitative interaction between caveolin-1 and DiI-lip expression normalised to caveolin-1 
expression displayed no trends across ageing. (E) Representative immunofluorescence images of 
auditory cortex region -1.94mm from bregma indicating infiltration of albumin (green) and DiI-
liposomes (Red). (F) Quantitative analysis albumin infiltration demonstrating non-significant trends of 
increasing infiltration. (G) Quantitative analysis albumin and DiI-lip colocalisation showing increases 
in ageing. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using one-way analysis of variance followed by Tukey 
multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based 
on Shaprio-Wilk test for normality. N=4-5 (caveolin-1), 3 (albumin),average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm.  
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Figure 3-13: Caveolin-1 expression in ageing female striatum region. C57BL/6 female mice groups 
at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip or DiI-lip and albumin. 
Cardiac perfusion was completed 2 hours post-injection to remove circulating DiI-lip and albumin.(A) 
Representative immunofluorescence images of auditory cortex region -1.94mm from the bregma 
demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). (B) Quantitative analysis 
of Caveolin-1 expression across ageing demonstrated no significant changes to caveolin-1 throughout 
ageing. (C) Quantitative interaction between CD31 and caveolin-1 expression normalised to CD31 
expression demonstrated increased trends in colocalisation expression from 3 months to 22- months. 
(D) Quantitative interaction between caveolin-1 and DiI-lip expression normalised to caveolin-1 
expression displayed no trends to across ageing. (E) Representative immunofluorescence images of 
striatum region -1.94mm from bregma indicating infiltration of albumin (green) and DiI-liposomes (Red). 
(F) Quantitative analysis albumin infiltration demonstrating non-significant trends of increasing 
infiltration. (G) Quantitative analysis albumin and DiI-lip colocalisation showing increases in ageing. 
Images obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on Shaprio-
Wilk test for normality. N=4-5 (caveolin-1), 3 (albumin),average ± SEM, p<0.05 were considered 
significant. Scale bar represents 100µm.  
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Figure 3-14: Evaluation of transcytosis pathway in ageing male CA1 hippocampal region. C57BL/6 
male mice groups at 3 an 18-months old received a single intravenous injection of DiI-lip. Cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA1 hippocampal region -1.94mm from the bregma demonstrate 
expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). (B) Quantitative analysis of Cav-1 
expression across ageing demonstrated increasing expression in ageing. (C) Quantitative interaction 
between CD31 and Cav-1 expression normalised to CD31 coverage demonstrated increasing 
colocalization. (D) Quantitative interaction between Cav-1 and DiI-lip expression normalised to Cav-1 
expression did not demonstrate any age-related changes. (E) Representative immunofluorescence 
images of dentate gyrus hippocampal regions -1.94mm from bregma indicating infiltration of albumin 
(green) and DiI-liposomes (Red). (F) Quantitative analysis albumin infiltration demonstrating significant 
trends of increasing infiltration. (G) Quantitative analysis albumin and DiI-lip colocalisation showing 
increases in ageing. Images obtained at x40 magnification on Leica Thunder microscope and underwent 
large volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using Shapiro Wilk test for normality followed by either a T-
test or Mann-Whitney. N=5 (caveolin-1) N=3-4 (albumin), average ± SEM, p<0.05 were considered 
significant. Scale bar represents 100µm.  
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Figure 3-15: Evaluation of transcytosis pathway in ageing male CA3 hippocampal region. C57BL/6 
male mice groups at 3 an 18-months old received a single intravenous injection of DiI-lip. Cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA3 hippocampal region -1.94mm from the bregma demonstrate 
expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). (B) Quantitative analysis of Cav-1 
expression across ageing demonstrated no significant expression changes in ageing. (C) Quantitative 
interaction between CD31 and Cav-1 expression normalised to CD31 coverage demonstrated non-
significant increasing trends. (D) Quantitative interaction between Cav-1 and DiI-lip expression 
normalised to Cav-1 expression did not change across ageing. (E) Representative immunofluorescence 
images of dentate gyrus hippocampal regions -1.94mm from bregma indicating infiltration of albumin 
(green) and DiI-liposomes (Red). (F) Quantitative analysis albumin infiltration demonstrating significant 
trends of increasing infiltration. (G) Quantitative analysis albumin and DiI-lip colocalisation showing 
increases in ageing.  Images obtained at x40 magnification on Leica Thunder microscope and underwent 
large volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using  Shapiro Wilk test for normality followed by either a T-
test or Mann-Whitney. N=5 (caveolin-1) N=3-4 (albumin),average ± SEM, p<0.05 were considered 
significant. Scale bar represents 100µm.  
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Figure 3-16: Evaluation of transcytosis pathway in ageing male dentate gyrus hippocampal region. 
C57BL/6 male mice groups at 3 an 18-months old received a single intravenous injection of DiI-lip. 
Cardiac perfusion was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of dentate gyrus hippocampal region -1.94mm from the bregma 
demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). (B) Quantitative analysis of 
cav-1 expression across ageing demonstrated increasing expression in ageing. (C) Quantitative 
interaction between CD31 and Cav-1 expression normalised to CD31 coverage demonstrated increasing 
colocalization in ageing. (D) Quantitative interaction between Cav-1 and DiI-lip expression normalised 
to Cav-1 expression did not significantly change across ageing. (E) Representative immunofluorescence 
images of dentate gyrus hippocampal regions -1.94mm from bregma indicating infiltration of albumin 
(green) and DiI-liposomes (Red). (F) Quantitative analysis albumin infiltration demonstrating significant 
trends of increasing infiltration. (G) Quantitative analysis albumin and DiI-lip colocalisation showing 
increases in ageing. Images obtained at x40 magnification on Leica Thunder microscope and underwent 
large volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using Shapiro Wilk test for normality followed by either a T-
test or Mann-Whitney N=5 (caveolin-1) N=3-4 (albumin), average ± SEM, p<0.05 were considered 
significant. Scale bar represents 100µm.  
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Figure 3-17: Caveolin-1 expression in ageing male cortex and striatal regions. C57BL/6 male mice 
groups at 3 an 18-months old received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip. (A) Motor cortex, (E) auditory cortex, (I) 
Striatum; representative immunofluorescence images of striatum region -1.94mm from the bregma 
demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). Quantitative analysis of 
caveolin-1 expression normalised to CD31 endothelial coverage demonstrated no significant changes 
in (B) motor cortex, (F) auditory cortex and (J) striatum. No significant quantitative changes were seen 
across ageing regarding the interaction of Caveolin-1 and CD31 in (C) motor cortex, (G) auditory cortex 
or (K) striatum. Quantitative analysis of the interaction between caveolin-1 and DiI-lip, normalised to 
caveolin-1 expression, displayed no significant age changes in (D) motor cortex or (H) auditory cortex. 
The striatum region (L) showed significant increases in caveolin-1 and DiI-lip interaction in ageing. All 
images were obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using  Shapiro Wilk test for normality followed by either a T-test or Mann-
Whitney. N=5,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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within each image like methodology seen in previous literature (Yang et al., 2020). Interestingly, 

when investigating the expression patterns in the female cohort, there was a different overall 

expression pattern. Cav-1 in the CA1 (H=13.19(4,19), p=0.0104) (fig.3-14) and CA3 (H=16.78(4,19), 

p=0.0031) (fig.3-15b) demonstrated significant decreases in expression between the younger 

groups and 18- and 22-months from the 6-month group which is the inverse to the hypothesis 

expectations. Throughout all regions, the 6-month group produced the highest expression of 

cav-1 which then reduced stepwise through the rest of the age groups to 22-months, even if 

statistically non-significant the heterogenous pattens of this expression cannot be ignored 

(fig.3-8-3-17b). Within the male cohort, expected age-related significant increases of Cav-1 

were seen within the dentate gyrus between 3- and 18-months (T=4.620(10), p=0.0369) (fig. 3-

16b) whilst trends to increasing expression were observed in the CA1 (T=14.09(10), p=0.0627) 

(fig. 3-14b) and motor cortex regions (U(10) =3(10), p=0.0556) (fig. 3-17b). No significant trends 

were observed in the CA3, auditory cortex and striatum regions, demonstrating a region 

dependent expression of Cav-1 (fig. 3-15, 3-17f-j).  

To confirm that the cav-1 expression was correlated to the vasculature, interactions between 

CD31 and cav-1 was examined from the same selected images. It would be expected that 

groups would display higher colocalisation of cav-1 and CD31 throughout ageing when cav-1 

expression is increased. In the female cohort, regional variation persisted with no significant 

colocalisation changes in the CA3 (fig.3-9c), dentate gyrus (fig.3-10c), motor cortex (fig. 3-11c) 

and striatum (fig. 3-12c) across all aged groups. The CA1 region (fig.3-8c) showed increased 

colocalisation at 3 months in compassion to all other groups (significant with the 12-month 

group, H=10.12(4, 19), p=0.0365) whilst the auditory cortex has an inverse expression pattern, 

with the 18- and 22-months showing increased cav-1/CD31 interaction, with significance 

between the 12- and 18-month groups (H=9.611(4, 19), p=0.0244) (fig. 3-12c).  In the male cohort, 

there was significant age-related increases as predicted in the colocalisation in the CA1 

(T=11.73(10), p=0.0236) (fig.3-14c) and dentate gyrus (T=8.655(10), p=0.0320) (fig.3-16c) with non-

significant trends in the CA3 (T=1.745(10), p=0.0523) (fig.3-15c) and auditory cortex (T=7.067(10), 
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p=0.0766) (fig.3-17g) when comparing the 3- to 18- month groups. The striatum region 

displayed limited trends towards increases in ageing groups (fig.3-17k).  

Finally, colocalisation of Cav-1 and DiI-lip was investigated to determine if infiltration of 

nanoparticles follows the same pathways as cav-1. If they do interact, it would suggest a link 

between caveolin-mediated transcytosis and nanoparticle infiltration in age, comparable to 

that of stroke (Al-Ahmady et al., 2019). In the female cohort, there was no significant changes 

across ageing in any of the investigated regions (fig. 3-8- fig. 3-13d) indicating that Cav-1 did not 

interact with DiI-lip more in aged groups then in younger age groups. In the male cohort, only 

the striatum region (fig.3-17l) displayed predicted patterns with colocalisation increasing 

significantly from 3-month to 18-month groups (T=2.996(4,10), p=0.061). All other regions 

displayed no significant changes in interaction, although interestingly the auditory cortex did 

show a small trend to decreasing colocalisation, possibly indicating that cav-1 and DiI-lip are 

not interacting with age (fig. 3-14d.-fig. 3-17d,h).  

3.5.5. Extravasation of immunoglobulin G into brain parenchyma 

To determine if there is further BBB disruption leading to increased permeability, IgG 

extravasation was examined as previous literature has displayed significant increases in 

ageing in both murine and human models (Elahy et al., 2015; Goodall et al., 2018; Yang et al., 

2020). Results of the current study show limited IgG infiltration into the brain across ageing.  In 

the female cohort, there was no significant changes in the 3 hippocampal regions (fig.3-18e-g) 

and striatum but between 3- and 18- months there were significant increases in the auditory 

cortex (H=10.74(32), p= 0.022) and the motor cortex (H=12.02(32), p=0.043) (fig. 3-18b,c). 

Conversely, male mice display no significant changes comparing 3- to 18-month mice (fig. 3-

19b-g). The results of this study are surprising and do not fully align with the literature or 

proposed actions of ageing on the BBB and so requires further discussion.   
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Figure 3-18: Immunoglobulin G infiltration in ageing female mouse brain. C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months. Cardiac perfusion was completed 2 hours post-injection to remove 
circulating DiI-lip. IgG immunohistochemistry conducted on 30µm cryosections approximately -
1.94mm from bregma.(A) Representative immunofluorescence images of Motor and Auditory cortex, 
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striatum, CA1, CA3 and dentate gyrus regions indicating infiltration of Immunoglobulin G (Brown). (B) 
Quantitative analysis of motor cortex region showing significant increase in IgG with age. (C) 
Quantitative analysis of auditory cortex region, with significant increases in age. All other regions 
showed no changes through ageing; (D) striatum, (E) CA1, (F) CA3 and (G) dentate gyrus. Images 
obtained at x20 magnification on Leica Thunder microscope prior to quantification in Image J. Statistical 
analysis was completed using GraphPad Prism software using one-way analysis of variance followed 
by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test 
based on Shapiro-Wilk test for normality. N=4-8,average ± SEM, p<0.05 were considered significant. 
Scale bar represents 200µm. 
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Figure 3-19: Immunoglobulin G infiltration in ageing male brains regions. C57BL/6 male mice groups 
at 3- and 18-months received a single intravenous injection of DiI-lip. Cardiac perfusion was completed 
2 hours post-injection to remove circulating DiI-lip.(A) Representative immunohistochemical images of 
CA1, CA3 and dentate gyrus hippocampal regions, motor and auditory cortical regions and striatal 
region -1.94mm from bregma indicating infiltration of IgG (Brown). (B) Quantitative analysis of CA1 
region. (C) Quantitative analysis of CA3 region. (D). Quantitative analysis of dentate gyrus region. (E) 
Quantitative analysis of motor cortex region. (F) Quantitative analysis of auditory cortex region. (G) 
Quantitative analysis of striatum region. All regions indicate no changes to IgG infiltration across ageing 
in all brain regions. Images obtained at x20 magnification on Leica Thunder microscope prior to 
quantification in Image J. Statistical analysis was completed using GraphPad Prism software using one-
way analysis of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by 
Dunn’s multiple comparisons test based on Shapiro-Wilk test for normality. N=8-10,average ± SEM, 
p<0.05 were considered significant. Scale bar represents 200µm. 
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3.5.6. Significant changes to astrocytic expression in cortical regions in ageing  

To determine age-related changes to astrocytic expression, one of the main components of the 

NVU, the protein marker GFAP was utilised along with CD31 for endothelial cells. In the female 

cohort, all three hippocampal regions displayed non-significant trends to increases in GFAP 

expression from 3-months to 22-months (fig.3-20- fig.3-25). There were significant increases 

in the CA3 region exclusively between the 12- and 18-month groups (F=4.476(4,19), p=0.0247) 

(fig. 3-21). Interestingly, both cortical regions examined (motor, H=14.16(4,22), p=0.0306 and 

auditory, F=5.430(4,18), p=0.0222) displayed significant increases in GFAP expression when 

comparing the 3-month groups to the 18- and 22-month groups (fig.3-23-fig. 3-24b). For the 

male cohort, more consistent increases in expression were observed in all regions expect for 

the auditory cortex, which demonstrated a non-significant trend, (U=9(15),p=0.053) (fig. 3- 27f). 

The remaining regions all demonstrated the higher GFAP expression in older age groups, 

indicating astrocyte activation including CA1, U=5(15), p=0.0127 (fig. 26b), CA3, U=6(14), p=0.029 

(fig. 3-26f), dentate gyrus, T=44.91(13), p=0.039 (fig. 3-26j), motor cortex, T(13) =9, p=0.0046 (fig. 

27b) and striatum, U=3(15), p=0.0047 (fig.3-27j).  

It would be expected that during ageing, astrocytes would become detached from the BBB as 

end-feet retract (Bors et al., 2018). Therefore, it was purposeful to determine the interaction 

between GFAP and CD31 (representing the vasculature of the BBB) to see if this finding was 

replicated in these common markers. In the female cohort, all regions displayed no significant 

trends regarding CD31/GFAP colocalisation when normalised to CD31 expression, indicating 

that the interaction of these markers does not change during ageing (fig.3-20-3-25c). In the 

male cohort, similar expression patterns were observed whereby no significant changes to 

CD31 and GFAP interaction occurred (fig. 3-26-3-27c,g,k). However, in the motor cortex, there 

was a significant increase in GFAP and CD31 colocalisation, indicating a potential region-

specific change to interactions (fig. 3-27c).  

To determine further uptake of DiI-lip into astrocytic cells, the interaction between GFAP and 

DiI-lip was quantified for all regions. In the female cohort, the only region to show significant  
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Figure 3-20: GFAP expression in ageing female CA1 hippocampal region. C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion 
was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA1 hippocampal region -1.94mm from the bregma demonstrate 
expression of GFAP (green), CD31 (blue) and DiI-lip (Red). (B) Quantitative analysis of GFAP expression 
across ageing demonstrated increasing trends in ageing. (C) Quantitative interaction between CD31 and 
GFAP expression demonstrated no trends. (D) Quantitative interaction between GFAP and DiI-lip 
expression normalised to GFAP expression was not significantly increased across ageing. Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on Shaprio-
Wilk test for normality. N=4-5,average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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Figure 3-21: GFAP expression in ageing female CA3 hippocampal region.C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion 
was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA3 hippocampal region -1.94mm from the bregma demonstrate 
expression of GFAP (green), CD31 (blue) and DiI-lip (Red). (B) Quantitative analysis of GFAP expression 
across ageing demonstrated increasing trends in ageing. (C) Quantitative interaction between CD31 and 
GFAP expression demonstrated no trends. (D) Quantitative interaction between GFAP and DiI-lip 
expression normalised to GFAP expression significantly increased across ageing. Images obtained at 
x40 magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-
Wallis test followed by Dunn’s multiple comparisons test based on Shaprio-Wilk test for normality. N=4-
5,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-22: GFAP expression in ageing female dentate hippocampal region. C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion 
was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of dentate gyrus hippocampal region -1.94mm from the bregma 
demonstrate expression of GFAP (green), CD31 (blue) and DiI-lip (Red). (B) Quantitative analysis of 
GFAP expression across ageing demonstrated no significant changes. (C) Quantitative interaction 
between CD31 and GFAP expression demonstrated increasing trend from 3-month group. (D) 
Quantitative interaction between GFAP and DiI-lip expression significantly increased across ageing. 
Images obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on Shapiro-
Wilk test for normality. N=4-5,average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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Figure 3-23: GFAP expression in ageing female motor cortex region. C57BL/6 female mice groups 
at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of motor cortex region -1.94mm from the bregma demonstrate 
expression of GFAP (green), CD31 (blue) and DiI-lip (Red). (B) Quantitative analysis of GFAP 
expression across ageing established increases in ageing. (C) Quantitative interaction between CD31 
and GFAP expression demonstrated no changes in ageing. (D) Quantitative interaction between GFAP 
and DiI-lip expression normalised for GFAP expression showed no changes across ageing. Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shapiro-Wilk test for normality. N=4-5,average ± SEM, p<0.05 were considered significant. Scale bar 
represents 100µm.  
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Figure 3-24 : GFAP expression in ageing auditory cortex region. C57BL/6 female mice groups at 
3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of auditory cortex region -1.94mm from the bregma demonstrate 
expression of GFAP (green), CD31 (blue) and DiI-lip (Red). (B) Quantitative analysis of GFAP 
expression across ageing established increases in ageing. (C) Quantitative interaction between 
CD31 and GFAP expression demonstrated non-significant increases in ageing. (D) Quantitative 
interaction between GFAP and DiI-lip expression significantly increased across ageing. Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shapiro-Wilk test for normality. N=4/5,average ± SEM, p<0.05 were considered significant. Scale 
bar represents 100µm.  
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Figure 3-25: GFAP expression in female ageing striatal region. C57BL/6 female mice groups at 3-, 6-
, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was completed 
2 hours post-injection to remove circulating DiI-lip.(A) Representative immunofluorescence images of 
striatal region -1.94mm from the bregma demonstrate expression of GFAP (green), CD31 (blue) and DiI-
lip (Red). (B) Quantitative analysis of GFAP expression across ageing established increases in ageing. 
(C) Quantitative interaction between CD31 and GFAP expression demonstrated no changes. (D) 
Quantitative interaction between GFAP and DiI-lip expression normalised for GFAP did not change 
across ageing. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using one-way analysis of variance followed by Tukey 
multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shapiro-Wilk test for normality. N=4-5,average ± SEM, p<0.05 were considered significant. Scale bar 
represents 100µm. 
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Figure 3-26: GFAP expression in ageing male hippocampus.C57BL/6 male mice groups at 3 an 18-
months old received a single intravenous injection of DiI-lip. Cardiac perfusion was completed 2 hours 
post-injection to remove circulating DiI-lip.(A) Representative immunofluorescence images of CA1 
hippocampal region -1.94mm from the bregma demonstrate expression of GFAP (green), CD31 (blue) 
and DiI-lip (Red). (B) Quantitative analysis of GFAP expression across ageing demonstrated increasing 
expression in ageing. (C) Quantitative interaction between CD31 and GFAP expression demonstrated 
increasing trends. (D) Quantitative interaction between GFAP and DiI-lip expression significantly 
increased across ageing. (E) CA3 region representative images. (F) Quantitative analysis of CA3 GFAP 
expression displayed significant increases. (G) Interaction between GFAP and CD31 in CA3 region 
demonstrated no significant changes in ageing. (H) Interaction between DiI-lip and GFAP significantly 
increased during ageing. (I) Dentate gyrus representative images. (J) Significant quantitative increases 
in GFAP expression in the dentate gyrus. (K) No significant changes to CD31 and GFAP interaction during 
ageing. (L) Interaction between DiI-lip and GFAP significantly increased during ageing. Images obtained 
at x40 magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using  Shapiro Wilk test for normality followed by either a T-test or Mann-Whitney. 
N=5/10,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-27: GFAP expression in ageing male cortex and striatum. C57BL/6 male mice groups at 3 an 
18-months old received a single intravenous injection of DiI-lip. Cardiac perfusion was completed 2 
hours post-injection to remove circulating DiI-lip. Representative images of (A) motor cortex, (E) 
auditory cortex and (I) striatum regions -1.94mm from the bregma demonstrate expression of GFAP 
(green), CD31 (blue) and DiI-lip (Red). Quantitative analysis of GFAP expression demonstrated 
significant increases in ageing expression in motor cortex (B) and striatum (J) and non-significant 
increasing trends in auditory cortex (F). Significant increases in interaction of GFAP and CD31, 
normalised to CD31 expression, was observed in the motor cortex (C) but no trends in auditory cortex 
(G) or striatum (K). Quantitative analysis of the interaction of DiI-lip and GFAP, normalised to GFAP 
expression, saw significant age increases in the (D) motor cortex and (H) auditory cortex but no trends 
in the striatum (L). Images obtained at x40 magnification on Leica Thunder microscope and underwent 
large volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using  Shapiro Wilk test for normality followed by either a T-
test or Mann-Whitney. N=5/10,average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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increases between 3- and 18- months (H=10.20(4,24), p=0.0372) in DiI-lip and GFAP interaction 

was the CA3 (fig. 3-21d) indicating possible uptake of DiI-lip in astrocytes in this region. In the 

male cohort, all hippocampal regions display significantly increased interactions between DiI-

lip and GFAP (fig. 3-26d,h,l); CA1 (T=3.065(15)=, p= 0.023), CA3 (T=6.680(14)=, p= 0.0024) and 

dentate gyrus (T=8.823(12), p=0.0191). In the peripheral regions, the motor cortex (p=0.0499) 

and the auditory cortex (p=0.0493) (fig 3-27 d.h) displayed increasing interactions between DiI-

lip and GFAP whilst the striatum exhibited non-significant increases in interaction (fig. 3-27l). 

The discrepancies between the male and female cohorts may suggest an increased astrocytic 

uptake of DiI-lip in the male brain but not female.  

3.5.7. Significant increases in endothelial cell coverage in ageing 

To investigate the effect of ageing on endothelial cell expression, the common marker CD31 

was utilised. Despite the original hypothesis, CD31 expression increased in all regions 

analysed and was significantly increased in the CA3 (fig.3-28c), motor cortex (fig. 3-28e), 

auditory cortex (fig 3-28f) and striatum (fig. 3-28g) regions between 3- and 18-months. Non-

significant trends were also observed in the CA1 (fig.3-28b) and dentate gyrus (fig. 3-28d) 

regions, especially in the dentate gyrus region.  

3.5.8. Pericyte changes in ageing female hippocampus  

To investigate changes to pericyte expression and interaction with the BBB through ageing, the 

pericyte marker NG2 was quantified. Within the female cohort, non-significant trend in the CA1 

(fig. 3-29b) between the 3- and 18-month females. Significant decreases in NG2 expression 

were observed between 3- and 18-months in the CA3 (H =11.18(4,23), p=0.0259)(fig. 3-30b) and 

dentate gyrus (H=12.82(4,23), p=0.0216) (fig. 3-31b) signifying decreases in pericyte expression 

as well as a The motor cortex (fig. 3-32b) also demonstrates and non-significant decrease in 

NG2 expression through ageing whilst the auditory cortex (fig. 33b) and striatum (fig, 3-34b) do 

not present with a specific age-related expression pattern. This indicates hippocampal 

changes to pericyte expression which may spatial and not a global brain effect during ageing. 

In the male cohort, there was significant reductions in the expression of NG2 during ageing in  
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Figure 3-28: CD31 expression in female ageing hippocampal region.  C57BL/6 female mice groups at 
3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative immunofluorescence 
images of CA1, CA3 and dentate gyrus hippocampal region -1.94mm from the bregma demonstrate 
expression of CD31 (blue). (B) Quantitative analysis of CA1 CD31 expression across ageing 
demonstrated no trends in ageing. (C) Quantitative analysis of CA3 CD31 expression displayed 
significant increases in expression between 6- and 18- months. (D) Quantitative expression analysis of 
dentate gyrus CD31 demonstrating non-significant trends to increased expression in ageing. (E) 
Quantitative analysis of auditory cortex CD31 expression across ageing demonstrated significant trends 
in ageing. (F) Quantitative analysis of motor cortex CD31 expression displayed significant increases in 
expression between 3- and 18-/22-months. (G) Quantitative expression analysis of striatal CD31 
demonstrating significant trends to increased expression in ageing. Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-
Wallis test followed by Dunn’s multiple comparisons test based on Shaprio-Wilk test for normality. N=4-
5,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-29: NG2 expression in ageing female CA1 hippocampal region. C57BL/6 female mice groups 
at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative immunofluorescence 
images of CA1 hippocampal region -1.94mm from the bregma demonstrate expression of NG2 (blue), 
CD31 (green) and DiI-lip (red). (B) Quantitative analysis of NG2 expression across ageing demonstrated 
no significant trends in ageing. (C) Quantitative analysis of NG2 and CD31 interaction displayed non-
significant decreases in expression. (D) Quantitative expression analysis of NG2 and DiI-lip trend to 
increased colocalisation up to 18 months and a significant decrease at 22-months. Statistical analysis 
was completed using one-way ANOVA followed by Tukey multiple comparison test or Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test based on Shaprio-Wilk test for normality. N=4/5,average 
± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-30: NG2 expression in ageing female CA3 hippocampal region. C57BL/6 female mice 
groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA3 hippocampal region -1.94mm from the bregma demonstrate 
expression of CD31 (blue). (B) Quantitative analysis of NG2 expression across ageing demonstrated 
decreasing trends in ageing. (C) Quantitative analysis of NG2 and CD31 colocalization normalised to 
CD31 expression, displaying significant decreases at 22 months. (D) Quantitative expression analysis 
of DiI-lip and NG2 colocalization, demonstrating a trend to increasing up to 18-months and then 
significant decrease at 22 months. Images obtained at x40 magnification on Leica Thunder 
microscope and underwent large volume computational clearing (LVCC) prior to quantification in 
Image J. Statistical analysis was completed using GraphPad Prism software using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test based on Shaprio-Wilk test for normality. N=4/5,average ± SEM, p<0.05 
were considered significant. Scale bar represents 100µm.  
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Figure 3-31: NG2 expression in ageing female dentate gyrus hippocampal region. C57BL/6 female 
mice groups at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip.(A) Representative 
immunofluorescence images of CA1 hippocampal region -1.94mm from the bregma demonstrate 
expression of NG2 (blue), CD31 (green) and DiI-lip (red). (B) Quantitative analysis of NG2 expression 
across ageing demonstrated no significant trends in ageing. (C) Quantitative analysis of NG2 and CD31 
interaction displayed non-significant decreases in expression. (D) Quantitative expression analysis of 
NG2 and DiI-lip trend to increased colocalisation up to 18 months and a significant decrease at 22-
months. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using one-way analysis of variance followed by Tukey 
multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shaprio-Wilk test for normality. N=4/5,average ± SEM, p<0.05 were considered significant. Scale bar 
represents 100µm.  
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Figure 3-32: NG2 expression in ageing female motor cortex region. C57BL/6 female mice groups at 
3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative immunofluorescence 
images of motor cortex region -1.94mm from the bregma demonstrate expression of NG2 (blue), CD31 
(green) and DiI-lip (red). (B) Quantitative analysis of NG2 expression across ageing demonstrated no 
significant trends in ageing. (C) Quantitative analysis of NG2 and CD31 interaction, normalised to CD31 
expression, displayed non-significant decreases in expression. (D) Quantitative expression analysis of 
NG2 and DiI-lip trend to increased colocalisation up to 18 months and a significant decrease at 22-
months. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using one-way analysis of variance followed by Tukey 
multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shapiro-Wilk test for normality. N=4/5, average ± SEM, p<0.05 were considered significant. Scale bar 
represents 100µm.  



131 
 

 

Figure 3-33: NG2 expression in ageing female auditory cortex region. C57BL/6 female mice groups 
at 3-, 6-, 12-, 18-, 22-months received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative immunofluorescence 
images of auditory cortex-1.94mm from the bregma demonstrate expression of NG2 (blue), CD31 
(green) and DiI-lip (red). (B) Quantitative analysis of NG2 expression across ageing demonstrated no 
significant trends in ageing. (C) Quantitative analysis of NG2 and CD31 interaction displayed non-
significant decreases in expression. (D) Quantitative expression analysis of NG2 and DiI-lip trend to 
increased colocalisation up to 18 months and a significant decrease at 22-months. Images obtained at 
x40 magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-
Wallis test followed by Dunn’s multiple comparisons test based on Shapiro-Wilk test for normality. 
N=4/5, average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-34: NG2 expression in ageing female striatum region. C57BL/6 female mice at 3-, 6-, 12-, 
18- and 22- month mice intravenously injected with DiI-lip. Cardiac perfusion was completed 2 hours 
post-injection to remove circulating DiI-lip. (A) Representative immunofluorescence images of striatum 
1.94mm from the bregma demonstrate expression of NG2 (blue), CD31 (green) and DiI-lip (red). (B) 
Quantitative analysis of NG2 expression across ageing demonstrated no significant trends in ageing, 
except an increase from 18- to 22-months. (C) Quantitative analysis of NG2 and CD31 interaction 
normalised to CD31 expression displayed no significant changes. (D) Quantitative expression analysis 
of NG2 and DiI-lip normalised to NG2 expression, trended to increased colocalisation up to 18 months 
and a significant decrease at 22-months. Images obtained at x40 magnification on Leica Thunder 
microscope and underwent large volume computational clearing (LVCC) prior to quantification in Image 
J. Statistical analysis was completed using GraphPad Prism software using one-way analysis of variance 
followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple 
comparisons test based on Shapiro-Wilk test for normality. N=4/5, average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm.  
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the CA3 (T=3.912(9), p=0.0179) (fig. 3-35f) and motor cortex (T=29(9), p=0.0197) (fig. 3-36b) 

whilst all other areas displayed non-significant trends of lower expression in the 18-month 

group.  

It has been hypothesised that during ageing, pericytes detach or are lost from the BBB leading 

to a loss of function, therefore it is imperative again to determine changes to interaction of the 

pericyte marker NG2 with the endothelial marker, CD31 (Yuan et al., 2023). Within the female 

cohort, there are no significant changes to NG2/CD31 interaction (fig. 3-29-fig. 3-34c) except 

for a significant decrease between the 12-month and 22-month group in the CA3 region 

(H=11.06(4,23), p=0.0306) (fig. 3-30c). Surprising results were identified in the hippocampal 

regions of the male brain, as the dentate gyrus region possessed a significantly increased 

interaction (U=0(11), p=0.0159) with the CA1 and CA3 showing no significant changes but a clear 

trend towards increased interaction (fig. 3-35c).  Interestingly, the inverse was seen in the 

peripheral regions, with significant decreased interaction between the 3- and 18-month brains 

in the auditory cortex (U=0(9), p=0.0159) and striatal regions (U=0(9), p=0.0160) with the motor 

cortex displaying no changes (fig. 3-36c).  

Examining the uptake of DiI-lip into pericyte revealed differences between the male and female 

cohorts once again. For the females, in all regions (fig. 3-29-fig.3-34d), there were no 

significant changes to DiI-lip interaction between the 3-month and 18-month groups. However, 

between the 18-month and 22-month groups, there was a significant decrease in interaction; 

CA1 (H=11.46(4, 24), p=0.0219), CA3 (H=16.74(4, 23), p=0.0014), dentate gyrus (H(4, 23) 

=16.43(4, 23), p=0.030), motor cortex (H=16.11(4, 23), p=0.0107), auditory cortex (H=16.13(4, 

24), p=0.0014) and striatum (H=11.33(4, 24), p=0.0168). This differed from the male cohort 

which showed significant increases in DiI-lip and NG2 interaction in all regions except for the 

CA3 region (fig. 3-35h) and CA1 (U(10)=3, p=0.0556) (fig. 3-35d) which still indicated increasing 

trends between the age groups. The dentate gyrus (fig. 3-35l) demonstrated significant 

increases in DiI-lip and NG2 interaction ((T(10)=75.48, p=0.0041) along with the increasing 

interactions between NG2 and CD31 mentioned above. However, the motor cortex (U=0(10),   
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Figure 3-35: NG2 expression in ageing male CA1 hippocampal regions. C57BL/6 male mice groups 
at 3 an 18-months old received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip. Representative immunofluorescence 
images -1.94 mm from the bregma demonstrate expression of NG2 (blue), CD31 (green) and DiI-lip (red) 
for (A) CA1, (E) CA3 and (I) dentate gyrus. (B) Quantitative analysis of NG2 expression across ageing 
demonstrated no significant decreasing expression in ageing in CA1 region. (C) Quantitative interaction 
of CA1 region between CD31 and NG2 expression normalised to CD31 coverage demonstrated non-
significant increasing trends. (D) Quantitative interaction between NG2 and DiI-lip expression 
normalised to NG2 expression did not significantly increase across ageing in CA1. (F) Quantitative 
analysis of NG2 expression in CA3 region across ageing demonstrated decreasing expression in ageing. 
(G) Quantitative interaction between CD31 and NG2 expression normalised to CD31 coverage 
demonstrated increasing trends in CA3 region. (H) CA3 region quantitative interaction between NG2 and 
DiI-lip expression normalised to NG2 expression non-significantly increased across ageing. (J) Dentate 
gyrus Quantitative analysis of NG2 expression across ageing demonstrated no significant expression 
changes. (K) Quantitative interaction between CD31 and NG2 expression normalised to CD31 coverage 
demonstrated increasing colocalisation of dentate gyrus. (L) Quantitative interaction between NG2 and 
DiI-lip expression normalised to NG2 expression significantly increased across ageing of dentate gyrus 
region. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using Shapiro Wilk test for normality followed by either a T-
test or Mann-Whitney. N=4-5, average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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Figure 3-36: NG2 expression in ageing male cortical and striatum regions. C57BL/6 male mice 
groups at 3 an 18-months old received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip. Representative immunofluorescence 
images -1.94 mm from the bregma demonstrate expression of NG2 (blue), CD31 (green) and DiI-lip (red) 
for (A) motor cortex, (E) auditory cortex and (I) striatum. Motor cortex quantitative analysis: (B) 
Quantitative analysis of NG2 expression across ageing demonstrated decreasing expression in ageing. 
(C) Quantitative interaction between CD31 and NG2 expression normalised to CD31 coverage 
demonstrated no trends. (D) Quantitative interaction between NG2 and DiI-lip expression normalised 
to NG2 expression significantly increased across ageing. Auditory cortex quantitative analysis: (F) 
Quantitative analysis of NG2 expression across ageing demonstrated no significant changes. (G) 
Quantitative interaction between CD31 and NG2 expression normalised to CD31 coverage 
demonstrated decreasing colocalisation. (H) Quantitative interaction between NG2 and DiI-lip 
expression normalised to NG2 expression significantly increased across ageing. Striatum quantitative 
analysis: (J) Quantitative analysis of NG2 expression across ageing demonstrated no changes in ageing. 
(K) Quantitative interaction between CD31 and NG2 expression normalised to CD31 coverage 
demonstrated decreasing colocalisation. (L) Quantitative interaction between NG2 and DiI-lip 
expression normalised to NG2 expression significantly increased across ageing. Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using  Shapiro Wilk test for normality followed by either a T-test or Mann-Whitney. N=4-
5,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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p=0.0159) (fig. 3-36d), auditory cortex (U=1.337(9), p=0.0159) (fig. 3-36h) and the striatum 

(T=20501(9), p=0.0479) (fig.3-36l) all had the same increasing reaction but combined with the 

decreasing CD31/NG2 reaction, warranting further investigation. 

3.5.9. Inflammatory profile increase 

To examine the effects of inflammation on the aged brain, immunofluorescence for iba-1, the 

gold-standard marker for microglial cells, was conducted. Overall, in the female cohort there 

was limited significant increases in the iba-1 expression in the hippocampal regions but also a 

visual increase of most groups between the 3- month and 18- month groups (fig. 3-37b,d,f). 

The CA3 region did show significant increases between 3- and 18-months (H=11.17(4, 29), 

p=0.0248) (fig 3-37d) as well as non-significant increases between the 12- and 18- months in 

the CA1 region (H(4, 29)=8.553, p=0.0752) (fig 3-37b). The cortical and striatal regions 

demonstrated similar results, with visual trends to increasing iba-1 response during ageing that 

was not significant across all groups (fig. 3-38b,d,f). The auditory cortex (fig. 3-38d) did show 

significant increases in iba-1 expression to 18-month group from the 3- (F=6.059(4, 25), 

p=0.0109), 6- (p=0.0045) and 12-month groups (p=0.052). It was also observed in the motor 

cortex that iba-1 expression significantly increases between the 12- and 18-month groups 

(H=10.40(4, 30), p=0.0341 (fig. 3-38b). In the male hippocampal cohort, there was significant 

increase in iba-1 expression all regions; CA1 (U=20(21), p=0.0127), CA3 (U= 22(21), p=0.0197) and 

dentate gyrus (T=1.083(20), p=0.0037) (fig. 3-39b,d,f). Similar significant increasing iba-1 

expression patterns were seen in the auditory cortex (U=19(20), p=0.0185) (fig. 3-40b) whilst in 

the motor cortex and striatum there were non-significant trends regarding iba-1 expression (fig. 

3-40b,f).  

To investigate the uptake of DiI-lip into the microglia cells, the interactions between DiI-lip and 

iba-1 were examined. In the female hippocampus (fig. 3-37c,e,g), there was no significant 

increases in interaction, therefore uptake, in any region. However, there are trends to 

increasing iba-1 uptake of DiI-lip in all regions with the 18- and 22- month groups possessing 

the highest interaction levels in each region. In the cortical and striatal region, this non-  
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Figure 3-37: Iba-1 expression in ageing female hippocampal regions. C57BL/6 female mice groups 
at 3-, 6-, 12-, 18- and 22-months old received a single intravenous injection of DiI-lip. Cardiac perfusion 
was completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative 
immunofluorescence images of CA1, CA3 and dentate gyrus regions -1.94mm from the bregma 
demonstrate expression of iba-1 (white) and DiI-lip (Red). (B) Quantitative analysis of iba-1 expression 
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in CA1 region demonstrated no significant changes ageing. (C) Quantitative interaction between iba-1 
and DiI-lip expression in CA1 demonstrated no significant trends. (D) Quantitative iba-1 expression in 
the CA3 region showed significant increases in age. (E) Quantitative analysis of iba-1 and DiI-lip 
interaction in CA3 region demonstrated no trends. (F) Dentate gyrus Iba-1 expression quantification 
demonstrating non-significant trends to increase in age. (G) Quantitative analysis of interaction of DiI-
lip and Iba-1 on the dentate gyrus showing no significant changes in interaction through age. Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using Shapiro Wilk test for normality followed by either a T-test or Mann-
Whitney. N=4-8, average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-38: Iba-1 expression in ageing female cortical and striatal regions. C57BL/6 female mice 
groups at 3-, 6-, 12-, 18- and 22-months old received a single intravenous injection of DiI-lip. Cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative 
immunofluorescence images of motor cortex, auditory cortex and striatum regions -1.94mm from the 
bregma demonstrate expression of iba-1 (white) and DiI-lip (Red). Quantitative analysis of iba-1 
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expression in ageing showed significant ageing increases in the motor cortex (B) and auditory cortex (D) 
but significant changes in striatum (F). No significant changes were observed in ageing regarding the 
interaction of iba-1 and DiI-lip in the motor cortex (C), auditory cortex (E), or striatum (G). Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using  Shapiro Wilk test for normality followed by either a T-test or Mann-
Whitney. N=4-8,average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 3-39: Iba-1 expression in ageing male hippocampal regions. C57BL/6 male mice groups at 3 
an 18-months old received a single intravenous injection of DiI-lip. Cardiac perfusion was completed 2 
hours post-injection to remove circulating DiI-lip. (A) Representative immunofluorescence images of 
CA1, CA3 and dentate gyrus hippocampal regions -1.94mm from the bregma demonstrate expression 
of iba-1 (white) and DiI-lip (Red). (B) Quantitative analysis of iba-1 expression in CA1 region 
demonstrated increasing expression in ageing. (C) Quantitative interaction between iba-1 and DiI-lip 
expression in CA1 demonstrated no significant trends. (D) Quantitative iba-1 expression in the CA3 
region showed significant increases in age. (E) Quantitative analysis of iba-1 and DiI-lip interaction in 
CA3 demonstrated no trends. (F) Dentate gyrus Iba-1 expression quantification demonstrating 
significant trends to increase in age. (G) Dentate gyrus interaction of DiI-lip and Iba-1 showing no 
significant increases in interaction through age. Images obtained at x40 magnification on Leica Thunder 
microscope and underwent large volume computational clearing (LVCC) prior to quantification in Image 
J. Statistical analysis was completed using GraphPad Prism software using Shapiro Wilk test for 
normality followed by either a T-test or Mann-Whitney. N=10-11, average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm.  
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Figure 3-40:  Iba-1 expression in ageing male cortical and striatal regions.C56BL/6 male mice 
groups at 3 an 18-months old received a single intravenous injection of DiI-lip. Cardiac perfusion was 
completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative 
immunofluorescence images of motor cortex, auditory cortex, and striatum regions -1.94mm from the 
bregma demonstrate expression of iba-1 (white) and DiI-lip (Red). (B) Quantitative analysis of iba-1 
expression in motor cortex region demonstrated no changes ageing. (C) Quantitative interaction 
between iba-1 and DiI-lip expression in motor cortex demonstrated no significant trends. (D) 
Quantitative iba-1 expression in the auditory cortex region showed significant increases in age. (E) 
Quantitative analysis of iba-1 and DiI-lip interaction in auditory cortex demonstrated no trends. (F) 
Striatal Iba-1 expression quantification demonstrating non-significant trends to increase in age. (G) 
Striatal interaction of DiI-lip and Iba-1 showing significant increases in interaction through age. Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using Shapiro Wilk test for normality followed by either a T-test or 
Mann-Whitney. N=7-11,average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm.  
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significant increasing pattern is not present and there were no significant changes across age 

in any of region (fig. 3-38c,e,g). In the male cohort, significant increases in DiI-lip interaction 

with iba-1+ cells were present in the striatum (U=23(20), p=0.0465) (fig. 3-40g) but not in any of 

the other regions (fig. 3-39-3-40c,e,g).  The results here signify that the hippocampus is more 

vulnerable to age-related iba-1 expression increase in comparison to the cortical and striatal 

regions.  

To further investigate the inflammatory response of ageing, serum extracted from terminal 

blood samples underwent ELISA analysis for two inflammatory markers: ICAM-1 and VCAM-1. 

The results demonstrate that in females, ICAM-1 expression is not significantly altered (fig. 3-

41a) but that VCAM-1 expression is significantly up-regulated in the 18 group in comparison to 

the 3 (F=8.602(4,19), p=0.0042), -6 (p=0.0123) and 12-month groups (p=0.0014) (fig. 3-41b). 

There was also a significant increase between the 12- and 22-month groups (p=0.0127) (fig. 3-

41b). Within the male cohort, both ICAM-1 (T=7.730(10), p=0.0072) (fig. 3-41c) and VCAM-1 

(T=3.003(10), p=0.0185) (fig.3-41d) expression significantly increased in the 18-month group. 

The data presented here signifies that the inflammatory profile of both females and males does 

indeed increase during ageing, especially to the 18-month group.  

3.5.10. Cognitive changes in mouse behaviour during ageing.  

 

To determine if the changes observed in NVU components and permeability occurred prior or 

during age-related cognitive decline, the NOR and NOL behavioural tests were implemented 

across the male and female cohorts. In females, no significant trends were observed at any 

timepoint in NOR (fig. 3-42b-d) or NOL (fig. 3-42i-j) showing no cognitive decline. In males, no 

significant differences were observed in NOR testing (fig. 3-43e-g) or the 24-hour NOL test (fig. 

3-42l). However, at the 1-hour timepoint for males, there were significant decreased in novel 

object investigation time between the 3-month group and both 12- (F=6.490(2,21), p=0.0108) and 

18- month group (p=0.0178) (fig. 3-42k).   
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Figure 3-41: Inflammatory response in aged mouse serum.  ICAM-1 and VCAM-1 enzyme-linked 
immunosorbent assay (ELISA) of ageing mouse serum. Male mice  of 3- and 18-month or female mice 
at 3-. 6-.12-. 18- and 22-month mice serum was extracted from mouse heart during cardiac perfusion 
and serum removed via centrifugation. (A) Quantification of ICAM-1 of aged female serum 
demonstrated no significant increases. (B) Quantification of VCAM-1 aged female serum showed 
significant increases of protein at 18- and 22-month age groups. (C) Quantification of aged male ICAM-
1 serum demonstrated significant increases in ageing. (D) Quantification of aged male VCAM-1 serum 
levels demonstrated significant increases in expression in ageing. Statistical analysis was completed 
using GraphPad Prism software using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on Shapiro-
Wilk test for normality. N=4/5,average ± SEM, p<0.05 were considered significant.  
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Figure 3-42: Novel object recognition tests in aged male and female mice. Female C57BL/6 3-,6-, 
12- 18- and 22-months and male mice at 3-, 12- and 18-months underwent novel object and location  
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behavioural test. (A) Schematic representation of object recognition. (H) Schematic representation of 
location recognition.  Mice were habituated in the arena for 5 minutes on day 1 and repeated on day 2. 
Mice were then trained for 10 minutes with two identical objects before intertrial periods of 5  minutes, 
1 hour and 24 hours for object recognition (B-G) and 1- and 24-hours for location recognition (I-L). For 
each test, the mice were exposed to the arena for 5 minutes before being returned to the home cage. All 
training and test sessions were recorded and manually scored for investigation time of both the novel 
and training objects. Investigation time was calculated and plotted in graphical format. J. Statistical 
analysis was completed using GraphPad Prism software using one-way analysis of variance followed 
by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test 
based on Shapiro-Wilk test for normality. N=5-8,average ± SEM, p<0.05 were considered significant.  
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3.6. Discussion 

The results of this chapter aim to demonstrate the region-specific changes to the BBB 

architecture throughout ageing whilst comparing changes to BBB permeability. Permeability of 

the BBB increased during ageing and allowed for the infiltration of albumin and liposomes 

globally, but this is not reflected by dextran infiltration. Biodistribution of DiI-lip also showed 

no significant changes in peripheral organs, indicating a brain specific increase in nanoparticle 

infiltration. Complementing global changes, regional infiltration of albumin and liposomes 

also demonstrates significant increases in both males and females. This increase in 

permeability correlated with increases in caveolin-1 in the male brain but not the female brain. 

Permeability increases were not mirrored in IgG infiltration into the parenchyma. Evaluation of 

NVU components (astrocytes, endothelial cells  and pericytes) presents a mixed picture 

whereby astrocytic activation and pericyte loss occurred in ageing to a greater extent in males 

than females. Endothelial cells increased expression during ageing in cortical, striatal regions 

whilst varied in hippocampal regions. The inflammatory profile of the mouse brain increased 

during ageing and changes were greater in the hippocampus more than peripheral regions. 

Further inflammatory studies also showed that there was a sex difference in the expression of 

ICAM-1 during ageing whereas VCAM-1 was increased in both males and females during 

ageing. Cognitive function was not changed during ageing in the female brain in either 

behavioural test but in males cognitive decline was observed in short-term memory.  

3.6.1. Increased global permeability of the BBB not linked to paracellular transport  

The initial premise for this chapter of work was that the increase in BBB permeability during 

ageing would facilitate infiltration of lipid nanoparticles into the brain. The findings 

demonstrated that in all regions tested, DiI-lip did indeed cross the BBB and stay in the 

parenchyma in an age-related effect, agreeing with the hypothesis. This is a novel finding in 

ageing that this nanoparticle formulation crosses the BBB and may be used as a potential 

delivery system for therapeutics. Recently, there have been similar studies which confirm 

nanoparticle infiltration into the ageing brain (Tracy et al., 2023). These nanoparticles 
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consisted of hyaluronic acid-poly(lactic-co-glycolic acid) (HA-PLGA) and had a size of 200nm, 

which is larger than our current study of approximately 100nm which shows that our 

nanoparticles should cross the ageing BBB as demonstrated. The conservation of infiltration 

between male and female mice, as shown by the IVIS data, demonstrates robust delivery of 

DiI-lip into the brain, allowing the field to consider possible therapeutic encapsulation.  

Dextran was injected into a small sub-cohort of male mice to determine the effects of ageing 

on TJ permeability, which mechanistically is different to that of transcytosis. Figure 3-3 

demonstrates that there is no increased dextran infiltration from 3 to 18-months indicating that 

the tight junction barrier was maintained. This agrees with some studies, such as Goodall et 

al., 2018 and Cummins et al., 2024, who saw no changes to Evans Blue or dextran 3 kDa 

infiltration into the brain through ageing. However, within the literature it has been shown that 

there is tight junction dysfunction leading to BBB permeability in ageing, which would suggest 

an increase in BBB permeability (Elahy et al., 2015; Stamatovic et al., 2019). To research this 

further, investigations into tight junction proteins, such as occludin, claudin-5 and zo-1 would 

be appropriate, whether in histological or protein-based assays. The increases observed also 

correlates with in vivo stroke studies, showing increasing DiI-lip infiltration in both ischaemic 

and haemorrhagic models (Al-Ahmady et al., 2019, 2022).  

The increased infiltration of albumin at 18- and 22- months females and 18-month males (fig 

3-3) also demonstrate that the BBB has increased permeability to larger molecules but also 

serves a dual purpose to suggest the possible transport mechanism of the nanoparticles. It 

has been shown in stroke cases as well as in other age-related studies, that albumin infiltration 

correlates with an increase in transcytosis at the BBB which further correlates with DiI-lip 

penetration (Al-Ahmady et al., 2019; Sorets et al., 2020; Hillmer et al., 2023).  
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3.6.2. Increased albumin permeability tentatively linked to caveolin mediated 

transcytosis 

As it has been shown in ageing in vivo studies that there is a shift to caveolae-mediated 

transcytosis and therefore increase in caveolin-1 expression, it was prudent to correlate any 

infiltration of albumin to this marker (Yang et al., 2020). Previous studies have successfully 

correlated caveolin-1 expression with increased transcytosis and BBB permeability, but the 

current study is inconclusive. In the male group, in the CA1 and dentate gyrus hippocampal 

regions, there was a significant increase in caveolin-1 expression (fig. 3-8, 3-10) and trends 

towards increases in other regions. However, this is not as convincing for an effect in ageing 

compared to literature studies, this could potentially be explained by the techniques applied. 

Yang et al., 2020, isolated the micro vessels from the tissue and then labelled endothelial cells 

with lectin and caveolin-1 and imaged the staining at x63 magnification. This contrasted with 

the current study which did not isolate the micro vessels and imaged at x40 magnification, 

which may be why the results do not completely align. Another possible way to investigate the 

effect of caveolae-mediated transcytosis is to look at the protein marker Major Facilitator 

Super Family Domain Containing 2a (MSF2DA), which crucial in the formation and functioning 

of the BBB and is the inverse to caveolin-1 (Ben-Zvi et al., 2014). It has been shown in the 

literature that when caveolin-1 expression increases, MSF2DA decreases, and so the expected 

decrease in expression of this protein would also indicate a shift towards transcytosis (Yang et 

al., 2020). 

In the female cohort, the expression pattern of caveolin-1 was different. The 6–12-month 

groups in each region presented with the highest expression of normalised caveolin-1 and then 

dropped again for the later age groups (fig. 3-8-3-13). This therefore does not correlate with the 

infiltration of albumin observed within the study, potentially indicating at an alternative 

transport route for both DiI-lip and albumin infiltration, such as receptor-mediated 

transcytosis. Transferrin is a possible receptor allowing for infiltration and has been shown to 

increase the uptake of liposomes through the BBB when specifically targeted (Johnsen et al., 
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2017). However, studies in vivo have documented a decrease in transferrin expression during 

ageing so other potential targets should be explored (Yang et al., 2020).  

Another aspect to consider for this study is the in vivo model utilised, up to yet, there has not 

been a study investigating the effect of caveolin-1 in middle aged (6-15 months) female mice, 

with historical data focusing on two timepoints (e.g. 3 months and 24 months) and/or male 

mice (Park et al., 2018; Yang et al., 2020). Therefore, it may be that the female transport 

mechanism differs from that of the males, which has been linked more conclusively with 

caveolae-mediated transcytosis and further studies would have to be conducted investigating 

correlation with different transport mechanisms. Other transport methods have been shown 

to have sex differences, linked to the amount of oestrogen present, such as P-gp efflux 

transporters and ABC transporters (BCRP and MRP)(Dalla et al., 2022; Dion-Albert et al., 2022). 

Research groups have investigated the effects of hormones further by performing 

ovariectomies on female rats, producing increased BBB permeability to EBD and function 

rescued via oestrogen treatment (Wilson et al., 2008; Cipolla, Godfrey and Wiegman, 2009). It 

has also been demonstrated in human studies using diffusion prepared pseudo-continuous 

arterial spin labelling (DP-pCASL) MRI imaging, that age-related decline in BBB function was 

sex dependent, with males showing higher rates of decline (Shao et al., 2024). Furthermore, 

when investigating aged myocardial tissue in mice, caveolin-1 expression was different 

between males and females, with the female expression remaining more consistent and not 

leading to contractile dysfunction (Kiessling, 2024). It would be prudent to complete 

investigations of a similar avenue within the male and female mouse brain to determine if there 

is a comparable response, which may explain the sex differences observed in this study.  

Further examination of caveolin-1 investigated the interactions between the protein and either 

CD31 for BBB or DiI-lip for cellular infiltration. In the female cohort, there was no significance 

in either interaction across ageing (fig. 3-8-fig. 3-13) further enforcing the theory that female 

brains are not influenced by caveolin-1 as much as males and that they do not correlate 

specifically with liposomes, when normalised for caveolin-1 expression. In the male cohort, 
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the 3 hippocampal regions all demonstrated trends, of which the dentate gyrus was significant, 

to increased interaction between CD31 and caveolin-1 in ageing, suggesting age-related effect 

on caveolin-1 which correlates with the literature studies (Park et al., 2018; Yang et al., 2020).  

Further studies into BBB permeability investigated the extravasation of IgG into the 

parenchyma in females and males (fig. 3-18, 3-19). Within the literature, it is not conclusive 

regarding the infiltration of IgG during ageing as some show increased infiltration (Pelegrí et al., 

2007; Yang et al., 2020; Khan et al., 2023) whilst other demonstrate no changes (Goodall et al., 

2018; Cummins et al., 2024). This study did not show significant increases in any male region 

and only in the motor and auditory cortex of the female mice. Therefore, no conclusion can be 

made in this study showing that IgG infiltration occurs globally in the brain, but further work 

should be carried out using other techniques, such as MRI to determine permeability.  

3.6.3. Regional and sex differences of NVU component expression in ageing 

The findings presented in this chapter add to the growing field in physiological ageing that there 

are some changes to the NVU components. Firstly, astrocytic changes, were observed via the 

expression patterns of GFAP with male hippocampal and male/female cortical regions which 

correlates with findings in both humans (Goodall et al., 2018; Verkerke et al., 2021) and rodents 

(Rodríguez et al., 2014; Janota et al., 2015; Verkerke, Hol and Middeldorp, 2021) and with BBB 

permeability. This also aligns with the concept that astrocytes in ageing are not affected in 

number but instead transforming into the ‘A1’ activated phenotype which correlates with an 

increase in GFAP expression (Cohen and Torres, 2019; Britton et al., 2022). No significant 

changes to GFAP expression was seen in the hippocampal region, which was unexpected due 

to this being an age vulnerable region but this has also been found in other studies, exemplfying 

the complexity of investigating age related changes to the NVU (Mackic et al., 2002; Janota et 

al., 2015). Rodríguez et al., 2014, demonstrated this by investigating different astrocyte 

markers; GFAP, S100β and glutamate synthase in 3 brain regions, and found different patterns 

of expression in age with each combination. For example, they reported that in the CA1 



154 
 

hippocampal region that there was a significant increase in surface area and volume in ageing 

but no differences were found in other markers such as S100β or glutamate sythase. 

The next point of interest was the effect of ageing on astrocyte-endothelial interactions by 

colocalisation of GFAP and CD31. The data presented here showed no changes in any of the 

regions in both females and males which was suprising as it has been documented that 

astrocytes detach from the BBB during ageing (Heithoff et al., 2021; Popov et al., 2021).  

However, this may not be the best choice of morphological marker to investigate this aspect of 

astrocyte modification as the detachment is mainly in the astrocytic end-feet, where makers 

such as AQP4 would be more suitable as this expresses at the end-feet. Studies have shown 

that in ageing, there is a reduction in APQ4 expression and that this moves away from the 

endothelial cells (Duncombe et al., 2017). 

DiI-liposome uptake by the astrocyte cell was investigated to see if they could be potential 

therapeutic targets of the nanoparticles. In the female brain, no significant changes were 

observed across the cortical regions in ageing but there was a significant increase in the 

dentate gyrus region and trends towards the same effect in CA1 and CA3. In the male cohort, 

all regions displayed a significant increase in aged mice. This demonstrates that there may be 

a regional effect of ageing on liposomal uptake via astrocytes and the hippocampus appears 

to be the most vulnerable to this. Correlation can be made to the literature studies stating that 

the hippocampus is age vulnerable and one of the first regions to display age effects and so 

this may be why the lipsome uptake is more in this region (Montagne et al., 2015). In this study, 

the quantfication was normlaised to GFAP levels to remove bias of increased expression so the 

findings should reflect more realistically the interaction between GFAP+ astrocytes and 

liposomes.  

To investigate the effect of ageing on the main structure of the BBB, endothelial cell marker 

CD31 was explored. The results show that there was a non-significant increase in CD31 

expression in the hippocampal regions and significant increase in the cortical and striatal 

regions. This was unexpected initially as the hypothesis is that ageing would lead to endothelial 
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cell damage and therefore a decrease in CD31 expression. However, studies have shown that  

endothelial cells markers are either overexpressed in ageing or remain at similar levels to that 

of young mice (Chen et al., 2020; Zhao et al., 2020; Dobner, Tóth and de Rooij, 2024). 

Alternatively, what should be investigated in the future is not the endothelial cell itself, but 

instead the tight junctions which are known to become dysfunctional and therefore result in 

increased BBB permeability (Cao, Xu and Liu, 2024). This would involve looking into expression 

changes of common tight junction markers affected by ageing, such as Zo-1, claudin-5 and 

occludin (Stamatovic et al., 2019; Yang et al., 2020; Jang, Choi and Kim, 2022). 

We also investigate the effect of ageing on the pericyte population where in hippocampal 

regions, a significant decrease was observed. This agrees with previous studies showing  

losses in pericytes linked to increased BBB permeability (Bell et al., 2010; Nikolakopoulou et 

al., 2017). This finding was replicated in both rodent and human studies showing an age-

dependant loss of pericytes resulting in dysfunction of BBB and associated transport 

mechanisms (Daneman et al., 2010; Erdö et al, 2017; Yang et al., 2020). However, no changes 

to the expression patterns in cortical or striatal regions highlight the heterogeneity of the ageing 

pericyte population (Abdelazim et al., 2022). Regional heterogeneity, in terms of brain and 

vasculature location may contribute to variability in the literature, with some areas more age-

vulnerable, such as the hippocampus (Peinado et al., 1998; Montagne et al., 2015; Brown et 

al., 2019). Other studies have partially agreed with this result, such as Montagne et al., 2015, 

who observed that age-related pericyte loss in human subjects was seen in the hippocampus, 

hypothesising that this is the initial brain region to be affected by ageing. Another explanation 

of NG2 expression not decreasing is the production of the protein by other cell types, microglia 

have been shown in a mouse model to produce NG2 in aged mice but not young (Baror et al., 

2019). Further immunolabelling with other cellular makers, such as iba-1, CD11b or CD68 

should be used to confirmed colocalisation of NG2 with microglial cells.  

Other studies did not find pericyte loss but instead a detachment and migration of pericytes 

away from BEC’s, again resulting in BBB dysfunction and permeability (Hughes et al., 2006; 
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Scheibel and Fried., 1983). However, alternative studies have observed no change in pericyte 

number or coverage during ageing (Bors et al., 2018; Goodall et al., 2018; Ximerakis et al., 2019) 

and one study noted an increase in pericyte number through ageing (Peinado et al., 1998). 

Therefore, it was prudent to investigate interactions between CD31 and NG2 and in both sexes 

with regional variability. Only the male auditory cortex and striatum significantly reduced in 

colocalisation (fig. 3-37). Decreasing trends were observed in females at 22-months, 

suggesting that future studies should try to look at the 22–24-month range in C57BL/6 mice.  

Opposite interactions between pericytes and DiI-lip are reported in this study between males 

and females. In the male cohort, the amount of uptake of DiI-lip into the pericyte increased 

significantly whilst in the females this decreased at the 22-month point. This suggests that the 

actions of the liposomes are different in each sex, which may relate back to the potential 

differing transport mechanisms of the nanoparticles discussed earlier in this chapter.  

Further work should incorporate multiple pericyte morphological markers: CD13, PDGFR-β 

and desmin to gain clarity of pericytic changes. Immunolabelling with more than one marker 

will reduce the conflation of pericyte and smooth muscle cell expression. Another morphology 

marker which could be implemented is ATP binding cassette subfamily C member 9 (ABCC9) 

as this has no expression in arteriole smooth muscle cells and limited expression in the venule 

subtype (Vanlandewijck et al., 2018).  

3.6.4. Increasing inflammatory profile of the ageing mouse brain  

The next outcome analysed was the effect of inflammation on the ageing brain via Iba-1 

immunofluorescence complemented by peripheral vasculature expression of ICAM-1 and 

VCAM-1. Within the female cohort, the expression of Iba-1 increased in the CA3 and auditory 

cortex region whilst was globally increased in the six quantified regions in the male cohort. This 

partially confirms the hypothesis that increased neuroinflammatory response would occur 

during ageing.  
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Previous literature showcases an increase in Iba-1, observed in human and mouse brain ageing 

(Hayakawa, Kato and Araki, 2007; Mangold et al., 2017; Waller et al., 2019; Garrido et al., 2021). 

Correlating with the increased expression in the hippocampal regions, many studies have 

shown that this region is particularly vulnerable, with microglial morphology becoming 

amoeboid signalling a pro-inflammatory phenotype (Hayakawa, Kato and Araki, 2007; 

VanGuilder et al., 2011). It is unexpected that the iba-1 response to ageing would be higher in 

the male group as female mice present with more microglia than males in the CA1 and dentate 

gyrus regions  (Mouton et al., 2002; Mangold et al., 2017). Mangold et al., 2017, also looked at 

other pro-inflammatory microglial markers such as TREM2 showing similar age-related 

increases exacerbated by the female mice.  

Conversely to the overall trend that microglial activation in ageing causes dysfunction, some 

studies have shown the inverse, suggesting a neuroprotective role. Pan et al., 2021, used 3- 

and 12-month mice to show that microglia regulated tyrosine/serine phosphatase and the 

mitogen-activate protein kinase (MAPK) pathway which resulted in less monocyte infiltration 

and signalled astrocytes to an unreactive phenotype, resulting in BBB integrity increases. Yegla 

et al., 2021, further found that the reduction in microglial number via intervention lead to an 

increased cognitive ability in aged and young rats, further indicating a neuroprotective role of 

microglia. However, the same study noted that when microglial population increased in 

ageing, the cognitive decline was still present, indicating that in aged mice microglial presence 

is not the driving mechanism of dysfunction. This is the inverse of the typical theory, which is 

that microglial activation in ageing results in increased inflammatory response but is only in 

12-month mice and a different microglial response may occur at older age groups.  (Waller et 

al., 2019).  

Changes in adhesion molecules, such as ICAM-1 and VCAM-1 have been shown to promote 

leukocyte adhesion as well BBB disruption and can be induced by increases in pro-

inflammatory cytokines, such as TNF-α (Ohara et al., 2000; Kallmann et al., 2004). Within this 

study, peripheral ICAM-1 levels did not change during ageing, which correlates with past 
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literature in mouse and human studies (Miguel-Hidalgo et al., 2007; Elahy et al., 2015). This 

indicates that increases in ICAM-1 expression are correlated with neuropathology or systemic 

inflammation as opposed to physiological ageing (Drake et al., 2021; Galea, 2021). Within the 

male cohort, significant ICAM-1 increases were observed during ageing, contrasting with the 

female cohort. Within a cell culture model of human brain microvascular endothelial cells, it 

was observed that in the presence of TNF-α, there was a significant fold-increase in males 

compared to females (Hunter, Jayachandran and Miller, 2019). In vivo studies focusing on 

lupus mice also showed an increase in ICAM-1, as well as VCAM-1, in environments high in 

TNF-α (McHale et al., 1999).  As it has been shown in ageing that TNF-α increases in the human 

and mouse brain, potentially, this could be a reason for the discrepancies in sex (Álvarez-

Rodríguez et al., 2012).  

Within our cohort, VCAM-1 was significantly increased during ageing of both males and 

females, demonstrating a more robust age effect then found with ICAM-1. Within the literature, 

VCAM-1 increases have been shown in the plasma of both aged human and mouse cohorts 

and in a model of cerebral hypoperfusion, was linked to increased BBB permeability (Yousef et 

al., 2019; Zhang et al., 2024). Yousef et al., 2019 expands further to show that if blood from 

aged mice is transfused into young mice, then VCAM-1 expression increases and correlates 

with increased microglial activity. Like ICAM-1, VCAM-1 expression increases due to TNF-α 

increases, so both adhesion molecules may be affected by the same mechanisms (Ohara et 

al., 2000). However, contrasting results have been shown within in vivo models, demonstrating 

no significant increases in VCAM-1 during ageing females shown via the lack of leukocyte 

infiltration that would classically be associated with increase adhesion molecules (Elahy et al., 

2015).  

3.6.5. Changes to BBB in ageing occurs prior to significant cognitive decline 

The final area of interest within this chapter was the effect of ageing on the cognitive ability of 

mice. The NOR and NOL tests were selected for this study due to the lack of specialised 

equipment required as well as being less stress inducing then other behavioural tests such as 
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the Morris water maze and rotarod (Traschütz et al., 2018). Multiple time points were also 

chosen to incorporate both short- and long-term memory to elucidate any differences in 

cognition in these two aspects. Within NOR testing, the use of multiple timepoints also allows 

correlation with different regions of the brain being recruited for the task; it has been shown 

that short-term NOR is linked to cortical regions but not the hippocampus, whilst longer term 

(over 10 minutes) has been shown to recruit the non-spatial hippocampal (Cohen and 

Stackman, 2015).  

The results of the current work demonstrate no changes in memory throughout ageing at any 

of the three selected timepoints for either males or females. Short-term timepoints correlate 

with previous studies showing limited cognitive effects in mice up to 28-months age 

(Fahlström, Yu and Ulfhake, 2011). With the long-term memory studies (1 hour and 24 hours) 

the existing literature is contradictory with some studies indicating that in ageing there is a 

significant drop in cognitive function (Frick and Gresack, 2003; Yang, Zhou and Ma, 2019) whilst 

others note no changes to NOR function up to 15 months of age (Benice et al., 2006; Fahlström, 

Yu and Ulfhake, 2011).  

When looking into the effect of ageing on the novel location experiments, again there is no 

difference in the female mice at either 1 hour or 24-hour timepoints. NOL tests are expected to 

incorporate hippocampus dependant spatial memory and so is relevant to this study which 

has highlighted the hippocampal area as a region of age-related interest (Denninger, Smith and 

Kirby, 2018). It has been shown historically (Ammassari-Teule and Passino, 1997) and recently 

(Oliveira et al., 2010) that modification to decrease hippocampal function results in increased 

cognitive decline. Studies have shown in ageing that long-term memory is affected but not 

short-term memory (Wimmer et al., 2012) which partially agrees with our findings. 

Interestingly, for the male mice, significant reductions in cognitive ability have been shown at 

the 1 hour timepoint and also at the 24 hour timepoint all ages tested resulted in approximately 

50% investigation time. This points to it being a timepoint assay related effect as opposed to 

an ageing effect. 
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One explanation for the variation in findings for NOR and NOL tests is that there is no 

standardised procedure for behavioural studies. For example, there are variations in the 

frequency of habituation, times of habituation, amount of time training the mice with the 

familiar object and also the shape and size of the arena (Şik et al., 2003; Hammond, Tull and 

Stackman, 2004; Benice et al., 2006; Oliveira et al., 2010; Wimmer et al., 2012b; Kudara et al., 

2023). This means that all comparisons between different studies have to be tentatively 

correlated as the mice behaviour is sensitive to changes such as the amount of handling 

occurring. Environmental discrepancies, such as smell or sound, could also impact mouse 

stress levels, altering their behaviour (Lueptow, 2017). Another aspect to consider when using 

behaviour testing which incorporates movement is the age-dependant reduction in locomotor 

activity which should be evaluated to ensure for movement correction (INGRAM, 1988).  

In relation to the other aims and findings in this chapter, the lack of cognitive changes 

displayed suggests that the changes to the NVU components and permeability occur before 

cognitive decline can be assessed. This means that there is a potential therapeutic window 

prior to severe cognitive defects.  

3.7. Limitations 

This study is not without its limitations; with translatability being the major oversight within 

the workflow. This study is exclusively within the C57BL/6 mouse model and no work on 

human tissue was undertaken. Future work should focus on correlating changes observed in 

BBB permeability and NVU component changes to the clinical setting via histopathological 

staining and molecule studies on post-mortem tissue. This could utilise long-term research 

such as the cognitive function and ageing study, which has already demonstrated the 

prevalence on dementia in the population (Matthews et al., 2013). Furthermore, the 

progression of ageing from young adult mice to aged mice was seen in females but only 2 

timepoints were chosen for the males. In the future, the same experimental design should be 

adhered to for the male cohort, to examine progression of ageing and if there are any sex 

differences in the 6–12-month groups.  
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Although this study investigated the same parameters in both male and female mice, the 

analysis was kept separate between sexes. This allowed for investigation into the systematic 

timepoints in females that did not exist in the male cohort (6, 12 and 22 months). However, 

this limited the ability to compare expression levels between males and females, leading to 

overall trends observed instead of quantitative analysis. This means that sex comparisons 

made within this study should be taken tentatively and with caution when considering further 

work. Future studies should aim instead to compare sex directly, statistically utilising a 2-way 

ANOVA in order to fully elucidate any sex-related changes.  

Another limitation of the study relates to the practicalities of conducting long-term ageing 

immunofluorescence studies. As this study took place over a 2 year time period, different age 

groups were stained immunofluorescently at different timepoints but then analysed on the 

same graph. The use of batches may have led to variation between staining patterns and 

therefore expression analysis, so this should be considered when planning potential work. In 

the future all groups in an immunofluorescence comparison should be stained on the same 

day to ensure no variation and reduce batch effect (Stopsack et al, 2021). Using an inter run 

control, which would be a slide consistently from the same animal, would  help to mitigate 

any variation as this should result in the same pattern of expression regardless of run. If 

staining patterns changed within the inter run control, work would have to be analysed 

separately to ensure accurate conclusions. 

Further investigations into the transport mechanism of DiI-liposomes needs to be undertaken 

as the findings of this study were inconclusive; with caveolin-1 expression not correlating with 

DiI-lip infiltration. For example, this could be using transport inhibitors such as sodium azide 

which in vitro blocks energy-dependant transport correlating with a decrease in liposomal 

uptake suggesting a mechanistic route (Montizaan et al., 2020). Other inhibitors of transport 

could target micropinocytosis, endocytosis and transcytosis specifically to further pinpoint 

how DiI-lip infiltrated the brain in ageing (Francia et al., 2019). If the nanoparticle infiltration is 

unaltered by inhibition of specific transport mechanisms, then they can be eliminated as the 
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transport route. For permeability studies, the use of complementary markers such as Evans 

Blue dye, sodium fluorescein or MRI would be useful to compare to the current study and add 

to the literature regarding BBB permeability in ageing (Dickie et al., 2021).  

Regarding inflammation, only adhesion molecules ICAM-1 and VCAM-1 in the peripheral 

blood supply were investigated. It is accepted within the literature that these are not the only 

age-related inflammatory markers and cytokines such as IL-1β, IL-6 and TNF-α are affected 

by ageing and may be direct mediators for downstream inflammatory phenotypes of cells 

such as astrocytes and microglia (Costa et al., 2021). Testing of brain homogenates for these 

inflammatory molecules would also be beneficial to determine not only peripheral effects but 

localised effects down to specific brain regions.  

Finally, although the study was powered to investigate BBB infiltration of liposomes, it was 

not possible to power this to every outcome variable (e.g. iba-1 and GFAP expression during 

ageing). This means that some of the results display non-significant trends with tentative 

conclusions, these would be more robust in an accurately powered study. For the male 

cohort, some comparisons (e.g. Iba-1 and GFAP analysis) were fully powered due to groups 

having to be repeated, allowing for extra tissue and experimental units. This was not 

conducted in female mice due to time and economic constraints, but the study should be 

repeated using power calculations derived from results in this study for specific parameters, 

for example different targets of immunofluorescence staining.  

3.8. Conclusions 

Within this chapter, multiple hypotheses have been addressed, firstly, ageing does increase 

the permeability of BBB to nanoparticles, allowing them to infiltrate into the brain parenchyma. 

Secondly, there are changes to the NVU components, such as increase astrocyte activation 

and decrease pericyte expression. However, this can be dependent on spatial factors and sex 

as male and female cohorts responded differently with age. Cognitive decline was not 

observed at these timepoints, indicating the potential to use of nanoparticles as a drug delivery 
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system before the onset of cognitive decline. Inflammatory markers also changed during 

ageing demonstrating an increase in microglial activation and VCAM-1 response. Overall, this 

chapter proves that nanoparticles could be used to target age-related changes to the NVU and 

associated cells before pathology. Further investigations need to be undertaken to further 

elucidate the potential of nanoparticles as age-related therapeutics.
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4. Pilot study evaluating the effects of systemic 

inflammation on aged blood-brain barrier and 

associated cells
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4.1. Introduction 

As highlighted in chapter 3, the inflammatory profile of the female mouse brain changes during 

physiological ageing, with higher expression of microglial marker Iba-1 and increased 

peripheral VCAM-1 observed compared to males. Inflammation is categorised based upon the 

duration of its effect; acute within 2 weeks post-injury, sub-acute up to 6-weeks and chronic 

which lasts months or years  (Germolec et al., 2018; Rafiyan et al., 2023; Zotova et al., 2023). 

Low-grade chronic inflammation (systemic) has been noted as a major hallmark of age 

progression within humans (Li et al., 2023; Meier et al., 2023).  

Systemic inflammation has a widespread impact upon the brain and specifically the BBB and 

has been demonstrated to increase BBB permeability to albumin in humans (Elwood et al., 

2017) as well as degradation of tight junction proteins and activation of astrocytes and 

microglia in vivo (Varatharaj & Galea, 2017). This is also noted to be an age-related event as 

studies in young mice have shown limited BBB degrading effects with systemic inflammation 

and only increased septic levels have displayed pro-inflammatory effects (Banks et al., 2015; 

Jaeger et al., 2009).  

This may be due to  the increased burden of pro-inflammatory metabolic conditions within 

ageing, as a consequence of age-related conditions including obesity, diabetes, and 

hypertension. Diabetes is increasing within the ageing population with both type I and type II 

and causes increases in pro-inflammatory IL-6 and the increase in NOD-, LRR- and pyrin 

domain-containing protein 3 (NLRP3) inflammasome within human and mouse models (Lee et 

al., 2013; Lukic et al., 2014; Yan et al., 2023; Yang et al., 2024). Hypertension, which affects up 

to 70% of the population over 65, has been shown in vivo to increase TNF-α and IL-6 levels as 

well as cause inflammation within the brain (Bautista et al., 2005; S. Li et al., 2006) as well as 

in human studies where it also stimulates NADPH oxidase to increase reactive oxygen species 

(ROS) production (Heitzer et al., 2001). Obesity is prevalent within 33% of female population 

over 60 years (Malenfant & Batsis, 2019) and causes an increase in pro-inflammatory 

adipokines within humans (Guarner & Rubio-Ruiz, 2014) and in vivo models (Bae et al., 2023; 
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Rohm et al., 2022). Furthermore, obesity has been linked to decreasing hippocampal plasticity 

and the activation of microglia leading to decreases in cognitive ability (Duffy et al., 2019; Hao 

et al., 2016).  

The systemic inflammatory effects of the co-morbidities listed above could be investigated 

within ageing in separate or combination animal models (Guo et al., 2019; Oike et al., 2020). 

However, this involves long-term studies to confirm phenotypes of models and require an 

increased number of animals to sufficiently compare co-morbidity effects. This would also not 

specifically investigate the role of systemic inflammation on the ageing brain. Therefore, using 

an in vivo model specifically inducing the inflammatory response will provide a more focused 

study design. There are multiple methods to induce systemic inflammation within in vivo 

models including cytokine induction, polyinosinic: polycytidylic acid (poly I:C) caecal ligation 

and puncture (CLP), peritoneal contamination and infection (PCI), knockdown studies and LPS 

(Rafiyan et al., 2023).  All models have been shown to act upon the CNS in a neuroinflammatory 

context and so could potentially be used to assess the effect of inflammation on the BBB. 

However, some models are more advantageous than others regarding ease of use, 

reproducibility, and suitability for systemic inflammation (table 4-1).  

4.1.1. LPS as a model of neuroinflammation  

LPS, known clinically as endotoxin, is a glycolipid component of gram-negative bacteria which 

has been shown in vivo to produce a neuroinflammatory response (Skrzypczak-Wiercioch & 

Sałat, 2022). The molecule acts upon the CNS via activation or toll-like receptor-4 (TLR4) which 

dimerises to activate myeloid differentiation factor 88 (MyD88) and TIR domain-containing 

adaptor inducing interferon-β (TRIF) (Hines et al., 2013). Activation of these binding molecules 

then causes activation of the MAPK pathway and consequently the NF-kB pathway (Liu et al., 

2017; Skrzypczak-Wiercioch & Sałat, 2022) (fig. 4-1).  
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Table 4-1: Types of in vivo models of neuroinflammation. Known inflammatory effects, advantages 
of the model and concerns are stated.  

Model Effects Benefits Concerns References 

LPS 

• ↑ BBB 
disruption 

• ↑Glial 
activation 

• ↑Cytokine 
levels 

• TLR4 acting 

• Ease of use 
• Quick 

response 
• Low variability 
• Affects the 

BBB 

• Dosage 
variances dilute 
LPS effect 

• Inflammatory 
changes 
disappear 
quickly 

• Not translatable 
to humans 

(Lewis et al., 
2016; 
Seemann et 
al., 2017; 
Skrzypczak-
Wiercioch & 
Sałat, 2022) 

Cytokine 
induction 

• ↑ levels of 
introduced 
cytokine 
 

• Confidence 
that results 
will be related 
to cytokine 
increases 

• Not reflective of 
complex 
pathways of 
systemic 
inflammation 

(Biesmans 
et al., 2015) 

Poly I:C 

• ↑ cytokine 
levels 

• ↑BBB 
permeability 

• Activate 
TLR3 acting 

• Ease of 
administration 

• Affects the 
BBB 

• Not as 
characterised as 
LPS 

(Bao et al., 
2022 ; Field 
et al., 2010 ; 
He et al., 
2021) 

PCI 

• ↑microglia 
activation 

•  

• Translatable 
to human 
studies 

• Quick 
response 

• Characterisation 
of each sample 
needed 

• Increased study 
time 

(Chung et 
al., 2023 ; 
Seemann et 
al., 2017 ; 
mei Wu et 
al., 2023) 

CLP 

• ↑ cytokines  
• ↑ myeloid 

infiltration 

• Good model 
of human 
sepsis 

• Increased 
study duration 

• More acute than 
chronic 
inflammation 
model 

• Intensive surgery 
required 

• Limited 
microglia 
activation 

• Variation 
between study 
designs 

• ↑ mortality rate 
in aged mice  

(Deng et al., 
2017 ; Hyde 
et al., 1990 ; 
Lewis et al., 
2016 ; 
Seemann et 
al., 2017; 
Singer et al., 
2016) 
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Figure 4-1: Mechanism of neurovascular response to LPS and downstream inflammatory effects. 
(1) LPS binds to toll-like receptor 4( (TLR4) activating binding molecules myeloid differentiation factor 
88 (MyD88) and TIR domain-containing adaptor inducing interferon-β (TRIF) to activate the Nuclear 
factor-κB pathway (2). (3) NF-Kb activates signalling pathway NLR family pyrin domain containing 
3 (NLRP3) to activate the inflammasome and increase cytokine production and cognitive decline. LPS 
causes microglia to become activate (4) and migrate to the BBB (5). Tight junction degradation and 
increases in adhesion molecules ICAM-1 and VCAM-1 causes BBB permeability to blood-borne 
molecules.  Adapted from Skrzypczak-Wiercioch & Salat, 2022 and Zhang et al, 2017 using 
biorender.com.  

 

The activation of NF-kB has multiple downstream effects including the activation of the 

inflammasome via NLRP3 signalling leading to an increase in pro-inflammatory cytokine 

release and increase cognitive decline (Chen et al., 2023; Zhu et al., 2017). LPS further acts to 

increase neuroinflammation by activating microglia and astrocytes, leading increases in 

markers Iba-1 and GFAP and migration to the BBB (Haruwaka et al., 2019; Li et al., 2024; 

Vutukuri et al., 2018). Tight junction protein and SIRT1 expression have also been shown to 

decrease during LPS-induced inflammation, leading to BBB permeability to blood-borne 

albumin (Cheng et al., 2018; Li et al., 2024; Veszelka et al., 2007). Studies have demonstrated 

permeability to dextran as well as albumin after LPS mediated inflammatory response (Banks 

et al., 2015; Wang et al., 2017). Further changes to the BBB include expression of adhesion 

molecules ICAM-1 and VCAM-1, causing leukocyte infiltration into the brain parenchyma 

(Brezzo et al., 2020; Wong & Dorovini-Zis, 1992; Xiang et al., 2021). Iron accumulation is also 
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observed within the brain response to LPS, observed in the cortex and hippocampus (Li et al., 

2024; Sumbria et al., 2018). This has been linked to two mechanisms of LPS induction of NF-

kB; the expression of ROS and inhibition of SIRT1 (Xu et al., 2024).  

4.1.2. Nanoparticles in LPS models  

As inflammation is a hallmark of physiological ageing, it may be an appropriate target for 

nanoparticle therapeutics. Within LPS in vitro human cell line models, silver, selenium and 

polystyrene nanoparticles have been shown to reduce NF-kB pathway activation allowing for 

reduction in inflammation, with high concentrations of silver modulating the signalling of TLR4 

and silymarin containing selenium particles inhibiting the nuclear translocation of NF-kB  

(Gliga et al., 2020; Mi et al., 2022). Complementary in vivo studies have demonstrated 

reductions in oxidative stress in both the zebrafish and mouse brains when injected with gold 

or liposome nanoparticles at supraphysiological levels of LPS (Hussein et al., 2024; Ralvenius 

et al., 2024). There are limited studies within the literature looking directly at the effect of LPS 

on nanoparticle administration within an ageing in vivo model. Barton et al., 2019, 

demonstrated within an ageing 5XFAD AD pathology model that superparamagnetic iron oxide 

(SPIO’s) only cross into the BBB during both ageing and LPS conditions. Overall, there is a 

literature gap exploring the effect of LPS-induced systemic inflammation of aged mouse 

permeability to nanoparticles which requires further investigation.  

4.2. Aims and objectives  

This chapter aims to assess the impact of systemic inflammation on the aged BBB via a single-

dose injection of LPS. The LPS model will aim to investigate the effect of LPS on ageing and also 

the effect of different LPS dosages with a low-grade inflammatory model (0.25 mg/kg) and high-

grade (1 mg/kg) in the aged mice. The effect of LPS on BBB disruption will be assessed via iron 

accumulation and serum protein extraversion. The impact of systemic inflammation on BBB 

associated cells within ageing will be investigated via expression changes of microglia (Iba-1), 

astrocytes (GFAP), adhesion molecules (ICAM-1) and transport mechanism (Caveolin-1). 

Further analysis of brain tissue and peripheral serum samples will assess changes to cytokine 
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and adhesion molecule expression via ELISA and mass spectrometry to elucidate responses 

to LPS. Finally, the study will assess the infiltration of DiI-liposomes to see if infiltration into the 

brain is altered from physiological ageing.  

4.2.1 Hypotheses 

1. To assess if inflammation increases BBB permeability to DiI-liposomes, cerebral micro 

bleeding and circulating serum proteins in the context of ageing  

2. To investigate if LPS-induced inflammation has a greater impact on microglial, 

astrocytic and adhesion molecule expression during ageing  

3. To elucidate inflammatory profile of the brain microenvironment during LPS-induced 

aged mice 

4.3. Methodology 

4.3.1. Study design  

Female C57BL/6 mice were purchased at either 3- or 18-months and were initially grouped into 

5 categories based upon age and treatment with LPS (E. Coli O111:B4, Sigma-Aldrich, UK) as 

the following: 3-month vehicle control, 3-month 1 mg/kg LPS, 18-month vehicle control, 18-

month 0.25 mg/kg and 18-month 1 mg/kg. All mice were observed for clinical indications based 

upon guidelines for aged animal use ((Wilkinson et al., 2020). Mice were randomly allocated 

within age groups into cages of n=4-5 and bodyweights monitored twice weekly prior to onset 

of study. Each mouse was injected intraperitoneally once with either the desired LPS dose or 

PBS as the vehicle control and monitored twice daily post-injection for 48 hours (2.7). 3-hours 

post-LPS injection, a single tail vein blood sample was recovered. Under anaesthesia, mice 

were injected with DiI-lip and 2-hours post-injection culled via cardiac perfusion with a 

terminal blood sample extracted. Brains and peripheral organs were weighed and optically 

imaged using IVIS before being either flash frozen in liquid nitrogen or submerged in 4% PFA for 

48-hours before further processing. Final n-numbers are reported in (Figure 4-2), 2 18-month 1 

mg/kg LPS mice had to be terminated early from the study due to pre-agreed humane  
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Figure 4-2: Schematic representation of LPS ageing mice study and study n-numbers. (A) 3-
month and 18-month female mice were injected intraperitonially with either 0.25 mg/kg LPS, 1 mg/kg 
LPS or 0 mg/kg LPS vehicle control. 3-hours post-injection blood was extracted from the tail vein 
before being injected intravenously with DiI-lip 48-hours post LPS injection. 2-hours post DiI-lip 
administration, mice were culled via cardiac perfusion and terminal blood sample acquired. Optical 
imaging of brain and peripheral organs occurred immediately post-perfusion before brains treated 
for histological analysis. Diagrammatic representation of 6 regions of interest for post-mortem work 
and downstream analysis. (B) Tabular representation of all mouse groups within the study specifying 
the sex and age of each cohort and the predicted n-number per assessment parameter.  
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endpoints being reached. Another mouse from the 3-month vehicle group had to be removed 

from the study due to technical problems during the cardiac perfusion protocol. Final group 

numbers are as follows; n=3: 3-month vehicle, 18-month 1 mg/kg LPS, n=4: 3-month 1 mg/kg 

LPS, 18-month vehicle and 18-month 0.25 mg/kg LPS.  

4.3.2. Liposome characterisation 

DiI-lip were made via conjugation of DiI 555 nm with HSPC: Chol: DSPE-PEG2000 (56.3: 38.2: 

5.5 mol/mol%) via thin-film hydration in a single batch for all mouse groups (2.5). The suitability 

of the liposomes was assessed via dynamic light scattering determining size (nm), PDI, zeta 

potential (mV) and fluorescence spectroscopy for DiI intensity (2.6). 

4.3.3. Optical imaging  

The brain and peripheral organs (heart, lungs, spleen, kidneys, and liver) were extracted from 

the mouse and optically imaged on IVIS for DiI-lip infiltration and values were normalised for 

organ weight across the cohort (2.8). 

4.3.4. Immunohistochemical staining 

To investigate the extravasation of serum proteins into the brain parenchyma, IgG was used 

immunohistochemically on brain cryosections (2.12). Negative control images (without 

primary antibody) are found in appendix 3. Any tissue loss is recorded in appendix 4. 

4.3.5. Histological staining 

To see if there was an increase in cerebral micro bleeding within an LPS-induced model of 

inflammation, Prussian blue iron staining was implemented (2.12). Any tissue loss is recorded 

in appendix 4. 
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4.3.6. Immunofluorescence  

To assess DiI-lip infiltration, cryosections were submerged in PBS for 20 minutes before 

coverslipping with no further immunostaining. Immunofluorescence was utilised to 

investigate changes in expression of proteins involved in caveolae-mediated transcytosis 

(Caveolin-1), astrocyte activation (GFAP), microglial activation (Iba-1) and adhesion molecule 

(ICAM-1). For investigating the interaction of each cellular marker with the BBB, CD31 was used 

as an endothelial cell marker (2.11). Negative control images (without primary antibody) are 

found in appendix 3. Any tissue loss is recorded in appendix 4. 

4.3.7. ELISA tests 

To investigate the effect of LPS and ageing on pro-inflammatory cytokines and adhesion 

molecules, mouse serum or brain homogenate was prepared (2.9, 2.13). ELISA tests were 

carried out in both serum and homogenate for IL-6 and just homogenate in IL-1β to assess 

cytokine expression. Adhesion molecules were assessed via ELISA for ICAM-1 and VCAM-1 in 

both serum and brain homogenate samples (2.16).  

4.3.8. Mass Spectrometry  

To identify widespread protein expression changes, mass spectrometry of 50 µg brain 

homogenate was run through SciexZenoTOF 7600 mass spectrometer (2.14). 

4.3.9. Protein expression analysis 

After mass spectrometry was completed, datasets were analysed via Optiflow source and 

processed using DI-ANN software. Significant logP fold changes were identified via the AMICA 

3.0.1 software (2.14).  

5.3.9.1. Ingenuity pathway analysis  

To identify functional pathways changed by ageing or systemic inflammation, ingenuity 

pathway analysis was performed on Log2 fold changes values of mass spectrometry dataset 

(2.14).  
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4.3.10. Statistical analysis  

All statistical analysis and graphical representation were conducted on GraphPad Prism. For 

assessment of age and LPS effects on cellular markers and bodyweight changes after I.P LPS 

injection, a 2-way ANOVA followed by Dunn’s multiple comparison test were employed. To 

investigate the effects of LPS dose on 18-month mice, either one-way analysis of variance 

followed by Tukey’s multiple comparison test or Kruskal-Wallis test was followed by Dunn’s 

multiple comparison test based upon Shapiro-Wilkes normality test. Graphical 

representations signified mean ± standard error of mean (SEM) and all significant results were 

graphically annotated using the following ranking: * p<0.05, ** p<0.01, *** p<0.001. 

4.4. Results  

4.4.1. Induction of inflammatory phenotype  

One of the major characteristics of LPS induced systemic inflammation is the decrease in 

bodyweight (Piirsalu et al., 2020). Mice were weighed 48-hours post-injection and display 

bodyweight decreases in young and aged LPS treated mice between 10-19% whilst vehicle 

mice did not decrease in bodyweight (fig. 4-3a). Significant decreases in bodyweight were 

found between vehicle and 1 mg/kg LPS mice in young (F=54.73(4,14), p=<0.0001) and aged 

(F=54.73(4,14) , p=<0.0001). Within the aged group, significant decreases in bodyweight were also 

observed in the 0.25 mg/kg LPS group compared to vehicle (F=54.73(4,14) ,p=<0.0001) and 

between 0.25 mg/kg and 1 mg/kg groups (F=54.73(4,14) , p=0.0213). This demonstrates that not 

only LPS injection, but dosage levels are key for induction of the inflammatory phenotype.  

Terminal weights of organs were compared to evaluate LPS-induced changes (fig. 4-3b).  No 

significant changes were observed in the heart, lung, spleen, kidney or brain in either age of 

LPS dosage. Comparison of liver weight showed significant increases in weight from 3-month 

vehicle mice to and 18-month vehicle (age F=382.9(5, 84), LPS F(=10.85(5, 84), p= 0.0431) and 18-

month 0.25 mg/kg (age F=382.9(5, 84), LPS F=10.85(5, 84) , p= 0.002) but not 1 mg/kg dose of either 

age group.  
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Figure 4-3: Effect of lipopolysaccharide (LPS) dose on young and aged mice. C57BL/6 female mice 
groups were injected with intraperitonially a single dose of lipopolysaccharide. 3-month mice received 
either 1 mg/kg or PBS vehicle control whilst 18-month mice were given, 1 mg/kg, 0.25 mg/kg or PBS 
vehicle control. (A) Changes to mouse bodyweight 48-hours post LPS injection demonstrating 
significant bodyweight losses in all LPS dosed groups compared to age-matched vehicle. (B) Weight of 
organs at 48-hours post LPS injection showing no significant changes in weight of the heart, lung, spleen 
or kidney. Significant liver weight increases were observed when comparing the 3-month vehicle to 18-
month 0.25 mg/kg group. Statistical analysis was completed using GraphPad Prism software. For 
bodyweight analysis, one-way analysis of variance followed by Tukey multiple comparison test was 
utilised. For analysis of organ weight, two-way analysis of variance followed by Tukey’s multiple 
comparison test evaluated changes in each organ. N=3-4,average ± SEM, p<0.05 were considered 
significant.  
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4.4.2. Infiltration of DiI-liposomes  

Optical imaging of nanoparticle infiltration into brain and peripheral organs DiI-lip 

characteristics were evaluated via dynamic light scattering and showed appropriate size 

(110.6 nm) and charge (-11.6 mV) (fig.4-4a, c). Fluorescence spectroscopy also demonstrated 

expected fluorescence signal intensity at 549 nm for DiI conjugation to liposomes (fig.4-4b). 

Biodistribution of liposomes is important to evaluate potential off-target accumulation of the 

nanoparticles during a therapy intervention. Evaluation of infiltration of DiI-lip into the brain 

showed a significant increase between the 3-month vehicle and LPS groups (age F=0.4617(1,10), 

LPS F =13.69(1,10), p= 0.0333) but no significant infiltration changes between the 3 and 18-month 

groups (fig.4-5b). No significant changes were observed in the 18-month groups comparing 

vehicle to 1 or 0.25 mg/kg LPS (fig4-5b-e). Within the peripheral organs, no significant changes 

were observed in the heart, lungs or spleen throughout ageing or LPS injection (fig. 4-5e). 

Significant increase in infiltration of DiI-lip in the liver were observed in the 18-month 0.25 

mg/kg group compared to 3-month vehicle (F=8.684(4,14), p= 0.0047), 3-month 1 mg/kg 

(F=8.684(4,14), p= 0.0079), 18-month vehicle (F=8.684(4,14), p= 0.0047) and 18-month 1 mg/kg 

(F=8.684(4,14), p= 0.0012). Similar infiltration patterns were observed in the kidneys, with 

increased DiI-lip within the 0.25 mg/kg 18-month groups compared to 3-month vehicle 

(F=6.504(4,14), p= 0.0081) and 18-month vehicle (F=6.504(4,14), p= 0.0081) but no other LPS 

injected groups. Results show that distribution changes are localised to the brain, liver and 

kidneys.  

4.4.3.  Region-specific infiltration of nanoparticles into the brain  

To elucidate changes in specific brain regions and determine spatial homogeneity, DiI-lip 

infiltration was quantified in hippocampal (fig. 4-6) cortical and striatal regions (fig. 4-7). Within 

the hippocampus, no significant changes in DiI-lip infiltration were present in the CA1 or CA3 

regions comparing age and 1 mg/kg LPS or doses of LPS in the 18-month age group (fig. 4-6b-

e). Within the dentate gyrus, a significant increase of DiI-lip infiltration only occurred between 

the 3-month vehicle and 1 mg/kg LPS group (age F=5.369(1,10), LPS F=7.842(1,10), p= 0.0298),   
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Figure 4-4: Liposome characterisation for LPS cohort. Liposomes were made with identical 
formulations using thin film hydration followed by extrusion. Size (in nm), zeta potential (ZP) and 
poly-dispersal index (PDI) were all completed in triplicate via dynamic light scattering. 
Fluorescence intensity was calculated using spectrophotometry set at 540nm (A) Graphical 
representation of LPS cohort liposome size. (B) Fluorescence intensity of average liposome 
batches in LPS cohort. (E) Lipid compositions, size, Average PDI and ZP values for each liposomal 
cohort batch. All graphs created using GraphPad Prism   
 

 



178 
 

 
Figure 4-5: Optical imaging of global organ infiltration of DiI-liposome in LPS cohort. C57BL/6 
female mice groups were injected intraperitonially with a single dose of lipopolysaccharide. 3-month 
mice received either 1 mg/kg or PBS vehicle control whilst 18-month mice were given, 1 mg/kg, 0.25 
mg/kg or PBS vehicle control. 48-hours post injection, all mice were intravenously injected with DiI-
lip and cardiac perfusion was completed 2 hours post-injection to remove circulating DiI-lip. (A) 
Representative optical images of mouse brains indicating infiltration of DiI-liposomes. (B) 
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Quantitative analysis of brain infiltration comparing aged and young demonstrated significant 
increases in DiI-lip between the 3-month vehicle and LPS groups. (C) Quantitative analysis of LPS 
doses in 18-month mice demonstrated no significant changes. (D) Representative optical images of 
peripheral organs in 3- and 18-month mice. (E) Quantitative analysis of all organs DiI-lip infiltration 
with the 0.25 mg/kg 18-month liver possessing significant increased infiltration to all other groups. In 
the kidneys, the 0.25 mg/kg 18-month group was significantly decreased to other groups. All other 
comparisons were not significantly changed.  Images obtained using in vivo imaging system (IVIS) and 
analysed using living systems software. Statistical analysis was completed using GraphPad Prism 
software. For brain analysis, using one-way analysis of variance followed by Tukey multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shaprio-Wilk test for normality. For peripheral organ analysis, one-way analysis of variance followed 
by Tukey’s multiple comparison test evaluated changes in each organ. N=3-4, average ± SEM, p<0.05 
were considered significant.  
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Figure 4-6: DiI-liposomes infiltration in inflammation and ageing hippocampal regions. C57BL/6 
female mice groups were injected intraperitonially with a single dose of lipopolysaccharide. 3-month 
mice received either 1 mg/kg or PBS vehicle control whilst 18-month mice were given, 1 mg/kg, 0.25 
mg/kg or PBS vehicle control. 48-hours post injection, all mice were intravenously injected with DiI-
lip and cardiac perfusion was completed 2 hours post-injection to remove circulating DiI-lip. (A) 
Representative immunofluorescence images of CA1, CA3 and dentate gyrus hippocampal regions -
1.94mm from bregma indicating infiltration of DiI-liposomes (Red). Quantitative analysis of young 
and aged infiltration in the CA1 (B), CA3 (D) and dentate gyrus (F) regions. Quantitative analysis of LPS 
dose in 18-month mice in CA1 (C), CA3 (E) and dentate gyrus (G) regions. All regions did not indicate 
significant changes in infiltration across ageing except for the dentate gyrus between 3-month vehicle 
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and 18-month 1 mg/kg where a significant increase of infiltration was observed. Images obtained at 
x40 magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-
Wallis test followed by Dunn’s multiple comparisons test based on Shapiro-Wilk test for normality 
for comparison of 18-month dosages. For comparison of ageing, a two-way analysis of variance 
followed by Tukey’s multiple comparison test was implemented. N=4/5,average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm. 
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Figure 4-7: DiI-liposomes infiltration in inflammation and ageing cortical and striatal regions.  
C57BL/6 female mice groups were injected intraperitonially with a single dose of lipopolysaccharide. 
3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month mice were given, 1 
mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were intravenously 
injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to remove 
circulating DiI-lip. (A) Representative immunofluorescence images of motor cortex, auditory cortex 
and striatum regions -1.94mm from bregma indicating infiltration of DiI-liposomes (Red). 
Quantitative analysis of young and aged infiltration in the motor cortex (B), auditory cortex (D) and 
striatum (F) regions. Quantitative analysis of LPS dose in 18-month mice in motor cortex (C), auditory 
cortex (E) and striatum (G) regions. The motor cortex and auditory cortex displayed significant 
increases between 3-month vehicle and 18-month 1 mg/kg LPS. Auditory cortex also showed 
significant increase from the 3-month vehicle to the 18-month vehicle and the 3-month 1 mg/kg to 
18-month 1 mg/kg LPS. All  other analysis did not indicate significant changes in infiltration across 
ageing or LPS dose. Images obtained at x40 magnification on Leica Thunder microscope and 
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underwent large volume computational clearing (LVCC) prior to quantification in Image J. Statistical 
analysis was completed using GraphPad Prism software using one-way analysis of variance followed 
by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons 
test based on Shapiro-Wilk test for normality for comparison of 18-month dosages. For comparison 
of ageing, a two-way analysis of variance followed by Tukey’s multiple comparison test was 
implemented. N=4/5,average ± SEM, p<0.05 were considered significant. Scale bar represents 
100µm. 
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indicating that a combination of both age and LPS only increased DiI-lip infiltration (fig. 4-6f-g). 

Within the motor cortex, significant increases in infiltration occurred between the 3-month 

vehicle and 18-month 1 mg/kg LPS (age F=11.77(1,10), LPS F=9.989(1,10), p=0.0065), but no 

changes were observed between LPS dose in 18-month mice (fig 4-7b-c). The auditory cortex 

displayed similar significant increases between 3-month vehicle and 18-month 1 mg/kg LPS 

(age F=18.33(1,10), LPS F=2.740(1,10), p= 0.0028) along with increases between 1 mg/kg between 

age groups(p=0.0060 (fig 4-7d). Qualitatively, DiI-lip infiltration in all regions was confined to 

endothelial cells resembling morphology but within the aged vehicle cohort, this appeared to 

become more punctate within the parenchyma which progressed further into the 1 mg/kg 

groups (figure 4-6, 4-7).  

4.4.4. No changes to iron accumulation or IgG extravasation  

 

To monitor increased BBB disruption within the aged systemic inflammation cohort, IgG 

accumulation was assessed. Within the hippocampal regions (CA1, CA3 and dentate gyrus), 

motor cortex and striatum there were no significant changes in the comparisons of young and 

aged groups with 1 mg/kg LPS or within the 18-month group of vehicle, 0.25 mg/kg and 1 mg/kg 

LPS (fig. 4-8b-k, j, m). Within the auditory cortex, significant IgG accumulation was found in the 

18-month vehicle compared to the 3-month vehicle (age F=9.414 (1,9), LPS F=14.20 (1,9), p= 

0.0052) or 3-month LPS  (age F=9.414 (1,9), LPS F=14.20 (1,9), p= 0.0188) whilst no changes were 

seen in the comparison of LPS dose in 18-month mice (fig. 4-8I).  

To complement IgG extravasation, iron accumulation was assessed to determine if increased 

cerebral micro bleeding occurred within inflammation. No significant increase in iron 

accumulation was observed in any region quantified in relation to age effect, LPS effect or LPS 

dosage effect fig.4-9b-m). Within the CA3 region, there was a non-significant trend towards 

increased iron between the 3-month vehicle and LPS groups (age F=0.730(1,11), LPS F=6.117(1,11), 

p= 0.0828) (fig.4-9c). Overall, no significant changes to BBB disruption were seen within this 

study.  
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Figure 4-8: Infiltration of IgG into LPS cohort mouse brain. C57BL/6 female mice groups were 
injected intraperitonially with a single dose of lipopolysaccharide. 3-month mice received either 1 
mg/kg or PBS vehicle control whilst 18-month mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle 
control. 48-hours post injection, all mice were intravenously injected with DiI-lip and cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative 
immunofluorescence images of Motor and Auditory cortex, striatum, CA1, CA3 and dentate gyrus 
regions indicating infiltration of Immunoglobulin G (Brown). Quantitative analysis comparing 3- and 
18-month mice with either LPS or vehicle treatment in (B) CA1, (C) CA3, (D) Dentate gyrus, (H) Motor 
cortex, (I) Auditory cortex and (J) striatum demonstrated no significant changes except for the 
auditory cortex whereby 18-month vehicle was significantly increased to both 3-month conditions. 
Quantitative analysis of IgG infiltration in 18-month LPS doses demonstrated no significant changes 
in (E) CA1, (F) CA3, (G) dentate gyrus, (K) motor cortex, (L) auditory cortex and (M) striatum. Images 
obtained at x20 magnification on Leica Thunder microscope prior to quantification in Image J. 
Statistical analysis was completed using GraphPad Prism software. For analysis of comparison of 0 
and 1 mg/kg LPS dose in ageing, two-way analysis of variance was utilised followed by Tukey multiple 
comparison test. For 18-month LPS dose studies, one-way analysis of variance followed by Tukey’s 
multiple comparison test after conducting Shapiro-Wilks normality test. N=3-4,average ± SEM, 
p<0.05 were considered significant.  
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Figure 4-9: Infiltration of iron into LPS cohort mouse brain. C57BL/6 female mice groups were 
injected intraperitonially with a single dose of lipopolysaccharide. 3-month mice received either 1 
mg/kg or PBS vehicle control whilst 18-month mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle 
control. 48-hours post injection, all mice were intravenously injected with DiI-lip and cardiac 
perfusion was completed 2 hours post-injection to remove circulating DiI-lip. (A) Representative 
images of Prussian blue immunostaining of Motor and Auditory cortex, striatum, CA1, CA3 and 
dentate gyrus regions indicating infiltration of iron (blue). Quantitative analysis comparing 3- and 18-
month mice with either LPS or vehicle treatment in (B) CA1, (C) CA3, (D) Dentate gyrus, (H) Motor 
cortex, (I) Auditory cortex and (J) striatum demonstrated no significant changes. Quantitative analysis 
of iron infiltration in 18-month LPS doses demonstrated no significant changes in (E) CA1, (F) CA3, 
(G) dentate gyrus, (K) motor cortex, (L) auditory cortex and (M) striatum. Images obtained at x20 
magnification on Leica Thunder microscope prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software. For analysis of comparison of 0 and 1 mg/kg LPS dose in 
ageing, two-way analysis of variance was utilised followed by Tukey multiple comparison test. For 
18-month LPS dose studies, one-way analysis of variance followed by Tukey’s multiple comparison 
test after conducting Shapiro-Wilks normality test. N=3-4, average ± SEM, p<0.05 were considered 
significant.  
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4.4.5. Evaluating changes to caveolae-mediated transcytosis 

 

As transcytosis is increased in ageing, and linked to nanoparticle infiltration, the expression of 

the transcytosis marker, caveolin-1 was assessed in relation to DiI-lip and the BBB through 

CD31 immunofluorescence staining. Firstly, the expression of caveolin-1, normalised to CD31 

vascular coverage, was assessed and demonstrated no significant changes within the CA1 (fig. 

4-10b-c), CA3 (fig.4-11b-c) dentate gyrus (fig.4-12b-c), auditory cortex (fig.4-14b-c) and 

striatum (fig. 4-15b-c) when comparing the 3-month group to the 18-month group or LPS dose 

in the aged group. The CA3 does show non-significant decreases with 1 mg/kg LPS group 

compared to the vehicle (F=3.399(2,8), p=0.0801) (fig.4-11c). Within the motor cortex, there were 

non-significant decreases in cav-1 expression between the 3-month LPS group and 18-month 

vehicle (age F=7.104(1,10), LPS =0.7638(1,10), p= 0.0878) and 18-month 1 mg/kg LPS (p= 0.0796) 

(fig. 4-13 b). Decreasing caveolin-1 expression was also observed between 0.25 mg/kg and 1 

mg/kg in the 18-month age group (F=3.882(2,8), p= 0.0618) of the same region (fig. 4-13c).  

When investigating the interaction of cav-1 and CD31 to correlate transcytosis with the BBB, 

no changes were observed comparing the effect of LPS throughout age or the dose of LPS at 

18-months (Fig.4-10- 4-15 d-e). To determine if liposomes were transported through the 

transcytosis route during LPS or ageing, the interaction of DiI-lip and cav-1 was quantified. 

Results of this show no significant changes based on LPS dose or ageing in CA1 (fig. 4-10 f- g), 

(fig.4-13f-g), motor cortex (fig. 4-14f-g), auditory cortex (fig 4-14f-g) or striatum (fig. 4-15f-g). In 

the CA3 region, there was a non-significant decrease in interaction between cav-1 and DiI-lip 

between the 3-month LPS group and 18-month vehicle (F=3.399(2,8), p= 0.0944) but no changes 

in LPS dose at older age (fig. 4-11f-g). Inversely, in the dentate gyrus, there was no significant 

changes comparing the effect of age and LPS but there was a significant increase in interaction 

comparing the 18-month vehicle to 0.25 mg/kg LPS (F=5.442(2,8), p= 0.0302) (fig. 4-12f-g). 

Overall, neither age nor LPS had a had a significant impact on global caveolin-1 levels or their 

interactions with DiI-lip and BBB, indicating that this is not the transport route affiliated with 

DiI-lip infiltration.  
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Figure 4-10: Evaluation of transcytosis transport in ageing and inflammation in CA1 
hippocampal region. C57BL/6 female mice groups were injected intraperitonially with a single dose 
of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of CA1 hippocampal 



191 
 

region -1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-
lip (Red). Quantitative analysis of caveolin-1 expression, normalised to endothelial cell coverage, 
when comparing LPS effect on aged groups (A) or dose of LPS in aged mice (C) demonstrated no 
significant changes. Quantitative analysis of the interaction between caveolin-1 and CD31 showed 
no significant effects in either the comparison of LPS on two age groups (D) or LPS dose on 18-month 
mice (E). The interaction of caveolin-1 and DiI-lip showed no significant changes in either the LPS and 
age comparison (F) or effect of different LPS doses on 18-month group (G). Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism software. 
For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised 
followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way analysis of 
variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. 
N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-11: Evaluation of transcytosis transport in ageing and inflammation in CA3 
hippocampal region. C57BL/6 female mice groups were injected intraperitonially with a single dose 
of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
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mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of CA3 hippocampal 
region -1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-
lip (Red). Quantitative analysis of caveolin-1 expression, normalised to endothelial cell coverage, 
when comparing LPS effect on aged groups (A) or dose of LPS in aged mice (C) demonstrated no 
significant changes. Quantitative analysis of the interaction between caveolin-1 and CD31 showed 
no significant effects in either the comparison of LPS on two age groups (D) or LPS dose on 18-month 
mice (E). The interaction of caveolin-1 and DiI-lip showed no significant changes in either the LPS and 
age comparison (F) or effect of different LPS doses on 18-month group (G). Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism software. 
For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised 
followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way analysis of 
variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. 
N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-12: Evaluation of transcytosis transport in ageing and inflammation in dentate gyrus 
hippocampal region. C57BL/6 female mice groups were injected with intraperitonially a single dose 
of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of dentate gyrus 
hippocampal region -1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 
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(blue) and DiI-lip (Red). Quantitative analysis of caveolin-1 expression, normalised to endothelial cell 
coverage,  when comparing LPS effect on aged groups (A) or dose of LPS in aged mice (C) 
demonstrated no significant changes. Quantitative analysis of the interaction between caveolin-1 
and CD31 showed no significant effects in either the comparison of LPS on two age groups (D) or LPS 
dose on 18-month mice (E). Quantification of the interaction of caveolin-1 and DiI-lip showed no 
significant changes in the LPS and age comparison (F) but there was a significant increase in the 0.25 
mg/kg LPS group compared to vehicle in the 18-month group (G). Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism software. 
For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised 
followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way analysis of 
variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. 
N=3-4,average ± SEM, p<0.05 were considered significant. 
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Figure 4-13: Evaluation of transcytosis transport in ageing and inflammation in motor cortex 
region. C57BL/6 female mice groups were injected with intraperitonially a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
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mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of motor cortex -1.94mm 
from the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). 
Quantitative analysis of caveolin-1 expression, normalised to endothelial cell coverage, when 
comparing LPS effect on aged groups demonstrated non-significant decreasing trends between the 
3-month 1 mg/kg LPS groups and both the vehicle and LPS 18-month groups (A). Quantification of 
LPS dose in aged mice showed non-significant decreases between the 0.25 mg/kg groups and 1 
mg/kg group (C). No significant changes were observed after quantification of caveolin-1 interaction 
with CD31 in age (D) or dose (E) comparisons. Quantitative analysis of caveolin-1 and DiI-lip 
interaction in the age comparison (F) or 18-month LPS dose comparison (G) showed no significant 
changes. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software. For analysis of comparison of 1mgkg LPS dose in ageing, two-way 
analysis of variance was utilised followed by Tukey multiple comparison test. For 18-month LPS dose 
studies, one-way analysis of variance followed by Tukey’s multiple comparison test after conducting 
Shapiro-Wilks normality test. N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-14: Evaluation of transcytosis transport in ageing and inflammation in auditory cortex 
region. C57BL/6 female mice groups were injected intraperitonially with a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
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intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of auditory cortex region 
-1.94mm from the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip 
(Red). Quantitative analysis of caveolin-1 expression, normalised to endothelial cell coverage, with 
comparisons between ages (B) or 18-month LPS dose (C). Quantification of caveolin-1 and CD31 
interaction between age groups (D) or 18-month LPS dose (E). Quantification of caveolin-1 and DiI-lip 
interaction in comparison of age groups (F) or 18-month LPS dose (G). All analysis was produced no 
significant changes in expression or interaction. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing prior to quantification in 
Image J. Statistical analysis was completed using GraphPad Prism software. For analysis of 
comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised followed by Tukey 
multiple comparison test. For 18-month LPS dose studies, one-way analysis of variance followed by 
Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. N=3-4,average ± 
SEM, p<0.05 were considered significant. 
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Figure 4-15: Evaluation of transcytosis transport in ageing and inflammation in striatum region. 
C57BL/6 female mice groups were injected intraperitonially with a single dose of lipopolysaccharide. 
3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month mice were given, 1 
mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were intravenously 
injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to remove 
circulating DiI-lip. (A) Representative immunofluorescence images of striatum region -1.94mm from 
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the bregma demonstrate expression of CD31 (green), Caveolin-1 (blue) and DiI-lip (Red). Quantitative 
analysis of caveolin-1 expression, normalised to endothelial cell coverage, with comparisons 
between ages (B) or 18-month LPS dose (C). Quantification of caveolin-1 and CD31 interaction 
between age groups (D) or 18-month LPS dose (E). Quantification of caveolin-1 and DiI-lip interaction 
in comparison of age groups (F) or 18-month LPS dose (G). All analysis was produced no significant 
changes in expression or interaction. Images obtained at x40 magnification on Leica Thunder 
microscope and underwent large volume computational clearing prior to quantification in Image J. 
Statistical analysis was completed using GraphPad Prism software. For analysis of comparison of 
1mgkg LPS dose in ageing, two-way analysis of variance was utilised followed by Tukey multiple 
comparison test. For 18-month LPS dose studies, one-way analysis of variance followed by Tukey’s 
multiple comparison test after conducting Shapiro-Wilks normality test. N=3-4, average ± SEM, 
p<0.05 were considered significant. 
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4.4.6. Changes to neurovascular unit associated inflammatory cells 

5.4.6.1. Astrocytic changes in age and LPS conditions 

Astrocyte activation has been linked to both ageing and inflammation within the brain therefore 

the expression of astrocyte activation marker, GFAP, was analysed. However, when comparing 

either the effect of age and LPS injection, or the effect of LPS dose on 18-month mice, there 

were no significant changes in GFAP expression in the CA1 (fig. 4-16b-c), CA3 (fig. 4-17b-c), 

dentate gyrus (fig. 4-18b-c) and auditory cortex (fig. 4-20b-c). Within the motor cortex, there 

was no effect of LPS dose on the aged brain (fig. 4-19c), but significant GFAP increases were 

observed between the 3-month vehicle and 18-month 1 mg/kg (age F=0.478(1,10), LPS 

F=15.77(1,10), p=0.048) (fig. 4-19b). Further non-significant GFAP expression increases were 

observed between vehicle and LPS treatment in 3-months (F=0.478(1,10), LPS F=15.77(1,10), 

p=0.0602) and 18-months (F(1,10) =0.478(1,10), LPS F15.77(1,10), p=0.0918). Within the striatum 

region, there again was no changes with LPS dose in 18-month mice but non-significant GFAP 

increases were seen in the 18-month vehicle (age F=15.12(1,10), LPS F=0.479(1,10), p= 0.0645) and 

18-month LPS (F=15.12(1,10), LPS F=0.479(1,10), p= 0.0527) compared to the vehicle (fig. 4-21b-

c). The expression of GFAP was not changed in multiple regions based on age or LPS but some 

regions indicated increased GFAP expression in LPS groups compared to the vehicle.  

Correlation between astrocytes and the endothelial BBB cells has been indicated in age and 

inflammation to decrease as astrocytic end-feet retract from the BBB so CD31 and GFAP 

interactions were investigated. However, no significant changes were observed in any group 

comparing the effects of age and 1 mg/kg LPS injection (Fig. 4-16-4-21, d) or comparison of 

0.25 and 1 mg/kg LPS in the 18-month group (Fig. 4-16-4-21 e). To determine if DiI-lip 

accumulate within the astrocyte, suggesting a potential targeted response, the interaction 

between DiI-lip and GFAP was investigated. Similarly to the interaction with CD31, no 

significant changes were observed in any region comparing age and LPS (Fig. 4-16-4-21 f) or 

LPS dose on 18-month mice (Fig. 4-16-4-21 g). Overall, the results suggest that age and  
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Figure 4-16: Evaluation of GFAP+ astrocyte expression transport in ageing and inflammation in 
CA1 hippocampal region. C57BL/6 female mice groups were injected intraperitonially with a single 
dose of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-
month mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice 
were intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection 
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to remove circulating DiI-lip. (A) Representative immunofluorescence images of CA1 region -1.94mm 
from the bregma demonstrate expression of CD31 (blue), GFAP (green) and DiI-lip (Red). Quantitative 
analysis of GFAP expression with comparisons between ages (B) or 18-month LPS dose (C). 
Quantification of GFAP and CD31 interaction between age groups (D) or 18-month LPS dose (E). 
Quantification of GFAP and DiI-lip interaction in comparison of age groups (F) or 18-month LPS dose 
(G). All analysis was produced no significant changes in expression or interaction. Images obtained 
at x40 magnification on Leica Thunder microscope and underwent large volume computational 
clearing prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software. For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was 
utilised followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way 
analysis of variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks 
normality test. N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-17: Evaluation of GFAP+ astrocyte expression transport in ageing and inflammation in 
CA3 region. C57BL/6 female mice groups were injected intraperitonially with a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
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intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of CA3 region -1.94mm 
from the bregma demonstrate expression of CD31 (blue), GFAP (green) and DiI-lip (Red). Quantitative 
analysis of GFAP expression, normalised to endothelial cell coverage, with comparisons between 
ages (B) or 18-month LPS dose (C). Quantification of GFAP and CD31 interaction between age groups 
(D) or 18-month LPS dose (E). Quantification of GFAP and DiI-lip interaction in comparison of age 
groups (F) or 18-month LPS dose (G). All analysis was produced no significant changes in expression 
or interaction. Images obtained at x40 magnification on Leica Thunder microscope and underwent 
large volume computational clearing prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software. For analysis of comparison of 1mgkg LPS dose in ageing, 
two-way analysis of variance was utilised followed by Tukey multiple comparison test. For 18-month 
LPS dose studies, one-way analysis of variance followed by Tukey’s multiple comparison test after 
conducting Shapiro-Wilks normality test. N=3-4,average ± SEM, p<0.05 were considered significant. 
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Figure 4-18: Evaluation of GFAP+ astrocyte expression transport in ageing and inflammation in 
dentate gyrus region.  C57BL/6 female mice groups were injected intraperitonially with a single dose 
of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
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remove circulating DiI-lip. (A) Representative immunofluorescence images of dentate gyrus region -
1.94mm from the bregma demonstrate expression CD31 (blue), GFAP (green) and DiI-lip (Red). 
Quantitative analysis of GFAP expression with comparisons between ages (B) or 18-month LPS dose 
(C). Quantification of GFAP and CD31 interaction between age groups (D) or 18-month LPS dose (E). 
Quantification of GFAP and DiI-lip interaction in comparison of age groups (F) or 18-month LPS dose 
(G). All analysis was produced no significant changes in expression or interaction. Images obtained 
at x40 magnification on Leica Thunder microscope and underwent large volume computational 
clearing prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software. For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was 
utilised followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way 
analysis of variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks 
normality test. N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-19: Evaluation of GFAP+ astrocyte expression transport in ageing and inflammation in 
motor cortex region. C57BL/6 female mice groups were injected intraperitonially with a single dose 
of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
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remove circulating DiI-lip. (A) Representative immunofluorescence images of motor cortex region -
1.94mm from the bregma demonstrate expression of CD31 (blue), GFAP (green) and DiI-lip (Red). 
Quantitative analysis of GFAP expression with comparisons between ages (B) showing a significant 
increase in GFAP expression between 3-month vehicle and 18-month 1 mg/kg LPS. (C) Quantitative 
analysis of GFAP expression in 18-month LPS dose showed no significant changes. Quantification of 
GFAP and CD31 interaction between age groups (D) or 18-month LPS dose (E). Quantification of GFAP 
and DiI-lip interaction in comparison of age groups (F) or 18-month LPS dose (G). All interaction 
analysis was produced no significant changes in expression or interaction. Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism software. 
For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised 
followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way analysis of 
variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. 
N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-20: Evaluation of GFAP+ astrocyte expression transport in ageing and inflammation in 
auditory cortex region. C57BL/6 female mice groups were injected intraperitonially with a single 
dose of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-
month mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice 
were intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection 
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to remove circulating DiI-lip. (A) Representative immunofluorescence images of auditory cortex 
region -1.94mm from the bregma demonstrate expression of CD31 (blue), GFAP (green) and DiI-lip 
(Red). Quantitative analysis of GFAP expression with comparisons between ages (B) and analysis of 
18-month LPS dose (C) Quantitative analysis of GFAP expression in 18-month LPS dose showed no 
significant changes. Quantification of GFAP and CD31 interaction between age groups (D) or 18-
month LPS dose (E). Quantification of GFAP and DiI-lip interaction in comparison of age groups (F) or 
18-month LPS dose (G). All analysis was produced no significant changes in expression or 
interaction. Images obtained at x40 magnification on Leica Thunder microscope and underwent large 
volume computational clearing prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software. For analysis of comparison of 1mgkg LPS dose in ageing, two-way 
analysis of variance was utilised followed by Tukey multiple comparison test. For 18-month LPS dose 
studies, one-way analysis of variance followed by Tukey’s multiple comparison test after conducting 
Shapiro-Wilks normality test. N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-21: Evaluation of GFAP+ astrocyte expression transport in ageing and inflammation in 
striatum region. C57BL/6 female mice groups were injected intraperitonially with a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
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intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of striatum region -
1.94mm from the bregma demonstrate expression CD31 (blue), GFAP (green) and DiI-lip (Red). 
Quantitative analysis of GFAP expression with comparisons between ages showed non-significant 
increases in GFAP expression in both 18-month groups in comparison to the 3-month vehicle control 
(B) and analysis of 18-month LPS dose which showed no significant changes (C) Quantitative analysis 
of GFAP expression in 18-month LPS dose showed no significant changes. Quantification of GFAP 
and CD31 interaction between age groups (D) or 18-month LPS dose (E). Quantification of GFAP and 
DiI-lip interaction in comparison of age groups (F) or 18-month LPS dose (G). All interaction analysis 
was produced no significant changes in expression or interaction. Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism software. 
For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised 
followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way analysis of 
variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. 
N=3-4, average ± SEM, p<0.05 were considered significant. 
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systemic inflammation may play a role in astrocyte activation but not migration from the 

BBB or interaction with nanoparticles. 

5.4.6.2. Microglial changes in age and LPS conditions 

Microglial activation is a hallmark of neuroinflammation and so the expression of microglia 

marker, Iba-1 was examined in relation to expression and interaction with BBB (CD31) and 

nanoparticles (DiI-lip) (fig. 4-22-4-27). Within the CA1 region, significant increases in Iba-1 

expression were observed between the 3-month vehicle and LPS group (age F=0.455(1,11), LPS 

F=6.316(1,11), p= 0.0312) but not within the age group or between different doses of LPS in 18-

month cohort (fig. 4-22b-c). Expression of Iba-1 was not changed either when examining the 

effects of LPS and age or dose of LPS in the 18-month group in CA3 (fig. 4-23, b-c), motor cortex 

(fig. 4-25b-c), dentate gyrus (fig, 4-24b-c), auditory cortex (fig. 4-26b-c) or striatum (fig. 4-27b-

c). Qualitative assessment shows that in all regions there were changes in microglial 

morphology, with an increased ameboid morphology (Fig. 4-22-4-27 a).  

No significant changes to Iba-1 and CD31 interaction were observed in all analysed regions 

demonstrating no age or LPS dose effects on microglial migration (fig. 4-22-4-27d-e). The 

auditory cortex showed a significant increase in DiI-lip and Iba-1 interaction between the 3-

month vehicle and LPS groups (age F=0.456(1,9), LPS F=12.39(1,9), p= 0.0280) with no significant 

increases to the 18-month LPS group (p= 0.0728) (fig. 26f). No other region demonstrated 

changes to the DiI-lip and Iba-1 interaction either when comparing age or LPS dose (fig. 4-22-

,4-25, 4-27 f-g). 

5.4.6.3. Adhesion molecule changes in age and LPS conditions 

Adhesion molecules are also expressed during neuroinflammatory responses, so ICAM-1 was 

investigated via immunofluorescence. Quantification of the CA1 region (age F=8.156(1,11), LPS 

F=5.805(1,11)) demonstrated significant increases of ICAM-1 expression in the 18-month 1 mg/kg 

group compared to the 3-month vehicle (p= 0.0043), 3-month LPS (p= 0.0032) and 18-month 

vehicle (p= 0.0054) (fig. 4-28a). The effect of LPS dose on 18-month mice demonstrated similar  
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Figure 4-22: Evaluation of Iba-1+ microglial expression transport in ageing and inflammation in 
CA1 region. C57BL/6 female mice groups were injected intraperitonially with a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
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mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of CA1 region -1.94mm 
from the bregma demonstrate expression of CD31 (green), Iba-1 (white) and DiI-lip (Red). (B) 
Quantitative analysis of Iba-1 expression with comparisons between ages showing significant 
increased between 3-month vehicle and 1 mg/kg LPS dose. (C) Quantitative analysis shows no 
significant changes of 18-month LPS dose which showed no significant changes (C) Quantitative 
analysis of Iba-1 expression in 18-month LPS dose showed no significant changes. Quantification of 
Iba-1 and CD31 interaction between age groups (D) or 18-month LPS dose (E). Quantification of Iba-
1 and DiI-lip interaction in comparison of age groups (F) or 18-month LPS dose (G). All interaction 
analysis was produced no significant changes in expression or interaction. Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism software. 
For analysis of comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised 
followed by Tukey multiple comparison test. For 18-month LPS dose studies, one-way analysis of 
variance followed by Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. 
N=3-4, average ± SEM, p<0.05 were considered significant. 
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Figure 4-23: Evaluation of Iba-1+ microglial expression transport in ageing and inflammation in 
CA3 region. C57BL/6 female mice groups were injected intraperitonially with a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
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intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of CA3 region -1.94mm 
from the bregma demonstrate expression of CD31 (green), Iba-1 (white) and DiI-lip (Red). (B) 
Quantitative analysis of Iba-1 expression with comparisons between ages showed no significant 
changes. (C) Quantitative analysis shows no significant changes of 18-month LPS dose which 
showed no significant changes (C) Quantitative analysis of Iba-1 expression in 18-month LPS dose 
showed no significant changes. Quantification of Iba-1 and CD31 interaction between age groups (D) 
or 18-month LPS dose (E). Quantification of Iba-1 and DiI-lip interaction in comparison of age groups 
(F) or 18-month LPS dose (G). All interaction analysis was produced no significant changes in 
expression or interaction. Images obtained at x40 magnification on Leica Thunder microscope and 
underwent large volume computational clearing prior to quantification in Image J. Statistical analysis 
was completed using GraphPad Prism software. For analysis of comparison of 1mgkg LPS dose in 
ageing, two-way analysis of variance was utilised followed by Tukey multiple comparison test. For 18-
month LPS dose studies, one-way analysis of variance followed by Tukey’s multiple comparison test 
after conducting Shapiro-Wilks normality test. N=3-4, average ± SEM, p<0.05 were considered 
significant. 
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Figure 4-24: Evaluation of Iba-1+ microglial expression transport in ageing and inflammation in 
dentate gyrus region. C57BL/6 female mice groups were injected intraperitonially a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
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intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of dentate gyrus region -
1.94mm from the bregma demonstrate expression of CD31 (green), Iba-1 (white) and DiI-lip (Red). (B) 
Quantitative analysis of Iba-1 expression with comparisons between ages showed no significant 
changes. (C) Quantitative analysis shows no significant changes of 18-month LPS dose which 
showed no significant changes (C) Quantitative analysis of Iba-1 expression in 18-month LPS dose 
showed no significant changes. Quantification of Iba-1 and CD31 interaction between age groups (D) 
or 18-month LPS dose (E). Quantification of Iba-1 and DiI-lip interaction in comparison of age groups 
(F) or 18-month LPS dose (G). All interaction analysis was produced no significant changes in 
expression or interaction. Images obtained at x40 magnification on Leica Thunder microscope and 
underwent large volume computational clearing prior to quantification in Image J. Statistical analysis 
was completed using GraphPad Prism software. For analysis of comparison of 1mgkg LPS dose in 
ageing, two-way analysis of variance was utilised followed by Tukey multiple comparison test. For 18-
month LPS dose studies, one-way analysis of variance followed by Tukey’s multiple comparison test 
after conducting Shapiro-Wilks normality test. N=3-4, average ± SEM, p<0.05 were considered 
significant. 
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Figure 4-25: Evaluation of Iba-1+ microglial expression transport in ageing and inflammation in 
motor cortex region. C57BL/6 female mice groups were injected intraperitonially with a single dose 
of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of motor cortex region -
1.94mm from the bregma demonstrate expression of CD31 (green), Iba-1 (white) and DiI-lip (Red). (B) 
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Quantitative analysis of Iba-1 expression with comparisons between ages showed no significant 
changes. (C) Quantitative analysis shows no significant changes of 18-month LPS dose which 
showed no significant changes (C) Quantitative analysis of Iba-1 expression in 18-month LPS dose 
showed no significant changes. Quantification of Iba-1 and CD31 interaction between age groups (D) 
or 18-month LPS dose (E). Quantification of Iba-1 and DiI-lip interaction in comparison of age groups 
(F) or 18-month LPS dose (G). All interaction analysis was produced no significant changes in 
expression or interaction. Images obtained at x40 magnification on Leica Thunder microscope and 
underwent large volume computational clearing prior to quantification in Image J. Statistical analysis 
was completed using GraphPad Prism software. For analysis of comparison of 1mgkg LPS dose in 
ageing, two-way analysis of variance was utilised followed by Tukey multiple comparison test. For 
18-month LPS dose studies, one-way analysis of variance followed by Tukey’s multiple comparison 
test after conducting Shapiro-Wilks normality test. N=3-4, average ± SEM, p<0.05 were considered 
significant. 
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Figure 4-26: Evaluation of Iba-1+ microglial expression transport in ageing and inflammation in 
auditory cortex region. C57BL/6 female mice groups were injected intraperitonially a with single 
dose of lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-
month mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice 
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were intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection 
to remove circulating DiI-lip. (A) Representative immunofluorescence images of auditory cortex 
region -1.94mm from the bregma demonstrate expression of CD31 (green), Iba-1 (white) and DiI-lip 
(Red). (B) Quantitative analysis of Iba-1 expression with comparisons between ages showed no 
significant changes. (C) Quantitative analysis shows no significant changes of 18-month LPS dose 
which showed no significant changes (C) Quantitative analysis of Iba-1 expression in 18-month LPS 
dose showed no significant changes. Quantification of Iba-1 and CD31 interaction between age 
groups (D) or 18-month LPS dose (E). All CD31 and Iba-1 interaction analysis was produced no 
significant changes. Quantification of Iba-1 and DiI-lip interaction in comparison of age groups 
displayed significant increases in interaction between 3-month vehicle and LPS group (F) or 18-month 
LPS dose, which showed no significant changes (G). All interaction analysis was produced no 
significant changes in expression or interaction. Images obtained at x40 magnification on Leica 
Thunder microscope and underwent large volume computational clearing prior to quantification in 
Image J. Statistical analysis was completed using GraphPad Prism software. For analysis of 
comparison of 1mgkg LPS dose in ageing, two-way analysis of variance was utilised followed by Tukey 
multiple comparison test. For 18-month LPS dose studies, one-way analysis of variance followed by 
Tukey’s multiple comparison test after conducting Shapiro-Wilks normality test. N=3-4, average ± 
SEM, p<0.05 were considered significant. 
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Figure 4-27: Evaluation of Iba-1+ microglial expression transport in ageing and inflammation in 
striatum region. C57BL/6 female mice groups were injected intraperitonially with a single dose of 
lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month 
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mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were 
intravenously injected with DiI-lip and cardiac perfusion was completed 2 hours post-injection to 
remove circulating DiI-lip. (A) Representative immunofluorescence images of striatum region -1.94 
mm from the bregma demonstrate expression of CD31 (green), Iba-1 (white) and DiI-lip (Red). (B) 
Quantitative analysis of Iba-1 expression with comparisons between ages showed no significant 
changes. (C) Quantitative analysis shows no significant changes of 18-month LPS dose which 
showed no significant changes (C) Quantitative analysis of Iba-1 expression in 18-month LPS dose 
showed no significant changes. Quantification of Iba-1 and CD31 interaction between age groups (D) 
or 18-month LPS dose (E). All CD31 and Iba-1 interaction analysis was produced no significant 
changes. Quantification of Iba-1 and DiI-lip interaction in comparison of age groups displayed 
significant increases in interaction between 3-month vehicle and LPS group (F) or 18-month LPS 
dose, which showed no significant changes (G). All interaction analysis was produced no significant 
changes in expression or interaction. Images obtained at x40 magnification on Leica Thunder 
microscope and underwent large volume computational clearing prior to quantification in Image J. 
Statistical analysis was completed using GraphPad Prism software. For analysis of comparison of 
1mgkg LPS dose in ageing, two-way analysis of variance was utilised followed by Tukey multiple 
comparison test. For 18-month LPS dose studies, one-way analysis of variance followed by Tukey’s 
multiple comparison test after conducting Shapiro-Wilks normality test. N=3-4, average ± SEM, 
p<0.05 were considered significant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



228 
 

 
Figure 4-28: Effect of ageing and inflammation on ICAM-1 expression in CA1 region. Female 
C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with either 0.25 mg/kg, 1 
mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-lip. 2-hours post I.V 
injection mice were culled with cardiac perfusion to removed excess DiI-lip. (A) Representative 
images of CA1 region -1.94mm from the bregma demonstrate expression of ICAM-1 (cyan), CD31 
(green) and DiI-lip (Red). ICAM-1 expression quantification significantly increased from young to aged 
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mice (A) and between no LPS and high LPS doses in 18-month mice (C). Quantification of CD31 and 
ICAM-1 interaction demonstrated no significant changes in ageing or LPS dosage (D-E). Quantitative 
analysis of DiI-lip and ICAM-1 interaction displaying no changes in either ageing or LPS doses (F-G). 
Images obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed 
using GraphPad Prism software using Shapiro Wilk test for normality. This proceeded either a using 
one-way analysis of variance followed by Tukey multiple comparison test or Kruskal-Wallis test 
followed by Dunn’s multiple comparisons for comparisons of LPS dose in aged mice. To compare 
young and aged mice for LPS; two-way analysis of variance followed by Tukey’s multiple comparison 
test.  N=3-4, average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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increasing ICAM-1 trends from vehicle to 1 mg/kg LPS (F=4.698(4,14), p= 0.0130) but no 

significant changes between the 0.25 mg/kg and 1 mg/kg group (fig.4-28c). Similar expression 

patterns were observed throughout the regions analysed with ICAM-1 expression significantly 

upregulated in 1 mg/kg LPS from 3-month vehicle in dentate gyrus (age F(1,11) =8.091(1,11), LPS 

F=5.692(1,11) p= 0.0062), motor cortex (age F(1,11) =12.02(1,11), LPS F(1,11) =10.22(1,11), p= 0.040), 

auditory cortex (age F(1,11) =19.28(1,11), LPS F=7.78(1,11), p=0.0043) and striatum (age F(1,11) 

=11.02(1,11), LPS F(1,11) =3.812(1,11), p=0.0189) (Fig. 4-29-4-33b). Significant ICAM-1 increases 

were also observed from the 3-month 1 mg/kg LPS and 18-month vehicle to the 18-month 1 

mg/kg LPS (p=<0.0463) in all above regions. In the CA3 region (fig. 4-29b), a non-significant 

increasing trend was observed between the 3-month and 18-month LPS groups (age 

F=7.375(1,11), LPS F=0.300(1,11), p= 0.0884). This indicated that ICAM-1 within the brain required 

both age and systemic inflammation to be highly expressed.  

Interaction between Iba-1 and CD31 or DiI-lip was investigated to observe in ICAM-1 was 

associated with the BBB or liposomal infiltration. Throughout all regions, no changes  were 

observed when comparing interactions of 3- and 18-month mice either with or without LPS 

stimulation (fig. 4-28-4-33 d, f) or looking at the effects of a lower (0.25 mg/kg) dose of LPS (fig. 

4-28-4-33 e, g). 

4.4.7. Inflammatory profile changes  

To further characterise the inflammatory response within the aged systemic inflammation 

mouse model, ELISA for adhesion molecules ICAM-1 and VCAM-1 and cytokines IL-6 and IL-1β 

were performed in brain tissue homogenate and peripheral serum samples. ICAM-1 expression 

was shown in terminal brain samples to be significantly increased in both LPS and not ageing 

(fig. 4-34 a). Significant increases were shown between vehicle and 1 mg/kg LPS in 3-months 

(age F=5.674(1,11), LPS F=154.2(1,11), p=<0.0001) and 18-months (age F=5.674(1,11), LPS 

F=154.2(1,11),p=<0.0001) as well as between age; 3-month vehicle was significantly lower than 

18-month LPS (age F=5.674(1,11), LPS =154.2(1,11),p=<0.0001) and vice versa (age F=5.674(1,11), 

LPS =154.2(1,11),p=<0.0001). This was also reflected in the comparison between aged LPS   
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Figure 4-29: Effect of ageing and inflammation on ICAM-1 expression in CA3 region. Female 
C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with either 0.25 mg/kg, 1 
mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-lip. 2-hours post I.V 
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injection mice were culled with cardiac perfusion to removed excess DiI-lip. (A) Representative 
images of  CA3 region -1.94mm from the bregma demonstrate expression of ICAM-1 (cyan), CD31 
(green) and DiI-lip (Red). (B) Quantitative analysis of ICAM-1 expression between 3- and 18- month 
groups displayed a non-significant increase in expression between 3-month and 18-months at 1 
mg/kg LPS. (C) No significant changes in the ICAM-1 expression from quantitative analysis of 18-
month LPS doses. Quantification of CD31 and ICAM-1 interaction demonstrated no significant 
changes in ageing or LPS dosage (D-E). Quantitative analysis of DiI-lip and ICAM-1 interaction 
displaying no changes in either ageing or LPS doses (F-G). Images obtained at x40 magnification on 
Leica Thunder microscope and underwent large volume computational clearing (LVCC) prior to 
quantification in Image J. Statistical analysis was completed using GraphPad Prism software using 
Shapiro Wilk test for normality. This proceeded either a using one-way analysis of variance followed 
by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons 
for comparisons of LPS dose in aged mice. To compare young and aged mice for LPS; 2-way analysis 
of variance followed by Tukey’s multiple comparison test.  N=3-4, average ± SEM, p<0.05 were 
considered significant. Scale bar represents 100µm.  
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Figure 4-30: Effect of ageing and inflammation on ICAM-1 expression in dentate gyrus region. 
Female C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with either 0.25 
mg/kg, 1 mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-lip. 2-hours 
post I.V injection mice were culled with cardiac perfusion to removed excess DiI-lip. (A) 
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Representative images of dentate gyrus region -1.94mm from the bregma demonstrate expression of 
ICAM-1 (cyan), CD31 (green) and DiI-lip (Red). (B) Quantitative analysis of ICAM-1 expression 
between 3- and 18- month groups displayed a significant increased from 3-month vehicle, 1 mg/kg 
LPS and 18-month vehicle to 18-month 1 mg/kg LPS. (C) Significant increase in ICAM-1 observed 
between 18-month vehicle and 18-month 1 mg/kg LPS Quantification of CD31 and ICAM-1 interaction 
demonstrated no significant changes in ageing or LPS dosage (D-E). Quantitative analysis of DiI-lip 
and ICAM-1 interaction displaying no changes in either ageing or LPS doses (F-G). Images obtained 
at x40 magnification on Leica Thunder microscope and underwent large volume computational 
clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad 
Prism software using Shapiro Wilk test for normality. This proceeded either a using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons for comparisons of LPS dose in aged mice. To compare young and aged mice 
for LPS effects; two-way analysis of variance followed by Tukey’s multiple comparison test.  N=3-4, 
average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 4-31: Effect of ageing and inflammation on ICAM-1 expression in motor cortex region. 
Female C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with either 0.25 
mg/kg, 1 mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-lip. 2-hours 
post I.V injection mice were culled with cardiac perfusion to removed excess DiI-lip. (A) 
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Representative images of motor cortex region -1.94mm from the bregma demonstrate expression of 
ICAM-1 (cyan), CD31 (green) and DiI-lip (Red). (B) Quantitative analysis of ICAM-1 expression 
between 3- and 18- month groups displayed a significant increased from 3-month vehicle, 1 mg/kg 
LPS and 18-month vehicle to 18-month 1 mg/kg LPS. (C) Non-significant increase in ICAM-1 observed 
between 18-month vehicle and 18-month 1 mg/kg LPS Quantification of CD31 and ICAM-1 interaction 
demonstrated no significant changes in ageing or LPS dosage (D-E). Quantitative analysis of DiI-lip 
and ICAM-1 interaction displaying no changes in either ageing or LPS doses (F-G). Images obtained 
at x40 magnification on Leica Thunder microscope and underwent large volume computational 
clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad 
Prism software using Shapiro Wilk test for normality. This proceeded either a using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons for comparisons of LPS dose in aged mice. To compare young and aged mice 
for LPS effects; two-way analysis of variance followed by Tukey’s multiple comparison test.  N=3-4, 
average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 4-32: Effect of ageing and inflammation on ICAM-1 expression in auditory cortex region. 
Female C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with either 0.25 
mg/kg, 1 mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-lip. 2-hours 
post I.V injection mice were culled with cardiac perfusion to removed excess DiI-lip. (A) 
Representative images of auditory cortex region -1.94mm from the bregma demonstrate expression 
of ICAM-1 (cyan), CD31 (green) and DiI-lip (Red). (B) Quantitative analysis of ICAM-1 expression 
between 3- and 18- month groups displayed a significant increased from 3-month vehicle, 1 mg/kg 
LPS and 18-month vehicle to 18-month 1 mg/kg LPS. (C) No significant changes in ICAM-1 observed 
between 18-month vehicle and 18-month 1 mg/kg LPS Quantification of CD31 and ICAM-1 interaction 
demonstrated no significant changes in ageing or LPS dosage (D-E). Quantitative analysis of DiI-lip 
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and ICAM-1 interaction displaying no changes in either ageing or LPS doses (F-G). Images obtained 
at x40 magnification on Leica Thunder microscope and underwent large volume computational 
clearing (LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad 
Prism software using Shapiro Wilk test for normality. This proceeded either a using one-way analysis 
of variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons for comparisons of LPS dose in aged mice. To compare young and aged mice 
for LPS effects; two-way analysis of variance followed by Tukey’s multiple comparison test.  N=2-4, 
average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 4-33: Effect of ageing and inflammation on ICAM-1 expression in striatum region. Female 
C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with either 0.25 mg/kg, 1 
mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-lip. 2-hours post I.V 
injection mice were culled with cardiac perfusion to removed excess DiI-lip. (A) Representative 
images of striatum region -1.94mm from the bregma demonstrate expression of ICAM-1 (cyan), CD31 
(green) and DiI-lip (Red). (B) Quantitative analysis of ICAM-1 expression between 3- and 18- month 
groups displayed a significant increased from 3-month vehicle, 1 mg/kg LPS and 18-month vehicle to 
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18-month 1 mg/kg LPS. (C) No significant changes in ICAM-1 observed between 18-month vehicle 
and 18-month 1 mg/kg LPS Quantification of CD31 and ICAM-1 interaction demonstrated no 
significant changes in ageing or LPS dosage (D-E). Quantitative analysis of DiI-lip and ICAM-1 
interaction displaying no changes in either ageing or LPS doses (F-G). Images obtained at x40 
magnification on Leica Thunder microscope and underwent large volume computational clearing 
(LVCC) prior to quantification in Image J. Statistical analysis was completed using GraphPad Prism 
software using Shapiro Wilk test for normality. This proceeded either a using one-way analysis of 
variance followed by Tukey multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparisons for comparisons of LPS dose in aged mice. To compare young and aged mice 
for LPS effects; two-way analysis of variance followed by Tukey’s multiple comparison test.  N=2-4, 
average ± SEM, p<0.05 were considered significant. Scale bar represents 100µm.  
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Figure 4-34: Inflammatory cytokine and adhesion molecule expression in LPS and ageing 
conditions.  Female C57BL/6 mice at either 3- or 18- months were intraperitoneally injected with 
either 0.25 mg/kg, 1 mg/kg or 0 mg/kg vehicle control 48 hours prior to intravenous injection with DiI-
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lip. 2-hours post I.V injection mice were culled with cardiac perfusion to removed excess DiI-lip. 
ELISA’s were conducted on serum was extracted from blood 3- and 48-hours post-LPS injection and 
brain homogenate from terminal samples. Comparison of ICAM-1 levels in serum showed significant 
increases in ageing (A) and LPS dose at 18-months (B). No significant changes were seen in brain 
ICAM-1 (C-D). VCAM-1 expression levels had no significant changes in either serum or brain samples 
(E-H). IL-6 expression was significantly increased in 3-hour serum samples when treated with LPS in 
both young (I) and aged (J) samples. Significant IL-6 increases in serum from aged LPS mice was 
observed in serum samples at 3-hours (K) but not 48-hours (L). No changes were observed in the IL-
6 levels of brain (M-N).  Significant increases in IL-1β brain homogenate expression between 3-month 
and 18-month 1 mg/kg group (O) and between 0 and 1 mg/kg in 18-month mice (P).  Statistical 
analysis was completed using GraphPad Prism software using Shapiro Wilk test for normality. This 
proceeded either a using one-way analysis of variance followed by Tukey multiple comparison test or 
Kruskal-Wallis test followed by Dunn’s multiple comparisons for comparisons of LPS dose in aged 
mice. To compare young and aged mice for LPS effects; two-way analysis of variance followed by 
Tukey’s multiple comparison test.  N=3-4, average ± SEM, p<0.05 were considered significant. Scale 
bar represents 100µm. 
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doses as both the 0.25 mg/kg (F=20.25(2,8), p=0.0030) and 1 mg/kg (F =20.25(2,8), p=0.0010) 

had higher ICAM-1 expression then the vehicle (fig. 4-34 b). However, this increased 

expression is not reflected in the serum  as no significant changes were observed in either 

age related LPS effects or effects of LPS dose in 18-month mice (fig. 4-34 c-d). VCAM-1 

expression resulted in no significant changes in either the brain homogenate (fig. 4-34 c) or 

serum samples (fig. 4-34 d). These results show that adhesion molecules were increased 

during LPS dosage in both 3- and 18-month mice, but age did not influence the expression. 

The cytokine IL-6 was also significantly increased in the short-term (3-hours) post-LPS 

injection. LPS treated groups compared to vehicle in the 3-month groups (age F=6.913(1,11), 

LPS F=84.25(1,11), p= 0.0007) and the 18-month group for 0.25 mg/kg (age F=6.913(1,11), LPS 

F=84.25(1,11), p= 0.0021) and 1 mg/kg (age F=6.913(1,11), LPS F=84.25(1,11), p=0.0334) groups 

(fig. 4-34  I). This increase in IL-6 expression was not conserved throughout the study and 

terminal serum samples (48-hours) there was no significant difference between vehicle and 

LPS treatment in both age groups (fig. 4-34  i). Similar expression patterns were observed in 

the 18-month group as IL-6 expression was significantly higher in the 0.25 and 1 mg/kg 

groups at 3-hours post injection compared to the 3 hour 18-month vehicle (time F=15.48(1,6), 

LPS F=4.445(1,6), p= 0.0021/0.0034) (fig. 4-34 j). Decreases in serum levels at48-hours were 

significant between 0.25 mg/kg (time F=15.48(1,6), LPS F=4.445(1,6), p= 0.0031) and 1 mg/kg 

(time F =15.48(1,6), LPS F=4.445(1,6), p= 0.0302). LPS groups but not the vehicle control. 

Further comparison of 3-hour IL-6 levels show a significant increase between the 1 mg/kg 

18-month group compared to the 3-month group (p=0.0059) (fig. 4-34 k). 

At 48-hours, all IL-6 serum levels were consistent and showed no significant changes in LPS 

dose or age (fig. 4-34 l). This reflected data shown in the brain tissue homogenate, as no 

significant changes were observed either when comparing the effect of LPS and ageing 

(figure m) or the dose of LPS at 18-months (fig. 4-34  n). Overall, both LPS and ageing 

increase the expression of IL-6 within the peripheral system but only in the short-term 

following LPS injection. Another cytokine linked to systemic inflammation is IL-1β and within 
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4.4.8. Global protein changes with systemic inflammation   

The results of the chapter so far focus on specific target molecules, but it is important to 

understand these changes in the context of global proteomic changes during ageing and LPS-

induced inflammation. Four comparisons were chosen to investigate from the mass 

spectrometry dataset: 3-month vehicle vs 18-month vehicle, 3-month vehicle vs 3-month 1 

mg/kg LPS, 18-month vehicle vs 0.25 mg/kg LPS and 18-month vehicle vs 1 mg/kg LPS. 

Significant data for all comparisons was set at p-value ≤0.05 and fold change ≥0.3 or ≤-0.3.  

The effect of LPS dose on 18-month mouse brain was visualised in volcano plots showing 

protein expression changes in 18-month vehicle vs 0.25 mg/kg (fig. 4-35a) and 1 mg/kg  (fig. 4-

35b) with significant changes marked in red. There were 101 significantly up-regulated proteins 

and 102 down-regulated proteins in the 0.25 mg/kg comparison whilst in 1 mg/kg, 125 up-

regulated proteins and 90 down-regulated proteins were quantified. Analysis of both showed 

no significant changes in GFAP, ICAM-1, VCAM-1 and caveolin-1 protein expression. Using IPA, 

the top 5 canonical and disease function pathways were determined for both conditions fig. 4-

35c) with neutrophil degranulation being a common canonical pathway (fold change 3.8/4.4) 

whilst organismal injury, neurological disease, psychological disorders and hereditary disorder 

all were common comparisons in disease function pathways. Fig. 4-35d shows the pathway 

network for 18-month 1 mg/kg, showing the common connections between changed protein 

expression including IL-1β, IL-6, NF-kB, STAT1 and TNF. No pathway network was obtained for 

0.25 mg/kg LPS group due to a lack of connections in IPA software.  

this study was analysed via ELISA on only brain homogenate. IL-1β levels significantly 

increased between the 3-month and 18-month 1 mg/kg LPS groups (age F=2.602(1,11), LPS 

F=1.627(1,11), p= 0.0440) but not between vehicle age (fig. 4-34 o). Cytokine levels were also 

increased between 18-month vehicle and 1 mg/kg LPS (F=5.590(2,8), p=0.0371) but not the 

lower 0.25 mg/kg dose (fig. 4-34 p). This data suggests that LPS has the dominant effect on 

IL-1β expression but that it can be intensified by ageing. 
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Figure 4-35: Proteomic changes to mouse brain during inflammation of aged mice. C57BL/6 
female mice groups were injected intraperitonially a single dose of lipopolysaccharide. 18-month 
mice were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection before cardiac 
perfusion. Brains were flash frozen and homogenised before running on SciexZenoTOF 7600 Mass 
spectrometer. (A) Volcano plot showing differential proteins comparing vehicle to 0.25 mg/kg LPS. 
(B) Volcano plot showing differential proteins comparing vehicle to 1 mg/kg LPS. Significantly 
changed proteins labelled in red and top 5 changed proteins identified plus proteins of interest. (C) 
Ingenuity pathway analysis (IPA) showing the most changed canonical pathways and disease and 
function pathways for comparison of vehicle to either 0.25 or 1 mg/kg LPS. (D) Pathway network of 1 
mg/kg LPS group visualised using IPA software. Data expressed as mean ± SEM with significance 
determined by log fold change 0.3 and p-value ≥ 0.05.  
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The 3-month vehicle group was compared to both 18-month vehicle (fig. 4-36a) and 3-month 

1 mg/kg LPS (fig. 4-36b) to determine changes in either ageing or LPS-inflammation. Volcano 

plot of 18-month vehicle demonstrates significant fold-change in 134 up-regulated proteins 

and 67 down-regulated proteins including GFAP (FC 0.77, p= 0.007) and caveolin-1 (FC 0.62, 

p=0.003). 3-month 1 mg/kg LPS group demonstrated 162 up-regulated and 39 down-

regulated proteins with ICAM-1 up-regulated (FC 3.91, p= 0.000008) with no significant 

changes to other proteins of interest. Top canonical pathway analysis showed common 

increases including neutrophil degranulation and response to elevated platelet cytosolic 

Ca2+ with neurological disease, organismal injury and abnormalities and cancer being 

among shared disease function pathways changed compared to 3-month vehicle (fig. 4-

36c). Network pathways emphasised organismal death in 18-month vehicle group (fig. 4-

36d) whilst 3-month 1 mg/kg LPS highlighted TLR-4, TGFB1 and IRF3 as key areas affected 

(fig. 4-36e).  

Generation of a hierarchical heatmap demonstrates individual clustering of 3-month 

vehicle mice and 1 18-month vehicle mouse with similarities some similarities between the 

other groups (fig. 4-37a). The 18-month LPS-treated groups showed the largest similarity 

clustered together and then further grouped with the 3-month LPS group. Analysis to 

determine similarities between comparisons showed 36 similar up-regulated and 14 down-

regulated proteins comparing 18-month vehicle to both LPS-treated groups (fig. 4-37b-d). 

Comparisons of 18-month vehicle and 3-month 1 mg/kg LPS to the 3-month vehicle group 

resulted in 30 similar up-regulated proteins and 4 down-regulated proteins (fig. 4-37e-g). 
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Figure 4-36: Proteomic changes to mouse brain comparing ageing and LPS .C57BL/6 female mice 
groups were injected intraperitonially a single dose of lipopolysaccharide or PBS vehicle up to the age 
of 18-months.  48-hours post injection before cardiac perfusion. Brains were flash frozen and 
homogenised before running on SciexZenoTOF 7600 Mass spectrometer. (A) Volcano plot showing 
differential proteins comparing 3-month vehicle to 18-month vehicle. (B) Volcano plot showing 
differential proteins comparing 3-month vehicle to 1 mg/kg LPS. Significantly changed proteins 
labelled in red and top 5 changed proteins identified plus proteins of interest. (C) Ingenuity pathway 
analysis (IPA) showing the most changed canonical pathways and disease and function pathways for 
comparison of vehicle to either 0.25 or 1 mg/kg LPS. (D) Pathway network of 18-month vehicle group 
visualised using IPA software. (E) Pathway network of 3-month 1 mg/kg group visualised using IPA 
software Data expressed as mean ± SEM with significance determined by log fold change 0.3 and p-
value ≥ 0.05. 
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Figure 4-37: Comparative changes to protein expression during ageing and LPS-induced 
inflammation. C57BL/6 female mice groups were injected intraperitonially a single dose of 
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lipopolysaccharide. 3-month mice received either 1 mg/kg or PBS vehicle control whilst 18-month mice 
were given, 1 mg/kg, 0.25 mg/kg or PBS vehicle control. 48-hours post injection, all mice were cardiac 
perfused before brains were flash frozen and homogenised before running on SciexZenoTOF 7600 Mass 
spectrometer. (A) Heatmap of proteins expressed within the brain samples displaying hierarchical 
clustering of sample groups. Venn diagrams showing the common up-regulated (B) and down-regulated 
(C) proteins comparing 18-month vehicle to either 0.25 or 1 mg/kg LPS. (D) Table listing common protein 
genes up- or down-regulated in 18-month mice with 0.25 or 1 mg/kg LPS. Venn diagrams showing the 
common up-regulated (E) and down-regulated (F) proteins comparing 3-month vehicle to either 18-
month vehicle or 3-month 1 mg/kg LPS. (G). Table listing common protein genes up- or down-regulated 
from 3-month mice in either 18-month vehicle or 3-month 1 mg/kg LPS. Heatmap generated using 
AMICA v3.0.1 and venn diagrams generated in Microsoft office software. Data expressed as mean ± SEM 
with significance determined by log fold change 0.3 and p-value ≥ 0.05. 
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4.5. Discussion   

This chapter aimed to demonstrate LPS-induced inflammatory changes to the BBB and 

whether age exacerbated observed effects whilst assessing changes to permeability. Global 

brain infiltration of nanoparticles was increased with LPS challenge but not during ageing. 

Biodistribution of liposomes within peripheral organs demonstrated no significant changes in 

age or inflammation expect for in the 0.25 mg/kg aged LPS group, found to have increased liver 

levels but decreased kidney infiltration. Region-specific analysis uncovered variation in 

liposome expression throughout the brain, with the dentate gyrus and cortex being vulnerable 

to increased infiltration in the aged LPS group. Further investigations into BBB permeability 

found no changes to IgG or iron levels within the brain during inflammation or ageing, 

complemented by no changes in cavolin-1 expression, correlating to changes to BBB 

transcytosis. Activation of astrocytes (via GFAP) or microglia (Iba-1) were not significantly 

affected by either age or LPS-induced inflammation whilst the adhesion molecule ICAM-1 was 

only increased in the aged, high LPS-dose group. ELISA assays complemented histological 

results and showed an increase in ICAM-1 during LPS response in brain tissue whilst showing 

no changes in VCAM-1 levels in either the brain or serum samples. Pro-inflammatory cytokine 

expression was investigated finding increases in IL-1β when LPS induction coincided with 

ageing in the brain whilst no changes in IL-6 were observed at this terminal timepoint in either 

brain or serum samples. 3-hours post-LPS there was an induction in IL-6 serum levels, affected 

by both ageing and LPS treatment. Analysis of proteomic comparisons between ageing and 

inflammatory groups showed widespread up-regulated and down-regulated proteins in both 

ageing and LPS-dosage.  

4.5.1. Infiltration of liposomes affected by age and LPS  

This study was the first known to investigate the effect of the infiltration of liposomes during 

LPS-induced inflammation in the context of physiological ageing. Investigations globally into 

the brain demonstrate a significant increase in infiltration in young brains with LPS but not with 

the aged mice at any LPS dose. As DiI-lip have been shown in fig. 3-5, 3-6 to significantly 
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increase infiltration in the aged female brain, it may be that LPS does not increase this and that 

it has reached a plateau of infiltration. It has been shown in vivo that LPS causes an increase 

in albumin and dextran infiltration into the brain so it would be an interesting comparison to 

complete a study investigating transcellular and paracellular pathway changes after LPS 

administration (Banks et al., 2015; Wang et al., 2017).  

It is important to assess biodistribution of nanoparticles through the body to determine if 

accumulation of DiI-lip was changed by LPS, with results showing no change in LPS or age in 

the heart, lungs or spleen. However, in the liver, there was an increase in uptake in the 18-

month 0.25 mg/kg LPS group compared to all others. This may be explained as LPS has been 

shown to induce liver injury in mice and that liver injury may cause accumulation of liposomes 

(Hamesch et al., 2015; Liu et al., 2024). However, if this was the case then similar uptake 

increases would be expected in the 3- and 18-month 1 mg/kg groups which is absent here. 

Complementing the increase in liver uptake was a decrease in kidney uptake in the same 

group, indicating that this is where the liposomes have been redirected from, but the 

mechanistic reason behind this in exclusively the 0.25 mg/kg LPS group requires further work. 

The absence of uptake changes in peripheral organs in the 1 mg/kg LPS groups in both ages 

demonstrates the effective targeting of the brain by DiI-lip, showing the potential to target brain 

inflammation specifically with this formulation.  

Contrasting to the global optical imaging results, significant DiI-lip uptake was found in the 

dentate gyrus, motor cortex and auditory cortex when comparing 3-month vehicle to 18-month 

1 mg/kg LPS groups. This shows that LPS-induced neuroinflammation does influence 

infiltration, showing promise for delivery of therapeutics in inflammaging. There is limited 

previous work looking at liposomes to treat LPS-induced inflammation in mouse models, but 

two studies have shown promising results (Ralvenius et al., 2024; Yadav et al., 2016). Both 

studies targeted neuroinflammation with small interfering ribonucleic acid molecules 

encapsulated in liposomes showing decreases in Iba1/GFAP+ cells and reduction in TNF-α. 

However, both studies utilised young mice, which would not encapsulate changes during 
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physiological ageing. Yadav et al., 2016 used intranasal administration which bypassed the 

BBB so did not reflect if peripheral administration routes would cross BBB. Ralvenius et al., 

2024, compared the use of I.P and intracerebroventricular administration and found that 

although a lower potency, I.P liposomes crossed the BBB and had therapeutic effects localised 

to the cortex, correlating with the current study. 

4.5.2. No LPS-induced changes to BBB permeability or transport 

Within this study, there was no observed change in IgG accumulation within any brain region 

irrespective of group age or LPS dose. Stolp et al., 2005, noted in young adult rats that a single 

dose of LPS between 0.2-10 mg/kg did not result in increased permeability after 48-hours 

correlating with the data found here. Further studies in young mice agreed that 1 mg/kg would 

not produce increased permeability, demonstrated in either single or combination dose of LPS 

under 3 mg/kg 24-hours (Banks et al., 2015),5 minutes (Banks & Robinson, 2010) or 28-hours 

(Erickson & Banks, 2018) post LPS injection. Ageing studies also demonstrated that low dose 

LPS does not cause BBB disruption at 0.33 (Banks et al., 2015; Knopp, Baumann, et al., 2022), 

0.25 or 0.5 mg/kg (Wang et al., 2017).  

However, the same study showed that 1 mg/kg LPS increased IgG infiltration in 28-month mice, 

so it was expected that similar trends would occur in the 18-month 1 mg/kg group which was 

not observed (Wang et al., 2017). This study was conducted on rats so may not translate 

directly to this murine model and analysed the permeability at 24-hours post injection. As LPS-

driven inflammation is known to occur in short timeframes, it may be that 48-hours is too far 

after injection to see effects (Seemann et al., 2017). The single dose of LPS may also be 

insufficient to observe significant BBB disruption as studies in young mice at 4 mg/kg (Vutukuri 

et al., 2018), 3 mg/kg (Banks et al., 2015) and 10 mg/kg (Bien-Ly et al., 2015) showing increased 

BBB permeability to albumin, dextran and sodium fluorescein as well as multiple doses 

(Erickson et al., 2018; Haruwaka et al., 2019). . These studies were all in young mice and so it 

would be expected to be observed during ageing (Britton et al., 2022). However, mortality of 18-
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month mice was comprised during the current study at 1 mg/kg so these higher dose amounts 

would not be ethical or feasible.   

No iron accumulation was observed in either age or LPS inflammation during this study which 

directly contradicts previous literature which demonstrated that aged mice had increased iron 

deposits (Sumbria et al., 2018; Zeng et al., 2018). However, both studies used a 3-dose regime 

to produce the effect, highlighting that a single dose of LPS may not be able to show full long-

term systemic inflammation effects. The use of Prussian blue staining, regularly utilised with 

stroke models due to being straightforward and cost-effective, may not be the most suitable 

target for iron accumulation in a model without significant brain bleeding (Castellani et al., 

2016).  

Other studies have investigated iron accumulation through hepcidin (iron regulating hormone), 

or ferritin (extracellular iron storage) showing changes during LPS-induced inflammation in 

young mice (Li et al., 2024; Tong Ong et al., 2005; Wang et al., 2008; You et al., 2017). These 

increases have been accompanied by increases in IL-6, microglial activation and cognitive 

impairment, showcasing the importance of iron dysregulation in inflammation. Li et al., 2024, 

dosed mice with Deferoxamine, an iron chelator reducing ferroptosis, post-LPS and noted 

recovery in all above parameters. However, as with IgG accumulation, time after LPS injection 

may be critical, as hepcidin increases were noted 12 hours-post LPS but levels had returned 

to baseline at 24-30 hours indicating that the current study would not observe the effects 

(Wang et al., 2008).  

Regional heterogeneity was also observed within the literature, with the cortex being 

particularly vulnerable to iron dysregulation (Li et al., 2024; Wang et al., 2008; You et al., 2017). 

The hippocampus shows contradictory data with some studies showing increased hepcidin (Li 

et al., 2024; You et al., 2017) but other showing no change  (Wang et al., 2008). This may be due 

to the direct ICV administration route as opposed to traditional peripheral I.P or I.V injections. 

Iron dysregulation and ferroptosis have been linked to decreases in SIRT1, which correlates to 

increased BBB permeability in ageing studies (Stamatovic et al., 2019; Xu et al., 2024). 
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Therefore, it would be prudent to further explore this avenue within the age and LPS context 

with the markers mentioned here.  

As increased BBB permeability had been found in LPS-induced models, it was important to 

decipher the transport mechanism changes behind this. As mentioned above, 

albumin/cerebrospinal fluid ratios changed with LPS administration, indicating transcellular 

transport routes (Tincu et al., 2023). However, no changes to caveolin-1 expression were 

observed in ageing or LPS conditions with non-significant decreases in expression seen in 

ageing in the motor cortex. This correlates with findings in chapter 3, which improves the 

robustness of result that in female mice, caveolin-1 decreases in age. However, Wang et al., 

2019, also noted no change in caveolin-1 expression after 7.5 mg/kg LPS injection but post-

treatment with a sepsis drug showed a decrease in caveolin-1 that correlated with decreased 

BBB permeability. This indicates that although expression of caveolin-1 is not affected by LPS, 

the mechanistic effect is. Other transcellular transport mechanisms should be explored as 

human immunodeficiency viruses in a LPS model was identified as transcellularly transported 

but was not caveolae-mediated 2008 (Dohgu & Banks, 2008). Efflux transporters, such as P-

gp, have also been investigated, showing decreases in function when exposed to LPS allowing 

for accumulation of neurotoxins in the brain such as amyloid-beta (Hartz et al., 2006; Salkeni 

et al., 2009).  

4.5.3. Age and inflammation driven effects astrocyte activation 

Activation of astrocytes has been heavily linked to neuroinflammation, being activated via NF-

kB and STAT3 pathways and producing pro-inflammatory molecules such as IL-1β, IL-6 and 

reactive oxygen species (Giovannoni & Quintana, 2020; Rothhammer & Quintana, 2015; Sheng 

et al., 2013). The common astrocyte marker, GFAP, has been widely used to characterise 

activation and has been studied extensively in inflammation studies (Jurga et al., 2021). Within 

the current study, limited GFAP changes were observed either comparing LPS in young and 

aged mice or in different LPS doses in aged mice. The motor cortex was the only region to 

identify significant GFAP increases between 3-month vehicle and 18-month 1 mg/kg LPS whilst 
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the striatal region showed similar but non-significant trends. This finding is consistent with 

studies which have also shown in young and aged mice no changes to GFAP expression with 

LPS (Knopp, Baumann, et al., 2022). Vizuete et al., 2022, used a young rat model to show that 

at 1 mg/kg (like our current high dose LPS), that GFAP expression was increased in the brain 6-

hours post-LPS but had decreased to baseline at 24-hours. This indicates that LPS-induced 

GFAP expression was dependent on time after inflammatory insult. Furthering this, a study 

using x2 doses of 0.5 mg/kg demonstrated no GFAP increases at 3-, 4-, 6- or 8-days post 

injection (Jung et al., 2023). However, a study in 20-month rats displayed an increase in GFAP 

at 1, 3 and 7 days but used a higher dose point of 2 mg/kg LPS.  

Multiple studies in both adults (2-3 months) and aged (over 16-months) have shown that LPS 

does induce an increase in GFAP expression, but all these studies have either had higher LPS 

doses or reduced study timeframes than our current study (table 4-2). Within a 3- month versus 

18-month ageing model, a regimen of 3 doses over 24-hours at 1 mg/kg resulted in increased 

expression after 7-days only in the 18-month mice (Sumbria et al., 2018). Similarly, 

comparisons of 1, 6 and 21-month mice of a single 0.5 mg/kg LPS after 24-hours displayed 

increased GFAP levels in the 21-month LPS group but not the younger groups (Allen et al., 

2023). These studies highlight the exacerbation of neuroinflammation in ageing, which was 

reflected in the motor cortex region within this study.  

Further GFAP interactions were investigated here, specifically looking at CD31 and GFAP to 

observe if astrocytes migrate from the BBB during age and inflammation. In vivo studies in mice 

and sheep have shown that LPS inflammation caused activated astrocytic end-feet to detach 

from the BBB, possibly via phagocytosis of the end-feet by microglia, leading to BBB damage 

(Disdier et al., 2020; Haruwaka et al., 2019; Xingi et al., 2023).  Xingi et al, 2023 used a 

transgenic GFAP+ mouse strain with Rhodamine B dextran as a marker of the vasculature in 2-

photon imaging to show that interactions between astrocytes and BBB were reduced at both 4 

and 8 days. Further analysis used AQP4 staining to enforce the finding, also showing 

decreased correlation with CD31. This suggests that future work should instead either use 3D  
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Table 4-2: Correlation of rodent LPS study design and GFAP expression. Tabular representation 
stating age of subjects, serotype of LPS, dose of LPS (mg/kg), number of doses, LPS incubation time and 
effect on GFAP expression. Studies ordered by LPS dose. N. S= not stated.  

  

Study Age 
(months) 

Serotype Dose 
(mg/kg) 

# doses Dose 
interval 

GFAP 
changes 

(Hu et al., 
2017) 

10-12 day N. S 0.05 1 1 week ↑ 

(Mota et al, 
2020) 

6 N.S  0.1 1 4-hours ↑ 

(Kang et al., 
2019) 

2 N. S 0.25 2 24-hours ↑ 

(Knopp, 
Banks, et al., 
2022) 

16-18 O55:B5 0.33 1 28-hours = 

(Jung et al., 
2023) 

2 O111: B4 0.5 2 3, 4, 6, 8 
days 

= 

(Allen et al., 
2023) 

1, 6, 21 O111: B4 0.5 1 24-hours ↑ 

(Murtaj et al., 
2019) 

2, 17-18 O55:B5 0.63 1 6-hours Trends to 
↑ 

(Wang et al., 
2019) 

2 O111: B4 0.83 1 24-hours ↑ 

(Haruwaka et 
al., 2019) 

2 N. S 1 1/ x7 
over 7 
days 

1 week + ↑ 

(Banks et al., 
2015) 

> 2 N. S 1 X7 over 7 
days 

24-hours ↑ 

(Sumbria et 
al., 2018) 

3, 18 N. S 1 3 1 week ↑ (18-
month) 

(Vizuete et al., 
2022) 

1 O55:B5 1 1 6, 24-
hours 

↑/= 

(Fu et al., 
2014) 

20  2 1 0.5, 2, 6-
hours 
1, 3, 7, 
30-days 

= 
↑ 

(Vutukuri et 
al., 2018) 

> 2 O55:B5 4 1 4-hours ↑ 

(Xingi et al., 
2023) 

2 O55:B5 5 2 4, 8 days ↑ 

(Diaz-Castro 
et al., 2021) 

2 O55:B5 5 1 1, 2, 14 
day 

↑ 

(Liddelow et 
al., 2017) 

<1 O55:B5 5 1 N. S = 

(Ralvenius et 
al., 2024) 

2 O55:B5 10 1 N. S ↑ 
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imaging software such as IMARIS to look at interactions opposed to the current 2D image 

analysis or use AQP4 as a more suitable marker.  

No correlations were made during the study with DiI-lip, indicating that astrocytic uptake of 

DiI-lip does not occur during either ageing or neuroinflammation. Therefore, astrocytes would 

be an unsuitable target moving forward for anti-inflammatory liposomal based therapies. 

Overall, the effect of LPS on GFAP expression in young and aged brain is dose and incubation 

dependent. With single doses at longer timepoints have a reduced effect on GFAP expression 

compared to higher doses at shorter timepoints (table 4-2). This indicates that although LPS 

increases astrocyte activation, it does so beyond the parameters of the current study, 

highlighting that low-grade systemic inflammation may not cause significant changes and that 

a more severe phenotype would cause this.  

4.5.4. No changes to microglial activation in ageing LPS mice 

Microglial expression has been shown clinically to be up regulated during increased 

inflammatory response through ageing, Parkinson’s disease, and AD. (Kim & Joh, 2006; Pelvig 

et al., 2008; Schuitemaker et al., 2012). However, clinical literature investigating the impact of 

systemic inflammation specifically in physiological ageing is lacking, so the investigation of 

this with in vivo models is crucial for further insight.  

Here, the common microglial marker Iba-1, has been assessed in an LPS model of ageing using 

3- and 18-month mice, displaying limited significant changes either when comparing response 

of LPS in ageing or LPS dose within the aged 18-month cohort. The only significant change 

observed was within the CA1 region, Iba-1 was increased in 3-month mice when exposed to 1 

mg/kg LPS for 48-hours. This may suggest that the CA1 and hippocampus is more vulnerable 

to microglial changes and would correlate with human studies noting that the hippocampus is 

vulnerable to age-related BBB permeability (Montagne et al., 2015). Haruwaka et al, 2019 

demonstrated the link between increased microglial Iba-1 activity and BBB infiltration of 

dextran, showing minocycline induced inhibition of microglia decreased BBB permeability. Hu 
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et al 2017, also showed a decrease in Iba-1 expression in LPS exposed neonatal rats with 

melatonin, which inhibits the TLR4 and NF-kB pathway insinuating that microglial activation is 

linked to LPS pathway induction.  

However, it was expected from previous literature that Iba-1 would be homogenously increased 

by LPS irrespective of age, throughout the hippocampal and cortical regions (Banks et al., 

2015; Chen et al., 2012; Marschallinger et al., 2020; Qin et al., 2007). However, not dissimilar 

to astrocytic activation, the effect of LPS appears to be short-term with higher doses of LPS (>1 

mg/kg), multiple doses or shortened experimental timeline (<48-hours) displaying the 

broadest effects on Iba-1 expression. Chen et al, 2012, showed that a single 1 mg/kg LPS dose 

displayed no Iba-1 changes whilst 2 or more doses increased the microglial activity marker 

significantly. Qin et al, 2007 remarked that there can be long term microglial activation 

observed up to 10-months post-injection, but this was with 5 mg/kg, a 5-fold increase from the 

current study.  

When investigating the effect of age on LPS impact, it was hypothesized that this would 

increase activation when compared to young adult LPS mice, but this was not shown in this 

study. Some previous literature agrees with this, as a single low-dose LPS (0.1-0.63 mg/kg) 

injection compared in 2 month versus 18–21-month mice displayed significant changes in 

aged mice but not LPS mice at the same ages (Hart et al., 2012; Murtaj et al., 2019). This 

suggests that Iba-1 expression may be driven by ageing instead of low-grade systemic 

inflammation and that higher inflammatory stimuli are required to produce a significant effect.  

Other methodology should be explored in the future to further characterise microglia 

population as Iba-1 is not the only marker of increased activity. Toll-like receptor 2, triggering 

receptor expressed on myeloid cells 2 (TREM2), CD163, FC/80 and CD11b have all shown 

increased expression in aged LPS studies, increasing the confidence that microglial activation 

is occurring, even if Iba-1 is not showing significant changes (Chen et al., 2012; Hart et al., 

2012; Murtaj et al., 2019; Nikodemova et al., 2016). Of note is TREM2, which has decreased 

when animals treated with nanoparticle anti-inflammatory therapeutics (Ralvenius et al., 
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2024; Sharma et al., 2023). This suggests that further work with the current liposomal 

formulation should look at anti-inflammatory therapeutics and assess a wide array of markers 

to gather an overview of microglial effects. Although the current study did not show significant 

increases in LPS-induced liposome infiltration, the concept that ageing alone allows for 

passage is further shown in these two studies lending future potential to the current 

formulation.  

Age-related increases of microglia, linked to Iba-1 expression, in systemic inflammatory 

conditions has also been shown to effect cytokine production such as IL-1β, TNF-α and IL-6 

(Garner et al., 2018; Nikodemova et al., 2016; Qin et al., 2007; Wynne et al., 2010). Microglia 

were isolated via flow cytometry and the amount cytokine expression assessed, confirming 

microglial activity as opposed to general brain expression. It would be worthwhile to repeat 

similar experiments with a repeat of the current study plan to elucidate if this occurs in the 0.25 

mg/kg or 1 mg/kg 18-month groups.  Wynne et al., 2010,noted that the increase of microglial 

IL-1β exclusively in the aged LPS groups correlated with decreases in CX3C motif chemokine 

receptor 1(CX3CX1). This led to a possible therapeutic target which could be attenuated with 

TGFβ which simultaneously increased CX3CX1 and decreased IL-1β which may act through the 

mothers against decapentaplegic homolog 3 (SMAD3) pathway (Tichauer et al., 2014).  

Morphological changes to microglia, although not assessed in this body of work, may provide 

further information on how LPS and ageing affect the immune cell. General microglial changes 

observed within the literature include increased soma size, decreased process length and 

overall switch to an ameboid hypertrophic morphology (Jung et al., 2023; Qin et al., 2007; Sierra 

et al., 2007). These morphological changes have been correlated with Iba-1 increases as well 

as genes identified in a microarray study such as CD163, IL4a and Mannose receptor C-type 1 

(Chen et al., 2012). 

Studies have also noted behavioural changes to aged mice dosed with LPS such as decreasing 

burrowing and spatial memory (linked to hippocampal decline) as well as classical sickness 

behaviours (Chen et al., 2008; Hart et al., 2012; Huang et al., 2008).  

https://en.wikipedia.org/wiki/Mannose_receptor_C-type_1
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4.5.5. Age and inflammation drive adhesion molecule activation 

The study also aimed to investigate the effect of ageing and inflammation on adhesion 

molecules, specifically ICAM-1 and VCAM-1. Both molecules have been widely investigated in 

neuropathology, linking to an increased inflammatory profiles as in stroke (Jing et al., 2014; 

Lindsberg et al., 1996; Rakhimbaeva & Abdurakhmonova, 2023) schizophrenia (Cai et al., 

2018, 2020) and AD (Chen et al., 2023; Drake et al., 2018, 2021; Hochstrasser et al., 2010; 

Otgongerel et al., 2023). However, there is limited data on the effect of adhesion molecules on 

neuroinflammation in physiologically aged mice models.  

Within this body of work, immunofluorescence throughout each region show significantly 

higher expression of ICAM-1 in the 18-month 1 mg/kg LPS dose compared to 3-month LPS dose 

or vehicle at either age. This indicates that ICAM-1 requires both ageing and inflammatory 

stimuli to increase expression. ELISA data also shows that ICAM-1 is increased in brain tissue 

but that 1 mg/kg LPS at both ages produces the higher ICAM-1 expression, conversely 

indicating that inflammation is the driver of the response. No ICAM-1 expression changes were 

observed in the serum of either aged or LPS groups, signifying a brain-specific response. 

 Miguel-Hidalgo et al., 2007, demonstrated within an aged human cohort that ICAM-1 

expression was increased within the orbitofrontal cortex dependant on age and that this 

correlates with astrocytic activation. Further murine studies in exclusively young cohorts show 

significant cortical and hippocampal ICAM-1 increases at 2-4 mg/kg doses after 24-hours 

(Brezzo et al., 2020; Swartzlander et al., 2018). In vitro LPS studies have linked the NF-kB 

pathway to the increases in ICAM-1 through gene and protein studies, with an NF-kB inhibitor 

reducing the levels of ICAM-1 in endothelial cells (Lee et al., 2015; Wong & Dorovini-Zis, 1992).  

Pro-inflammatory cytokine expression may be linked to increased ICAM-1 as a study in mouse 

using an intracerebroventricular (ICV) dose of TNF-α in 4–16-month mice displayed up-

regulated ICAM-1 in the hippocampus (Xu et al., 2010). Within this study it was shown that 

ageing on its own does not induce ICAM-1, agreeing with our current findings and that 
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augmentation by a secondary inflammatory stimuli was required. Separate studies have 

shown that both LPS and age independently and together increase TNF-α expression, (Huang 

et al., 2008; Porcher et al., 2021; Zhao et al., 2019).  

Although not tested during this workflow, increased ICAM-1 has been shown to impact 

behaviour of mice including reducing cognitive function and decreasing sensorimotor function 

(Bhowmick et al., 2021; Cai et al., 2020; Zhao et al., 2019). These were all in models other than 

ageing so it would be critical to examine the effect of age and LPS on these parameters in 

correlation to ICAM-1. Furthermore, ICAM-1 has been revealed in an aged brain injury model to 

increase leukocyte infiltration,  ROS and cytokines within the brain (Adamson et al., 1999; Knox 

et al., 2022). However, Elahy et al, 2015 remarked that in an aged model there was no increased 

leukocyte infiltration suggesting that physiological age exclusively would not have these 

effects and increased inflammation is required.  

VCAM-1 expression was tested here using ELISA techniques only as there was not an optimised 

antibody for immunofluorescence with no significant changes were observed in either brain or 

serum samples. This may be timepoint related as an in vitro study using b.END.3 endothelial 

cells noted that VCAM-1 increased with LPS incubation between 12-24 hours but decreased 

back to baseline at 48-hours (Wong et al, 1999). As the samples were terminal, after 48-hours 

this would corelate with previous findings. Other studies in vitro utilised the same cell line 

showing correlation between LPS and increased VCAM-1 expression (Hortelano et al., 2010; 

Lee et al., 2017). Limited mouse models have also shown increases in VCAM-1 expression, 

with Swartzlander et al, 2018 demonstrating gene expression increases in 4 mg/kg LPS model. 

Yousef et al, 2019 further explored the impact of LPS induction on VCAM-1 in 18-month mice 

hippocampus, showing that not only is this increased but the injection of plasma from the old 

mice into young adult mice resulted in similar pathologies including activated microglia. This 

was shown to be VCAM-1 dependant as the inhibition of the adhesion molecule reverted the 

young mouse hippocampi to physiological levels.  
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Overall, the current work has found a novel increase in ICAM-1 in aging at a relatively low LPS 

dose compared to literature values. This suggests that ICAM-1 may be a target in the future for 

reduction inflammaging, but first further work must elucidate the impact of ICAM-1 on overall 

cognitive abilities. Knockdown or knockout ICAM-1 mouse studies should also be employed to 

determine if deleterious effects are reduced.  

4.5.6. LPS-induced cytokine production  

Increases of pro-inflammatory cytokines, such as IL-6 and IL-1β have been used to 

characterise and confirm inflammatory responses within the brain (Noori et al., 2020). Single 

LPS doses have noted these increases and so it was essential that they were examined during 

this study (Mota & Kelly, 2020; O’Neil et al., 2018; Vizuete et al., 2022; Vutukuri et al., 2018).  

In the current study, it was found that IL-6 expression was not altered in either serum or brain 

samples at termination (48-hours) but was induced by LPS and further exacerbated by ageing 

at 3-hours post-injection. This indicates a time-dependant cytokine response which was 

reflected by an ageing study, observing increased IL-6 at 3-hours which then returned to 

baseline at 24-hours in 10-month mice (Nikodemova et al., 2016). Knopp et al, 2022 also 

displayed that in 16–18-month mice, a single 0.33 mg/kg injection did not elevate cytokine 

levels after 28-hours. Dose of LPS may therefore be crucial for cytokine levels as Erickson et 

al. 2018 demonstrated that after 28-hours 0.33 mg/kg showed no responses, but 3 mg/kg did.  

Rezaei et al., 2024, further investigated this in both the hippocampal and cortical regions of 

young mice brains, showing that a range 0f 0.125-2 mg/kg did not induce IL-6 expression 18-

hours post-injection.  

The increase in IL-6 may contribute to changes in LPS-induced sickness behaviour as the 

inhibition of Il-6 resulted in decreased sickness effects correlating with decreases in STAT3 

activation and downstream reduction of NF-kB activation (Beurel & Jope, 2009; Burton et al., 

2011). Furthermore, IL-6 has been linked to cognitive decline and administration with inhibitor 

Allopregnanolone,  reducing working memory deficits of radial arm water maze in 24-month 
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mice (Parks et al., 2020). Relating Il-6 to BBB dysfunction in systemic inflammation, 

administering a cyclooxygenase enzyme inhibitor, indomethacin, reduced cytokine expression 

correlating with decreased BBB permeability to albumin, indicating effects on transcellular 

pathways (Banks et al., 2015). This overall effect was conserved in a mice model of periodontal 

inflammation, which increased BBB permeability (Furutama et al., 2020). 

IL-1β was also assessed in brain homogenate samples 48-hours post-LPS and demonstrated 

a significant increase in age but only in the 1 mg/kg LPS groups, with further increases between 

18-month vehicle and 1 mg/kg. Unfortunately, measurement of IL-1β in the 3-hour serum 

samples was not possible due to failure of optimisation but future work should investigate this. 

This demonstrates a differing expression profile to IL-6 which showed no increases at this 

timepoint. One theory may be that IL-6 attenuates IL-1β expression and therefore, when IL-6 

levels decrease over time after LPS injection, IL-1β increases (Minogue et al., 2012). Another 

concept is that both cytokines are independent to each other, as IL-1β expression was 

increased in an IL-6 -/- aged (22-24 month) LPS model compared to 3–5-month mice with or 

without LPS (Garner et al., 2018).  

Previous work predominantly focused on shorter timeframes for assessment of IL-1β levels so 

the up regulation at 48-hours points to LPS affecting levels for a long period of time (Henry et 

al., 2009; Vizuete et al., 2022). This suggests that IL-1β may be a potential anti-inflammatory 

therapeutic target in the future as time constraints are not as critical. IL-1β administration 

without LPS has been shown in vivo to increase neuronal activation and leucocyte infiltration 

combined with decreased motor skills, highlighting  the wide-ranging effects of IL-1. This may 

be through activation of MyD88, which would instigate the same inflammatory pathways as 

LPS injection causing BBB dysfunction (Gosselin & Rivest, 2008; Zhu et al., 2012).  

Another cytokine which should be explored in the future is TNF-α which has also been shown 

in LPS ageing studies to be increased (Murtaj et al., 2019; Sierra et al., 2007). Direct 

administration of TNF-α has been linked to increases of adhesion molecules such as ICAM-1, 
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which is of particular interest in this study as ICAM-1 levels were shown to increase (Xu et al., 

2010).  

4.5.7. Widespread proteomic changes to LPS-induced aged brain   

The current study has been focused on specific proteins which were expected to be affected 

by either age or LPS inflammation, but this is limited to the targets instead of the overall 

changes to the brain under aged LPS conditions. Proteomics allows for a widespread 

investigation into changes that occur and allows for in-depth pathway analysis not only to see 

what is canonically changed but also potential diseases.  

Correlation between immunofluorescence and ELISA study could take place via proteomics of 

caveolin-1, ICAM-1, VCAM-1 and GFAP. When comparing the effect of LPS dose on 18-month 

mice, it was shown that in 0.25 mg/kg none of the above proteins were changed which agree 

with the data generated in this study, suggesting that 0.25 mg/kg does not affect the aged brain 

in a significant manner. When comparing 1 mg/kg, only ICAM-1 differs in significance as 

immunofluorescence demonstrated significant increases whilst proteomics did not. Overall, 

the changes observed highlight the importance of multiple techniques investigating similar 

parameters.  

When comparing increases in physiological age, there are some discrepancies as both GFAP 

and caveolin-1 were up-regulated which is more translatable to previous literature (Yang et al., 

2020). No increase in VCAM-1 expression was observed unlike in the ELISA data, which 

correlates with previous work and may suggest that the brain does not increase VCAM-1 but 

serum does during ageing (Elahy et al., 2015). When investigating the effect of LPS on young 

mice, GFAP, caveolin-1 and VCAM-1 all reflect the same outcomes from the current study, 

pointing towards this being a consolidated effect. However, ICAM-1 was significantly increased 

in the proteomics study which may suggest that LPS independently of age also increases the 

adhesion molecule expression.  
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Using ingenuity pathway analysis, the changes to the proteome in each condition were be 

collated and a network pathway created to visually display connections. 18-month LPS mice 

have an increased network which recruited IL-1β, IL-6, STAT1 and NF-kB1 highlighting the 

increased inflammatory response of aged mice, correlating with findings within this study. 

Interestingly, the polarisation of leukocytes was up regulated which may highlight increases in 

adhesion molecules resulting in infiltration of leukocytes through BBB (Peng et al., 2021). 

Conversely, within the 3 and 18-month vehicle comparison, this included up regulation of 

organismal death and degeneration with down regulation of CNS development. These all 

correlate with physiological ageing but when compared to the LPS pathways, is very limited 

showing no links with inflammatory signally pathways. Alternatively, when looking at the effect 

of 1 mg/kg on 3-month mice, TLR4 and TNF are up-regulated along with acute phase response 

signalling (Ciesielska et al., 2021; Nikodemova et al., 2016). 

Pathway analysis also showed the most affected canonically with neutrophil degranulation 

being significantly changed in all compared datasets but within LPS groups this was up 

regulated and in ageing, down regulated. Neutrophil degranulation refers to the release of 

proinflammatory substances into the surrounding tissue with stimuli such as sepsis, arthritis 

and asthma (Lacy, 2006). It would be expected that this pathway was not up-regulated during 

physiological ageing as the BBB may prevent the crossing of neutrophils into the brain 

(Kanashiro et al., 2020; Manda-Handzlik & Demkow, 2019). In vivo studies using LPS have 

shown that CD11b neutrophils increase in the brain 4 hours post-injection and that this is 

specific to cortical regions (Aries et al., 2024; Mol et al., 2021). The current study used whole 

hemisphere brain homogenate as opposed to Aries et al, 2024 and therefore could not specify 

which regions were affected. Wu et al., 2020 demonstrated that neutrophil entry and 

degranulation within the brain was induced by C-X-C Motif Chemokine Receptor 2 and an 

antagonist of this reduced the migration of cells.  This pathway suggests that neutrophil 

activation is present regardless of age or LPS dose, meaning that it could be a potential target 

in the future to reduce neuroinflammatory responses.  
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When comparing disease function pathways, both neurological disease and organismal 

abnormalities are common through all analysed datasets showing the importance of both in 

ageing and neuroinflammation. In both conditions, morphological changes to cells such as 

microglia and astrocytes have been reported, confirming the vast array of changes within the 

model (Goodall et al., 2018; Jung et al., 2023; Qin et al., 2007). Hierarchical clustering of the 

overall proteome shows specific grouping of the 3-month vehicle group independently of LPS 

conditions whilst 18-month LPS conditions were grouped together separately to 3-month LPS. 

This further highlights the differences observed in an aged inflammatory environment and 

shows the importance of investigating these changes more thoroughly.  

For future targeting, identification of important proteins must be elucidated from the wider 

dataset, therefore, common up/down regulated proteins were found either comparing 3-

month vehicle to age or 1 mg/kg LPS or 18-month vehicle to 0.25/1 mg/kg LPS.  

From this, several key proteins were up-regulated within the 18-month LPS cohort including 

S100 calcium binding protein A9 (S100a9), CD38 and Stat1 whilst important down-regulated 

proteins were ATPase phospholipid transporting 11B (Atp11b), CREB-regulated transcription 

coactivator 1 (Crtc1) and Fragile X Messenger Ribonucleoprotein 1 (Fmr1). CD38 expression 

has been linked to reduction in nicotinamide adenine dinucleotide (NAD) during murine ageing 

leading to mitochondrial dysfunction through the SIRT3 pathway (Camacho-Pereira et al., 

2016). Further work expanded this into LPS-induced neuroinflammation, displaying increased 

cortical and hippocampal CD38 leading to activation of astrocytes and microglia acting 

through the NF-kB pathway (Roboon et al., 2021). The same study showed that inhibition of 

CD38 reduced glial activation in LPS proving it is a suitable anti-inflammatory target. S100a9 

has been shown to increase in both ageing and inflammation within humans and murine 

models (Denstaedt et al., 2018; Swindell et al., 2013; Wang et al., 2018). Denstaedt et al, 2018 

displayed links between S100a9 in a CLP model to neutrophil migration in the brain, linking 

back to the neutrophil degranulation pathway shown in this study. The same study also noted 

that decreased S100a9 caused reductions in microglial TNF-α and ROS production, 
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highlighting the importance of the protein in the inflammatory cascade. STAT1 has been shown 

both in vitro and in vivo to induce macrophage activation and iNOS production, leading to an 

inflammatory environment (Ohmori & Hamilton, 2001). Further work in inflammatory models 

shows decreased astrocytic GFAP expression and cytokine expression in STAT1 -/- mice 

(Imitola et al., 2023). Cognitive decline has also been noted with increased STAT1 expression, 

showing decreased memory and spatial learning in STAT1+ mice compared to -/- (Hsu et al., 

2013).  

Lysosome-associated membrane protein-2 (LAMP-2) was also increased in ageing which has 

been linked to the dysfunction of microglia and hippocampus during inflammation (Quick et 

al., 2023; Rothaug et al., 2015). Increased LAMP-2 has interestingly been linked to increased 

uptake of nanoparticles through the BBB, suggesting a possible mechanism for transport 

instead of caveolae-mediated transcytosis (Lamson et al., 2024; Muscetti et al., 2023). Further 

investigations would be warranted to explore this within the context of liposomes featured in 

this body of work. 

Common down-regulated proteins ATP11b and CrtC1 are involved in normal hippocampal 

functioning such as plasticity and memory learning and reduction of either protein induces 

cognitive impairment and senescence of the hippocampus correlated with decreases in MAPK 

pathway and correlates with age-related hippocampal decline (Liu et al., 2022; Wang et al., 

2019; Wang et al., 2023; Yan et al., 2021). CrtC1 was seen in a rat model of LPS inflammation 

to be reduced and was linked to decreases in BDNF (Shu et al., 2020).  Fmr1 was also down-

regulated in both LPS models and fmr -/- mice have shown increased microglial activation with 

LPS treatment correlated with increased cytokines, mitochondrial dysfunction and 

phagocytosis (Hodges et al., 2020; Parrott et al., 2021).   

When comparing the 3-month vehicle to 18-month vehicle and 3-month LPS to determine 

commonality, there were only 4 common down-regulated proteins including Epidermal growth 

factor receptor kinase substrate 8 (Esp8) and TBC1 domain family member 10A (Tbc1d10a). 

Reduction of Esp8 has been shown in LPS studies to decrease cognitive function in mice by 
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decreasing the LTP action potential, believed to be through actin capping (Menna et al., 2013; 

Stamatakou et al., 2013). Tbc1d10a has been shown to functionally regulate the secretion of 

exosomes from neuroglia, especially oligodendrocytes, via Rab GTPase but the inhibition of 

these through reduction in Tbc1d10a intracellular accumulation of exosomes leading to 

damage (Hsu et al., 2010). However, limited work has been conducted on ageing or 

inflammation regarding this protein so this may be a novel finding within the field warranting 

further investigation.  

Key up-regulated proteins include Rho GTPase activating protein 25 (Arhgap25) which has 

been shown within inflammation to increase the granulocytes of neutrophils (Csépányi-Kömi 

et al., 2012; Pinosanu et al., 2023; Subhash et al., 2019). This links to the neutrophil 

degranulation pathway identified in this study, further highlighting the importance of this in 

neuroinflammation. Interferon-induced protein with tetratricopeptide repeats 3 (Ifit3) which is 

normally absent in healthy tissue but is expressed in reaction to stimuli such as LPS (Fensterl 

& Sen, 2011; Garces et al., 2023). Both ageing (in the context of AD) and low-grade LPS 

inflammation have been linked to Ifit3 expression in the brain agreeing with the findings shown 

in the current study (Harmon et al., 2022; Naler et al., 2022). Naler et al, 2022 noted that the 

increase in Ifit3 was present in low-grade LPS (100pg/ml) and not high-grade (1 ug/ml) which 

may explain why this was up-regulated during 3-month inflammation and not the exacerbated 

18-month companion.  

Interestingly, serine protease inhibitor clade A member 3n (Serpin3n) was the only protein 

commonly up regulated throughout both ageing and inflammation, suggesting that this is very 

important in the mechanisms for each. Serpin3n is mainly expressed within astrocytes has 

been shown to increase in human ageing with correlations to cognitive dysfunction (Cluett et 

al., 2010; H. Kim et al., 2022). Age-induced expression has also been observed in vivo with 24-

month mice possessing a 4-fold increase compared to 4-month mice (Boisvert et al., 2018; 

Clarke et al., 2018). Clarke et al further demonstrated in 14-month mice that Serpin3n was 

independent to cytokine production with IL-1β and TNF-α -/- models but the inverse is not 
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independent and reduction in Serpina3n reduces TNF-α (Kim et al., 2022). The same study also 

administered Serpin3n in culture, resulting in BBB dysfunction in vivo with reductions in 

claudin-5 and increases in VCAM-1. However, this did not result in increased BBB permeability 

to dextran but was conducted in young adult mice so further ageing may be required for this 

effect.  

Clarke et al, 2018 also investigated the impact of age and LPS, showing that 24-month LPS 

treated mice had significantly more Serpina3n expression then either aged-matched controls 

or young LPS mice. The mechanism of action has been investigated showing activation of key 

inflammatory pathway molecule STAT3 leading to NF-kB activation (Kim et al., 2022). This 

activity was dependent on both factor as STAT3 -/- mice resulted in no BBB or cognitive 

dysfunction with increased Serpin3n.   

This highlights Serpin3n as a key protein in inflammatory effects both in age and LPS induction, 

potentially opening an avenue for targeted nanoparticle treatment. So far, there have been 

limited studies aimed specifically at targeting Serpin3n in ageing but a study in hippocampal 

stab injury used an MMP2 inhibitor to target the protein resulting in decreased memory and 

learning deficits (Wang et al., 2020). Further encouragement for treatment is that in young adult 

mice, inhibition or administration of Serpina3n did not have any deleterious effects mentioned 

above and performed normal functions in myelination and cell development (Zhu et al., 2024). 

This suggests that any inhibition would selectively target age-related effects of increased 

Serpin3n.  

4.6. Limitations and future work  

The aim of this chapter was to provide pilot data as proof-of-concept that LPS-induced 

inflammation was affected by age leading to changes in nanoparticle infiltration. Therefore, 

this study was not powered sufficiently, and group numbers were determined by availability of 

18-month mice when the work was scheduled. Future work would need to be correctly 

powered and could utilise the nanoparticle infiltration data provided in this body of work for 
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power calculations. This study also did not include a 3-month group with 0.25 mg/kg LPS 

injection so if the experiment was repeated this would need to be included to directly compare 

the effect of ageing on the inflammatory response but also to see if there is a dose-dependent 

response in young mice, like that identified in the 18-month group here.  

Furthermore, due to the lack of a 3-month 0.25 mg/kg group, comparisons between groups 

were not included in a single analysis. Instead, these were split into a 2-way ANOVA comparing 

1 mg/kg LPS and vehicle in ageing and a 1-way ANOVA comparing LPS doses in 18-month mice. 

This meant that the 0.25 mg/kg groups was not included in any age comparison, limiting its 

impact in this study as it was not compared to the expression levels of any parameter in the 3-

month group (vehicle or LPS).  In the future, any repeat of the study should include a young 0.25 

mg/kg group so that full analysis can be conducted using a 2-way ANOVA statistical method.  

The exclusion of male mice is another limitation of this study as the comparison between sex 

is crucial to translatability of findings to a clinical setting. Investigations into LPS-induced sex 

differences in the BBB context are limited so this would add to an important gap within the 

literature. It has been shown in vivo that there are differences between the response of males 

and females to LPS injection with females showing increased cytokine production and anxiety 

behaviour and males an increase in GFAP+ astrocyte response (Dockman et al., 2022; Murtaj 

et al., 2019). However, other studies have shown that estrogen produced in females may be 

neuroprotective, reducing lymphocyte migration and BBB disruption (Maggioli et al., 2016). 

Experiments would have to determine levels of estrogen within each subject or have a female 

group with lower estrogen levels, via gonadectomy or ovariectomy to accurately assess the sex 

differences (Itoh et al., 2023).  

Another limitation of this study was the investigation of only a single marker for astrocytes, 

microglia and adhesion molecules limiting the analysis of each cell type. No significant 

changes were observed in Iba-1+ cells but the marker TREM2 may be more suitable and has 

been shown in ageing studies to decrease with LPS inflammation in the hippocampus, cortex 

and cerebellum (Murtaj et al., 2019). The current study also focused on the expression and 
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colocalisation of cellular markers with DiI-lip and CD31 but not morphological changes. 

Quantitative analysis utilising available ImageJ plugins such as Sholl analysis, providing 

information on branch length, number of branches and volume of soma for both glial cell types, 

which could reflect more functional changes in ageing inflammation then classical expression 

(Murtaj et al., 2019). Furthermore, for ELISA protein investigations, the use of a multiplex 

system instead of the above selected molecules would provide more information regarding the 

changing inflammatoru profile in age and neuroinflammation (Manglani et al., 2019).  

The current study, due to restrictions in the animal licence, could use a single dose point of 

LPS injection but this limits comparison to previous literature with many utilising a multi-dose 

strategy. Future work should focus on administering multiple does over a longer timeframe 

with lower LPS concentration to compare to previous work and more accurately mimic long-

term systemic inflammation caused by age-related co-morbidities.  

Comparability to previous literature is also a limitation within this study as many studies have 

used higher doses of LPS to assess BBB disruption (table 4-3). However, care must be taken as 

LPS dose above 5 mg/kg induces septic shock and 10 mg/kg is almost at lethality of young adult 

mice, meaning that these are not relevant models for low-grade systemic inflammation (Qin et 

al., 2007; Tateda et al., 1996). Also of consideration is the mortality of aged mice vs young adult 

mice as studies have shown the survival rate of mice injected with 2.5 mg/kg LPS is 100% after 

48-hours in 4-month mice but this drops to only 30% in 24-month mice (Starr et al., 2010; 

Tateda et al., 1996). This correlates with our own study whereby 2 18-month mice experienced 

death within 48-hours of a single 1 mg/kg LPS dose. This may explain the lack of age-related 

LPS studies as the dose required for observed effects in young adult mice would cause 

mortality in aged counterparts.  

Overall, the variability of LPS literature leads to a conflicting picture of how systemic 

inflammation affects the aged BBB and further work must be implemented to further 

characterise the changes. Table 4-3 lists the main studies investigating BBB with LPS 

showcasing this variability within a relatively small cohort of papers.  
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4.7. Concluding remarks 

Overall, this study did not show convincing evidence that systemic inflammation within ageing 

caused significant increases in infiltration of nanoparticles, iron or blood-borne proteins. 

Changes to astrocytic and microglial activation were not significant during this study but did 

show non-significant trends which could be expanded with higher n-numbers. However, the 

combination of age and LPS did affect adhesion molecules (specifically ICAM-1) and pro-

inflammatory cytokines (Il-1β and IL-6) but the time of examining each component is critical to 

the inflammatory outcomes. Wide-spread changes were observed in proteomics, pointing to 

common changes in age and LPS linked to the STA3 and NF-kb pathways, particularly the 

upregulation of astrocytic Serpina3n. Targeting the identified inflammatory pathways and 

related adhesion molecules could have the potential to reduce systemic inflammatory effects 

on the brain microenvironment.
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Table 4-3: Differing study design investigation LPS-induced inflammation on the BBB studies. Details of murine-based studies specifying sex, age, LPS serotype, route of 
administration, LPS dose, dose regime and time duration between dosing and termination of the study. Order determined by maximal LPS dose. 

Study Sex Age (months) LPS serotype Admin 
route 

Dose amount 
(mg/kg) 

# doses Post-dose 
interval 

(Hu et al., 2017) Mixed 10-12 day N. S I.P 0.05 1 1 week 
(Knopp, Banks, et al., 2022) Female 16-18 O55:B5 I.P 0.33 1 28-hours 
(Murtaj et al., 2019) Mixed 2, 17-18 O55:B5 I.P 0.63 1 6-hours 
(Banks et al., 2015) Male > 2 N. S I.P 1 X7 over 7 days 24-hours 
(X. Wang et al., 2017) Male 24-28 N. S I.P 1 1 24 hours 
(Sumbria et al., 2018b) Mixed 3, 18 N. S I.P 1 3 1 week 

(Chen et al., 2012) Male 2 O55:B5 I.P 1 1, 2, 4 days 24-hours post-
final injection 

(Y. Liu et al., 2021) Mixed 2 O111:B4 I.P 1 1 7- days 
(Zheng et al., 2022) N. S N. S N. S I.P 1 1 24-hours 
(Ralvenius et al., 2024) Male 2 O55:B5 I.C/I.P 1 1 N. S 

(Haruwaka et al., 2019) Male 2 N. S I.P 1 1/ x7 over 7 days 1 week + 

(Erickson et al., 2018) Mixed 2 N. S I.P 0.3, 3 
3 

1 
3 

28-hours 

(Logsdon et al., 2020) Mixed 2 N. S I.P 3 3 28-hours 
(Barton et al., 2019) Mixed 3-5, 13-15 O111:B4 I.V 3 1 30-hours 
(Jangula & Murphy, 2013) Male 2 O55:B5 I.P 3 3 

1 
2-hours 
2- hours 

(Maggioli et al., 2016) Mixed 2, 15 N. S I.P 3 1 4, 24-hours, 7-
days 

(Vutukuri et al., 2018) Male > 2 O55:B5 I.P 4 1 4-hours 
(Xingi et al., 2023) Mixed 2 O55:B5 I.P 5 2 1, 4, 8 days 
(Long et al., 2020) Male N. S O55:B5 I.T 8 1 12-hours 
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(Banks & Robinson, 2010) Male 2 ATCC 7823. J. V 9.4 1 >20-minutes 
(Britton et al., 2022) Male 2, 24 O55:B5 I.P 10 1 6-hours 
* I. P= intraperitoneal, I. T= intrathecal, J. V= jugular vein, I. V= intravenous, I.C= intracisternal, N. S= not stated 
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5. Assessing the impact of liposomal delivery of 

an anti-inflammatory therapeutic on the aged 

cerebrovascular system
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5.1. Introduction 

Within the previous two chapters, it has been demonstrated that in the aged mouse brain, an 

increased inflammatory response occurs. Therefore, the targeting of age-related inflammation 

is an avenue of increased interest within the field. Environmental methods of reducing 

inflammation include changes to diet and increasing exercise, both of which have been 

demonstrated in human trials to reduce neuroinflammation (Kip & Parr-Brownlie, 2023). 

However, compliance to these environmental changes can be low within the aged population, 

especially increasing exercise due to decreased motor capabilities (Clark & Taylor, 2011).  

Anti-inflammatory therapeutics, such as glucocorticoids (GC) or non-steroidal anti-

inflammatory drugs (NSAIDS) have been prescribed to either treat or prevent inflammatory 

responses. However, the use of GCs in the context of reducing age-related neuroinflammation 

should be avoided due to severe side-effects (Hill & Spencer-Segal, 2021). Cushing’s disease 

is a well-known effect of long-term GC administration and has been linked to hippocampal 

atrophy as well as a reduction of cognitive abilities (Dekkers et al., 2022; Patil et al., 2007). In 

vitro and in vivo studies have also shown that within the brain, GC’s can cause a pro-

inflammatory response, increasing cytokines IL-6 and IL-1β prior to onset of another 

inflammatory event and may be linked to administration prior to significant inflammatory event 

(Frank et al., 2010; Horowitz et al., 2020). Compounding these effects is the need to administer 

high doses of GC’s, such as dexamethasone, to pass the BBB (de Kloet et al., 1975). Altogether, 

GC’s are not suitable as a choice for anti-inflammatories in the brain.  

NSAID’s, such as ibuprofen, are safer and have been shown to reduce neuroinflammation in 

AD and Parkinson’s disease (Auriel et al., 2014; Gao et al., 2011). Studies have shown in aged 

humans that NSAID’s can reduce neuroinflammation (Le et al., 2018; Walther et al., 2011).   Le 

et al., 2018, demonstrated in a clinical trial that a high dose (600mg) of ibuprofen decreased 
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overall brain hallmarks of neuroinflammation in age, passing the BBB.  Administering ibuprofen 

in vivo to an ageing mouse model with enhanced NF-kB reduced neuroinflammation via 

reduction in pro-inflammatory cytokines and activated microglia, as well as increasing 

cognitive abilities in y-maze tasks (Fielder et al., 2020). However, high and consistent treatment 

with NSAID’s clinically has shown increased risk of renal and cardiovascular failure as well as 

stroke within the older population (Choi et al., 2010; Marcum & Hanlon, 2010).  

Alternatively, to the above discussed treatments which target global inflammatory processes, 

it may be more valuable to investigate the antagonism of specific pro-inflammatory molecules. 

IL-1β is a pro-inflammatory cytokine which has been shown in ageing to significantly increase 

within the brain (Porcher et al., 2021). This increase is associated with BBB disruption, being 

linked via downregulation of SHH in astrocytes and WnT in endothelial cells, increasing BBB 

permeability (Fetsko et al., 2023; Wang et al., 2014).  

Currently, there not any studies in vivo or clinically that have investigated antagonism of IL-1 

within physiologically aged subjects. However, there are multiple Il1 targeting drugs which 

have been utilised in other inflammatory related conditions such as rheumatoid arthritis, 

cryopyrin-associated periodic syndromes (CAPS), peritonitis, COVID-19 and AD (Calabrese et 

al., 2002; Church & McDermott, 2010; Khani et al., 2022; Kitazawa et al., 2011; Lin et al., 2021).  

Therapies targeting IL-1 can be categorised into three main subgroups; neutralisers of IL-1, 

sequesters of IL-1 and receptor antagonists (Dinarello et al., 2012).  

Neutralisers of IL-1β are typically specific antibodies that mechanistically act by binding to IL-

1β and blocking the ability to bind to the IL-1 receptor meaning it is non-functional 

(Chakraborty et al., 2012). This is advantageous as no interactions with IL-1α occur, allowing 

for the perseveration of IL-1α as this can act locally as an anti-inflammatory promoting 

production of IL-8 (Dinarello, 2018). The main clinically approved neutralisers are 
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Canakinumab and Gevokizumab and are used as treatments in conditions such as CAPS, 

atherosclerosis and diabetes (Cavelti-Weder et al., 2012; Church & McDermott, 2010; Lin et 

al., 2021; Ridker et al., 2017). Cavelti-Weder et al., 2012, demonstrated in humans, that low 

levels of antibody are required to target the pg/ml expression of IL-1β, meaning that a single 

dose is adequate for treatment.  

The second type of IL-1 blocking is by sequestering the cytokine molecule with Rilonacept 

being the main drug within this category (Dinarello et al., 2012). This drug was initially approved 

for clinical use in the CAPS setting and is composed of two chain of IL-1 receptor which then 

bind to the molecule and prevent it binding to the actual receptor (Van Tassell et al., 2013). 

Further phase III clinical trials have also shown positive anti-inflammatory results within the 

pericarditis setting (Klein et al., 2021).  

The final type of molecule targeting IL-1 is the IL-1-receptor antagonists (IL1-ra), which binds to 

the receptor on the cell membrane and block binding of IL-1, rendering it inert (Murray et al., 

2015). The main molecule of interest in this category is Anakinra, which was the first anti-IL1 

drug clinically approved in 2002 for rheumatoid arthritis (Calabrese et al., 2002). Since this 

point, there has been interest in applications to other inflammatory conditions with clinical 

trials being conducted in diseases related to diabetes, heart, cancer, COVID-19 and the brain 

(fig 5-1).  

In relation to the brain, multiple in vivo studies have investigated the potential of IL1-ra to 

reduce stroke related inflammation (Pradillo et al., 2012, 2017; Xia et al., 2014). The key 

findings of these studies relate to reduction in overall infarct volume but also decreases in 

ICAM-1, TNF-α and IL-1β levels. This all lead to a reduction in ROS and leukocyte infiltration 

which may cause less damage to the BBB. Pradillo et al, 2017, linked this to ageing via 

comparison of aged and young rats and demonstrated a higher effect in the elderly cohort.  
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Figure 5-1: Clinical trials of Anakinra. Graphical representation of clinical trials using IL1-ra, Anakinra, 
from 2002 to 2023 categorising each study based on target organ or disease. Data based off 
https://trialsearch.who.int/.  

Human clinical trials have been conducted within the stroke setting with promising results for 

reduction in inflammation (Cliteur et al., 2024; Emsley et al., 2005; Parry-Jones et al., 2023). 

Within epilepsy, IL1-ra has also reduced microglial activation further demonstrating anti-

inflammatory affects within the brain (Zakharova et al., 2024).  

In the setting of physiological ageing, the ability of IL1-ra to cross the BBB is debated as in vivo 

this has not been the case, due to 17.3 KDa molecule being larger than the 400 Da limit for 

normal penetration (Murray et al., 2015; Powers et al., 2020). However, in vitro and clinical 

studies have noted that IL1-ra can pass through the BBB so further work is required to elucidate 

this (Galea et al., 2011; Sjöström et al., 2021). IL1-ra also has a short half-life of 4-6 hours, 

leading to increased dosages or ineffectiveness of the drug (Akash et al., 2013). Both the short 

circulation time and potential inability to cross the BBB points towards encapsulation into 

nanoparticles to penetrate the BBB and increase effectiveness. An in vivo rat study of 

periodontitis utilising PLGA nanoparticles loaded with IL1-ra showed an increased half-life of 

IL1-ra and was non-toxic (Ren et al., 2021).  
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5.2. Aims and objectives 

This chapter aims to, for the first time, use IL1-ra to reduce inflammation in the physiologically 

ageing brain. Evaluation of liposomal IL1-ra effectiveness on the aged female mouse brain will 

be compared to the free drug and vehicle control. Changes to key cells within brain 

inflammation, astrocytes, and microglia, will be quantified as well as key inflammatory 

cytokines and adhesion molecules. The infiltration of blood-borne molecules through the BBB 

will be assessed to determine the rescuing effect of IL1-ra-lip. Overall, this chapter will 

determine if Il1-ra is a potential therapeutic for age-related inflammation and if the liposome 

formulation enhances the effects.  

5.2.1. Hypotheses 

1. That IL1ra-lip will reduce inflammatory response of aged brain  

2. That IL1ra-lip will have a greater anti-inflammatory effect then IL1ra free drug 

3. That IL1ra-lip will reduce permeability of BBB in aged mouse  

5.3. Methodology 

Detailed methodology can be found within chapter 2 of this body of work. The overall study 

design is visualised within fig. 5-2. 

5.3.1. Study design  

Female mice were purchased from Charles River at 18 months of age and measured twice 

weekly for changes to bodyweight adhering to guidelines set out by (Wilkinson et al., 2020). 

Mice were housed in n=3 for a total of 21 mice for the study, with each cage containing a mouse 

per condition, equalling n=7 experimental units. Within each cage, mice were assigned to a 

group; vehicle control, IL1-ra-lip or free IL1-ra, based on ear notching carried out randomly by 

a member of Nottingham Trent University barrier support facility. Over a 2-week period, each  
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Figure 5-2: Schematic representation of ageing IL1-ra-lip therapy study and study n-numbers. (A) 
Diagrammatic representation of study plan. 18-month female mice were injected intravenously with 
either IL1-ra-lip, IL1-ra or vehicle control on 4 occasions over a 2-week period. 48-hours post final 
injection mice underwent MRI imaging with VCAM-1-MPIO contrast agent prior to terminal blood sample 
collection and cardiac perfusion. Brain hemispheres were split and used for listed downstream analysis 
techniques. (B) Tabular representation of all mouse groups within the study specifying the sex and age 
of each cohort and the predicted n-number per assessment parameter.  
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mouse was injected intravenously via tail vein, under anaesthesia, with the assigned treatment 

to a total of 4 injections (2.7). Blinding of the study to the researcher occurred, with Zahraa Al-

Ahmady performing the I.V injections and the groups not divulged to the principal investigator 

until after all quantification analysis was completed. One mouse in the IL1-ra-lip group was 

excluded from the study as it died during initial experiments due to previously unknown clinical 

co-morbidities. 

5.3.2. Liposome production and characterisation 

Liposomes were produced with the following composition HSPC: Chol: DSPE-PEG2000: DSPE-

PEG-Maleimide (56.3:38.2:3.5:2 mol/mol%) and IL1-ra (Kineret; Amgen, USA) attached to the 

phospholipid bilayer via coupling reaction (2.5.2). Further characterisation of liposomes 

included size, zeta potential, IL1-ra protein concentration and lipid composition to determine 

homogeneity between batches and suitability for the study (2.6). 

5.3.3. MRI  

To determine the presence of endothelial VCAM-1, mice underwent MRI imaging with MPIO-

VCAM-1 contrast agent. Pre- and post-contrast binding was quantified using a MATLAB script 

(2. 15).  

5.3.4. Immunohistochemistry  

Tissue cryosections were stained immunohistochemically for IgG to determine BBB 

permeability and extravasation into brain parenchyma (2.12). Negative control images (without 

primary antibody) are found in appendix 3. Any tissue loss is recorded in appendix 4. 

5.3.5. Immunofluorescence 

To determine changes to astrocytic and microglial expression within the three groups, GFAP, 

S100β and iba-1 respectively were quantified via immunofluorescence. Potential changes to 
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interaction with the BBB were assessed with colocalisation studies between the cellular 

marker and CD31 (2. 11). Negative control images (without primary antibody) are found in 

appendix 3. Any tissue loss is recorded in appendix 4. 

5.3.6. ELISA 

To assess changes to brain levels of adhesion molecules (ICAM-1 and VCAM-1) and pro-

inflammatory cytokines (IL-1β), tissue was homogenised prior to target-specific ELISA’s (2. 13, 

2. 16). Comparison of brain expression levels and peripheral levels of ICAM-1 and VCAM-1, as 

well as pro-inflammatory IL-6, were conducted via extraction of plasma from blood samples 

and ran through appropriate ELISA methods (2. 9, 2.16). 

5.3.7. Statistical analysis  

Comparison of all 3 groups was undertaken for experimental outcomes using GraphPad Prism 

software. The Shapiro-Wilks test for normality determined whether datasets were parametric 

or non-parametric and either the 1-way ANOVA or Kruskal-Wallis statistical tests completed. 

To evaluate changes in each group, either the Tukey or Dunn’s multiple comparison test 

followed either test. For analysis of ICAM-1 and VCAM-1 expression, 2-way analysis of variance 

compared brain and serum sample differences. Graphical representations signified mean ± 

standard error of mean (SEM) and all significant results were graphically annotated using the 

following ranking: * p<0.05, ** p<0.01, *** p<0.001 (2.17).  
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5.4. Results 

5.4.1. Characterisation of Il1-ra-lip 

To ensure that each batch of Il1-ra-lip were homogeneous measurements of the size, PDI and 

zeta potential were taken (fig. 5-3). All PDI were below 0.2, demonstrating a monodisperse 

nanoparticle formulation. The size ranged from 134-168 nm, but all were below the 200 nm 

limit for BBB permeability. Zeta-potential all showed strongly negative liposomes between -

23.9 and -32.1.  

5.4.2. Decreased VCAM-1 binding with Il1-ra-lip 

To assess the expression of VCAM-1 of 18-month female mice when treated with Il1-ra-lip, mice 

underwent functional MRI utilising VCAM-1-MPIO as the contrast agent (fig. 5-4e). Binding of 

VCAM-1-MPIO was significantly reduced by treatment with Il1-ra-lip (F=6.461(2,15), p=0.0056) 

but was not significantly reduced by unconjugated Il1-ra (F=6.461(2,15), p=0.5224). This 

demonstrates that the expression of VCAM-1 was only reduced by the liposomal formulation 

and not the free drug. 

5.4.3. No effect of Il1-ra-lip in BBB permeability  

To determine the effect of Il1-ra-lip on BBB permeability, infiltration of IgG was assessed and 

resulted in no significant changes to the vehicle control in any hippocampal (CA1, CA3, 

dentate gyrus, cortical (motor and auditory) or striatal regions (fig. 5-5b-g). No changes were 

observed in the same experiment between the vehicle control and free Il1-ra or between free-

Il1-ra and Il1-ra-lip.  

5.4.4.  No changes in astrocytic expression  

One hypothesis of this study was that Il1-ra-lip would decrease the neuroinflammatory 

activation of astrocytes. To assess this, tissue was immunofluorescently labelled with GFAP, 
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and treatment group compared to vehicle control and free Il1-ra. Within the hippocampal 

regions, no significant changes to GFAP expression were observed (fig. 5-6b, g, l). To assess  

Figure 5-3: Liposome characterisation for IL1-ra-lip therapy cohort. Liposomes were made with 
identical formulations using thin film hydration followed by extrusion. IL1-ra was conjugated to the 
liposome and size (in nm), zeta potential (ZP) and poly-dispersal index (PDI) were all completed in 
triplicate via dynamic light scattering. Amount of IL1-ra protein conjugation and lipid composition were 
also measured across batches and presented as a ratio of protein: lipid composition. (A) Graphical 
representation of LPS cohort liposome size. (B) Fluorescence intensity of average liposome batches in 
LPS cohort. (E) Lipid compositions, size, Average PDI, ZP, protein concentration and lipid amount values 
for each liposomal cohort batch. All graphs created using GraphPad Prism   
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Figure 5-4: Evaluation of VCAM-1 binding in IL1-ra-lip therapy study. C57BL/6 18-month female mice 
groups were injected intravenously with either IL1-ra-lip, IL1-ra or vehicle control 4 times over 2 weeks. 
Pre-contrast MRI imagine acquired background levels per mouse and then were injected intravenously 
with VCAM-1-MPIO. 5-minutes post-injection, further MRI images were acquired and then underwent 
MRI imaging prior to cardiac perfusion. (A) Diagrammatic representation of study design. (B) 
Representative transmission electron microscopy images showing aggregation of VCAM-1-MPIO pre-
sonication but not post-sonication. (C) Representative MRI images of Vehicle and IL1-ra-lip. (D) 
Representative images of MATLAB analysis of comparison between pre- and post- contrast images. (E) 
Quantification of VCAM-1 binding demonstrating significant decreases in binding in IL1-ra-lip compared 
to vehicle control. Statistical analysis was completed using GraphPad Prism software using a one-way 
analysis of variance followed by Tukey’s multiple comparison test dependent on Shapiro-Wilkes 
normality test. N=5-7, average ± SEM, p<0.05 were considered significant 
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 Figure 5-5: Immunoglobulin G infiltration in IL1-ra-lip therapy study brain.C57BL/6 18-month female 
mice groups were injected intravenously with either IL1-ra-lip, IL1-ra or vehicle control 4 times over 2 
weeks. Mice then underwent MRI imaging prior to cardiac perfusion. (A) Representative 
immunohistochemical images of CA1, CA3 and dentate gyrus hippocampal regions, motor and auditory 
cortical regions and striatal region -1.94mm from bregma indicating infiltration of IgG (Brown). 
Quantitative analysis of all regions demonstrated no significant changes in; (B) CA1 region, (C) CA3 
region, (D) dentate gyrus region, (E) motor cortex, (F) auditory cortex, (G) striatum. obtained at x20 
magnification on Leica Thunder microscope prior to quantification in Image J. Statistical analysis was 
completed using GraphPad Prism software using one-way analysis of variance followed by Tukey 
multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test based on 
Shapiro-Wilk test for normality. N=6, average ± SEM, p<0.05 were considered significant. Scale bar 
represents 200µm. 
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Figure 5-6: Evaluation of GFAP+ astrocyte expression in IL1-ra-lip therapy study in hippocampal 
regions. C57BL/6 18-month female mice groups were injected intravenously with either IL1-ra-lip, 
IL1-ra or vehicle control 4 times over 2 weeks. Mice then underwent MRI imaging prior to cardiac 
perfusion. Representative immunofluorescence images of CA1 (A), CA3 (F) and dentate gyrus (K) 
region -1.94mm from the bregma demonstrate expression of CD31 (blue), GFAP (green) and s100β 
(Red). Quantitative analysis of the CA1 region demonstrated no significant changes in expression in 
(B) GFAP expression, (C) s100β expression, (D) GFAP and CD31 interaction and (E) s100β and CD31 
interaction. Quantitative analysis of the CA3 region demonstrated no significant changes in 
expression in (G) GFAP expression, (H) s100β expression, (I) GFAP and CD31 interaction and (J) s100β 
and CD31 interaction. Quantitative analysis of the dentate gyrus region demonstrated no significant 
changes in expression in (L) GFAP expression, (M) s100β expression, (N) GFAP and CD31 interaction 
and ()) s100β and CD31 interaction. Images obtained at x40 magnification on Leica Thunder 
microscope and underwent large volume computational clearing prior to quantification in Image J. 
Statistical analysis was completed using GraphPad Prism software using either a one-way analysis 
of variance followed by Tukey’s multiple comparison test or Kruskal-Wallis test followed by Dunn’s 
multiple comparison test dependent on Shapiro-Wilkes normality test. N=6-7, average ± SEM, p<0.05 
were considered significant. 
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close interactions of astrocytes with the BBB, the correlation of GFAP+ and CD31+ cells were 

quantified, resulting in no significant changes in any condition (fig. 5-6 d, i, n). Within the motor 

cortex, auditory cortex and striatum, similar patterns of GFAP expression (fog. 5-7b, g, l) and 

GFAP/CD31 (fig. 5-7d, i, n) interaction occurred with no significant changes between any group. 

The auditory cortex did display a non-significant decrease between the Il1-ra-lip and Il1-ra 

group  interaction of GFAP and CD31 (F=2.812(2,16), p=0.0816) (figure 5-7n).  

Further analysis of astrocyte inflammatory state was conducted via staining of S100β, involved 

in the activation of GFAP and NF-kB pathway induction (Langeh & Singh, 2021). Within the 

hippocampus, no significant changes were observed when comparing Il1-ra-lip to either the 

vehicle control or free Il1-ra (fig. 5-6c, h, m). Further analysis of interactions of S100β and CD31 

resulted in no significant changes in any hippocampal region (fig. 5-6e, j, o). Quantification of 

S100β expression indicated no significant changes within the cortical or striatal regions (fig. 5-

7c, h, m) and no changes to S100β/CD31 interaction within auditory cortex and striatum (fog. 

5-7 j,o). In the CA1, there was a non-significant trend of decreasing interaction of S100β/CD31 

from the Il1-ra-lip group to Il1-ra free drug (H=6.265(2, 20), p=0.0509) (fig. 5-7e). 

5.4.5. Changes in microglial activation 

 

To assess changes to microglial activation when aged mice were treated with Il1-ra-lip, Iba-1 

immunolabelling of hippocampal, cortical, and striatal regions was undertaken. Within the 

CA1 region, there was a significant decrease in Iba-1 expression between Il1-ra and vehicle 

(F=4.983(2,18), p=0.0227) and a non-significant decrease between Il1-ra-lip and vehicle (F 

=4.983 (2,18),p=0.0593) (fig. 5-8 b). Similar expression patterns were observed in the CA3 (fig. 

5-8 e), with Il1-ra demonstrating a reducing trend compared to vehicle (F=2.978(2,18), 

p=0.0891) and dentate gyrus (fig. 5-8 h) with non-significant trends to decreased Iba-1 

expression than vehicle in Il1-ra (F=2.978(2,18), p=0.0531) and Il1-ra-lip (F=2.978(2,18),  
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Figure 5-7: Evaluation of GFAP+ astrocyte expression in IL1-ra-lip therapy study in cortical and 
striatum regions. C57BL/6 18-month female mice groups were injected intravenously with either IL1-
ra-lip, IL1-ra or vehicle control 4 times over 2 weeks. Mice then underwent MRI imaging prior to cardiac 
perfusion. Representative immunofluorescence images of motor cortex (A), auditory cortex (F) and 
striatum (K) region -1.94mm from the bregma demonstrate expression of CD31 (blue), GFAP (green) and 
s100β (Red). Quantitative analysis of the motor cortex region demonstrated no significant changes in 
expression in (B) GFAP expression, (C) s100β expression, (D) GFAP and CD31 interaction and (E) s100β 
and CD31 interaction, with a non-significant decrease in interaction between the IL1-ra-lip and IL1-ra 
groups. Quantitative analysis of the auditory cortex region demonstrated no significant changes in 
expression in (G)  GFAP expression, (H) s100β expression, (I) GFAP and CD31 interaction and (J) s100β 
and CD31 interaction. Quantitative analysis of the striatum region demonstrated no significant changes 
in expression in (L) GFAP expression, (M) s100β expression, (N) GFAP and CD31 interaction and ()) s100β 
and CD31 interaction. Images obtained at x40 magnification on Leica Thunder microscope and 
underwent large volume computational clearing prior to quantification in Image J. Statistical analysis 
was completed using GraphPad Prism software using either a one-way analysis of variance followed by 
Tukey’s multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparison test 
dependent on Shapiro-Wilkes normality test. N=6-7, average ± SEM, p<0.05 were considered significant. 
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Figure 5-8: Evaluation of Iba-1+ microglial expression in IL1-ra-lip therapy study in hippocampal 
regions. C57BL/6 18-month female mice groups were injected intravenously with either IL1-ra-lip, IL1-
ra or vehicle control 4 times over 2 weeks. Mice then underwent MRI imaging prior to cardiac perfusion. 
Representative immunofluorescence images of CA1 (A), CA3 (D) and dentate gyrus (G) region -1.94mm 
from the bregma demonstrate expression of CD31 (green) and Iba-1 (white). Quantitative analysis of CA1 
region demonstrated significant decreased in IL1-ra Iba-1 expression compared to vehicle (B) and no 
significant changes to Iba-1 and CD31 interaction (C). Quantitative analysis of CA3 region showed non-
significant decreases in Iba-1 expression between Il1-ra and vehicle groups (E) and no change to the 
CD31 and Iba-1 interaction (F). Dentate gyrus quantification demonstrated non-significant decreases in 
Iba-1 expression in both IL1-ra-lip and Il1-ra compared to vehicle control (H) and no changes to CD31 
and Iba-1 interaction (I). Images obtained at x40 magnification on Leica Thunder microscope and 
underwent large volume computational clearing prior to quantification in Image J. Statistical analysis 
was completed using GraphPad Prism software using either a one-way analysis of variance followed by 
Tukey’s multiple comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparison test 
dependent on Shapiro-Wilkes normality test. N=6-7, average ± SEM, p<0.05 were considered significant. 
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p=0.0560). No significant differences were observed between the Il1-ra-lip and Il1-ra free drug 

in any region (fig. 5-8 b, e,h). Interactions between the microglial and BBB were assessed via 

correlation of hippocampal Iba-1 and CD31 but showed no significant differences between Il1-

ra-lip, Il1-ra or vehicle control (fig. 5-8,  c, f, i).  

Cortical regions (motor and auditory) and striatal region were assessed to determine if the 

hippocampus was more affected by Il1-ra-lip treatment or if it is a homogenous brain response. 

Within the motor cortex, there was a non-significant decrease in Iba-1 expression in the Il1-ra-

lip group compared to the vehicle (F= 2.849(2,18), p=0.0878) (fig. 5-9 b) and a non-significant 

decrease in Iba-1/CD31 interaction (F=2.849(2,18), p=0.0912) (fig. 5-9 c). In the auditory cortex, 

there was no significant changes between any group regarding both Iba-1 expression and the 

interaction of Iba-1 and CD31 (fig. 5-9 e-f). Within the striatum, there was a non-significant 

decrease of Iba-1 expression between Il1-ra and vehicle (F=3.378(2,18), p=0.0699) but not 

between either the vehicle and Il1-ra-lip or free drug and liposome (fig. 5-9 h). No significance 

was found between the interaction of Iba-1 and CD31 in the striatal region (fig. 5-9 i).   

5.4.6. Inflammatory profile not changed by Il1-ra-lip 

Evaluation of changes to adhesion molecule expression and pro-inflammatory cytokines when 

18-month mice were treated with IL1-ra-lip or free IL1-ra was carried out via ELISA on either 

brain homogenate or mouse serum (fig. 5-10). This allowed the comparison of the peripheral 

system and brain to evaluate any changes. Within ICAM-1 expression, there were no significant 

changes between Il1-ra-lip, Il1-ra and vehicle groups in either brain homogenate or serum 

samples (fig. 5-10a). ICAM-1 brain homogenate levels were significantly higher than those from 

the serum samples (F=1.060(2,25), p=<0.0001). VCAM-1 expression displayed similar patterns to 

that of ICAM-1, with no significant changes to expression in individual regions but significantly 

higher ICAM-1 expression in the brain compared to serum (F=1.130(2, 35), p=≤0.0019) (fig. 5-10b).  
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Figure 5-9: Evaluation of Iba-1+ microglial expression in IL1-ra-lip therapy study in cortical and 
striatum regions. C57BL/6 18-month female mice groups were injected intravenously with either IL1-
ra-lip, IL1-ra or vehicle control 4 times over 2 weeks. Mice then underwent MRI imaging prior to cardiac 
perfusion. Representative immunofluorescence images of motor cortex (A), auditory cortex (D) and 
striatum (G) region -1.94mm from the bregma demonstrate expression of CD31 (green) and Iba-1 (white). 
Quantitative analysis of motor cortex region demonstrated non-significant decreased in IL1-ra-lip Iba-1 
expression compared to vehicle (B) and non-significant decreases in the Il1-ra to vehicle group in Iba-1 
and CD31 interaction (C). Quantitative analysis of auditory cortex region showed no significant changes 
in Iba-1 expression between Il1-ra and vehicle groups (E) and no change to the CD31 and Iba-1 
interaction (F). Striatum quantification demonstrated non-significant decreases in Iba-1 expression in 
both Il1-ra compared to vehicle control (H) and no changes to CD31 and Iba-1 interaction (I). Images 
obtained at x40 magnification on Leica Thunder microscope and underwent large volume 
computational clearing prior to quantification in Image J. Statistical analysis was completed using 
GraphPad Prism software using either a one-way analysis of variance followed by Tukey’s multiple 
comparison test or Kruskal-Wallis test followed by Dunn’s multiple comparison test dependent on 
Shapiro-Wilkes normality test. N=6-7, average ± SEM, p<0.05 were considered significant. 
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Figure 5-10: Inflammatory response in IL1-ra-lip therapy study serum and brain. ICAM-1, VCAM-1, IL-
6 and IL-1β enzyme-linked immunosorbent assay (ELISA) of ageing mouse serum and brain 
homogenate. C57BL/6 18-month female mice groups were injected intravenously with either IL1-ra-lip, 
IL1-ra or vehicle control 4 times over 2 weeks. Mice then underwent MRI imaging prior to cardiac 
perfusion. (A) Quantification of ICAM-1 expression serum or homogenate levels. (B) VCAM-1 expression 
quantification in both serum and brain homogenate. (C) IL-6 level quantification in serum samples. (D) 
IL-1β expression quantification in brain homogenate. All samples demonstrated no significant changes 
in all markers investigated. Statistical analysis was completed using GraphPad Prism software using 
one-way analysis of variance for individual sample types or two-way analysis of variance for comparing 
different sample types followed by Tukey multiple comparison test or Kruskal-Wallis test followed by 
Dunn’s multiple comparisons test based on Shapiro-Wilk test for normality. N=6-7, average ± SEM, 
p<0.05 were considered significant. Scale bar represents 100µm.  
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No significant changes were observed between any groups in the serum expression of IL-6 or 

brain expression of IL1-β (fig. 5-10 c-d).   
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5.5. Discussion 

The results of this chapter aim to elucidate the potential anti-inflammatory effect of liposomes 

conjugated with Il1-ra in the context of physiological ageing. The expression and binding of 

adhesion molecule VCAM-1 was reduced significantly by Il1-ra-lip but not the free drug 

compared to the vehicle control when using MRI. No effect on BBB permeability was observed 

as IgG extravasation did not change. Evaluation of astrocytic activity via both GFAP and S100β 

demonstrated no significant changes throughout the groups and similarly. Microglial Iba-1 

expression was also reduced from the vehicle, but similar effects were observed between the 

Il1-ra and free drug groups.  The inflammatory profile of the brain and serum was not changed 

from vehicle conditions when Il1-ra-lip or Il1-ra were administered for either pro-inflammatory 

cytokines or adhesion molecules.  

5.5.1. Adhesion molecules decrease when exposed to Il1-ra-lip 

Within chapter 3, it was shown that in females peripheral VCAM-1 expression was increased 

during ageing. To see the impact of VCAM-1 expression in ageing, conjugation of VCAM-1 

antibody to a contrastaphore, MPIO’s, allowed for highly specific investigation of the adhesion 

molecule using MRI (Gauberti et al., 2018). MPIO’s were preferential to their previous 

counterpart, ultra-small particles of iron oxide (USPIO’s) as they are at least 1µm in size and 

cannot pass through the BBB(Gauberti et al., 2013). As VCAM-1 is expressed on the luminal 

side of the vasculature, USPIO’s passing through the BBB reduced binding to luminal proteins 

(Gauberti, Fournier, et al., 2018).  

Functional MRI using VCAM-1 MPIO’s as contrast agents have been highly characterised within 

different in vivo models of AD, stroke, multiple sclerosis and systemic inflammation (Gauberti 

et al., 2013; Gauberti, Fournier, et al., 2018; McAteer et al., 2007; Montagne et al., 2012). 

Montagne et al, 2012 utilised this in an aged model of Swiss mice (3 and 24-months) and 
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observed increased VCAM-1 expression in the older groups, agreeing with the outcomes of our 

serum study in mice among others (Halder & Milner, 2022). This contrasts with Elahy et al, 

2015, who saw no increased expression in VCAM-1 during ageing, but only used 12-month-old 

mice indicating that the increase in VCAM-1 is exclusive to older aged groups. IL-1β has been 

shown in in vivo and in vitro models to regulate levels of VCAM-1 in the brain as there was a 

direct correlation between IL-1β treatment and increasing VCAM-1 (O’Carroll et al., 2015; 

Versele et al., 2022). This knowledge justified the results shown here, observing that IL1-ra-lip 

significantly reduced VCAM-1 expression. Interestingly, the same effect was not seen in the 

free drug and this thesis hypothesises that it may be due to the increased half-life and 

circulation times of liposomal drugs, allowing for more Il1-ra to act upon the brain.  

As this study was novel and no previous research had investigated the effect of Il1-ra-lip on 

VCAM-1 expression, more studies should follow to confirm the results as well as look at the 

effect of other adhesion molecules such as ICAM-1. The literature also notes that TNF-α 

administration has a greater effect on VCAM-1 expression then Il-1β (O’Carroll et al., 2015; 

Versele et al., 2022). Complementary studies using clinically approved TNF-α inhibitors, such 

as Infliximab and Certolizumab, could uncover increased effectiveness from this study 

(Kaushik & Moots, 2005; Mitoma et al., 2005).  

5.5.2. No changes to BBB permeability 

No changes to IgG extravasation when Il1-ra-lip was administered, into the brain parenchyma 

was observed in this study in any of the 6 regions analysed. This does correlate with findings in 

the previous chapters which show limited changes to IgG infiltration across both ageing and 

LPS-induced systemic inflammation (Chapters 3 and 4). However, in previous literature, 

injections of IL-1β resulted in BBB permeability increases, possibly by downregulating Shh or 

Wnt pathways (Fetsko et al., 2024; Ho & Kelly, 2020; Skaria et al., 2017; Wang et al., 2014b).  
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Within human encephalitis and traumatic brain injury studies, increased Il1-ra resulted in 

decreased BBB permeability when analysis the cerebral spinal fluid/albumin ratio (Michael et 

al., 2016; To et al., 2023). Decreases in IgG were observed in young, aged (16-months) and 

corpulent (high-fat diet) mice models of stroke when Il1-ra was administered, suggesting that 

the effect was dependent on the stroke pathology and not age (Greenhalgh et al., 2010; Pradillo 

et al., 2017; Zhang et al., 2018). However, the dose of Il1-ra varied from our study, with one 

study using 50 mg/kg Il1-ra compared to 10 mg/kg in the current study (Zhang et al., 2018). This 

suggests that to observe a larger effect on the BBB, a higher dose of Il1-ra-lip may be required 

in the future. Another alternative is that the time after therapeutic administration was not 

accurate to show changes in BBB permeability, within zebrafish, injection of IL-1β increased 

BBB permeability 6-hours post dose but by 27-hours this had returned to baseline levels 

(Blamire et al., 2000) This suggests a shorter time before animal sacrifice may allow for 

increased visualisation of BBB permeability changes.  

Alternate techniques for investigating BBB should also be considered to fully confirm if BBB 

permeability in ageing is unaffected by Il1-ra-lip. Multiple studies have used EBD or dextran’s 

to observe permeability effects, showing a reduction in permeability in a stroke mouse model 

and zebrafish adult model (Fetsko et al., 2024; Zhang et al., 2018). Further in-depth analysis 

could follow looking into changes in paracellular and transcellular transport pathways. Versele 

et al., 2022, showed in an in vitro human BBB Transwell system that paracellular transport of 

400 Da lucifer yellow was increased when IL-1β was injected into the system. This study then 

went on to show decreases in Zo-1 and Claudin-5 expression at mRNA and protein level, 

correlating with il1-ra stroke therapy where the two tight junction proteins increased 

expression (Zhang et al., 2018). This correlates with ageing as Zo-1 has been shown in humans 

to decrease with age so it would be prudent to see the effect of Il1-ra-lip on tight junction 

activity (Goodall et al., 2018). 
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5.5.3. No changes to astrocyte activation  

Within this study, results show no effect on astrocyte activation, via GFAP and S100β, or 

migration of astrocytes when exposed to IL1-ra either in liposomal form or free drug. This was 

unexpected as within previous research there is a strong correlation between IL1 expression 

and activation of astrocytes through GFAP which has been linked to activation of the NF-kB 

pathway of inflammation (Cotto et al., 2019; Sticozzi et al., 2013). Furthermore, Sama et al., 

2008, demonstrated that reduction in physiological levels of IL1ra in young mice results in a 

decreased astrocyte activation of nuclear factor of activated T cells which are linked to 

cytokine expression. Knockout of IL1 or administration of IL1-ra caused decreased activation 

of astrocytes with reductions in both S100β and GFAP in vivo but both studies implemented an 

LPS ageing inflammatory or AD model (Hsieh et al., 2020; Kitazawa et al., 2011; Liddelow et al., 

2017). This suggests that systemic inflammation would play a role in the effectiveness of IL1-

ra-lip.  

However, in a multiple sclerosis mouse model, it was shown that IL1 expression affected the 

BBB related endothelial cells in an increased capacity to astrocytes (Hauptmann et al., 2020). 

This may suggest that astrocytes would not be the cell type to express significant changes 

when provided with a low dose of IL1-ra. Also, Clarke et al., 2018, noted that although astrocyte 

activation occurs during ageing, that IL1 effects on the cell are dependent on production from 

microglia. This may explain why an effect in microglial activation was observed in this study 

before any astrocytic changes.  

Other markers of astrocyte activation, such as chemokine (C-X-C motif) ligand 1 (CXCL1) 

would be suitable for investigation as Il1-ra inhibited expression in stroke mice (Huang et al., 

2023). The knockdown of Il1 in a stroke model further provided evidence for this protein to be 

investigated as it was reduced correlating with decrease in VCAM-1 and ICAM-1 expression at 

BBB (Schädlich et al., 2022). Within ageing, CXCL1 was increased between 3-month and 16-
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month mice and correlated with IL-1β expression (Wolfe et al., 2018). Furthermore, within 

chapter 3, it was shown that in ageing, male mice exhibited more significant changes in 

astrocyte expression then the female cohort, so a neuroprotective mechanism may be 

occurring naturally before administration of therapeutic (Ferreira, 2023).  

5.5.4. Decreased microglial activity with Il1-ra-lip 

Within the current study, the microglial activation marker Iba-1 was significantly decreased in 

some hippocampal areas or presented with a non-significant decreasing trend. This correlates 

with past literature noting that reductions in IL-1β signalling reduce the activation of microglia, 

visualised by morphology reverting to a homeostatic phenotype (Monif et al., 2016). IL-1β is 

expressed by microglia in inflammatory states and the presence of this further potentiates 

inflammatory responses not only by microglia but also other cell such as astrocytes (Finger et 

al., 2021; Garner et al., 2018; Porcher et al., 2021; Zhu et al., 2019). This means that the 

presence of Il1-ra should reduce not only the microglial inflammation but also the overall 

inflammatory profile of the subject. Within a mouse study, knockout of Il1-ra led to microglial 

activation in AD, demonstrating that Il1-ra levels are linked to changes to microglial phenotype 

(Craft et al., 2005). Monif et al, 2016 postulates that the decreases in Il-1β are linked to the 

decrease in the purinergic receptor P2X7R activation, which has been shown in spinal cord 

injury mouse models to release excess cytokines into the parenchyma with Il-1β (Fan et al., 

2020).  

In the current study, there was a similar decrease in Il1-ra-lip and Il1-ra free drug in the 

hippocampal regions which indicates that this effect was not due to conjugation with 

liposomes. This shows that Il1-ra does indeed affect the expression of Iba-1+ microglial, 

indicating an anti-inflammatory effect.  This may lend credence to the principle that Il1-ra can 

pass the BBB as it is certainly affecting the microglia but also that the liposomes do not 

ameliorate this effect (Sjöstedt et al., 2014). Regional heterogeneity was displayed when 
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comparing hippocampal microglia and cortical, with lower degrees of significant decreases of 

both free drug and liposomal formulations to vehicle. Grabert et al., 2016, isolated microglial 

populations from 4-, 12- and 22-month mice and investigated transcriptional variability. Key 

findings were that in middle age, there were distinct populations of microglia between the 

cortical, striatal and hippocampal regions but that at 22-months these sub-populations 

merged. This indicates that further studies using Il1-ra-lip should extend the lifespan of mice 

to at least 22-months to determine regional homogeneity of microglia populations for a global 

effect of the therapy.  

It would be a worthwhile to repeat the same study with an increased incubation between the 

last therapy injection and post-mortem studies as the circulation of the liposomal drug should 

increase compared to the free drug, meaning effects should last longer. Comparison of 

microglial activation over 1-week post-injection should be investigated to see if Il1-ra-lip 

prolongs anti-inflammatory affects more than that of the free drug.  

It has been shown in systemic inflammation that microglia migrate towards the vasculature, 

especially in the hippocampus, and that in up to 12-month mice at least 30% of the microglial 

population is associated with the BBB (Bowyer et al., 2020; Grossmann et al., 2002; Knopp et 

al., 2022). This has not been extrapolated to physiological ageing, but the inflammatory age-

related response may cause similar affects.  It has been hypothesised that this may not be a 

pro-inflammatory effect, and that the proximity of microglia may prevent the entry of bacteria 

into the brain and another study showed that microglia migration occurred before BBB 

permeability, possibly to prevent such occurrences (Bowyer et al., 2020; Haruwaka et al., 

2019). Within this study, there was limited change in the interaction of Iba-1 and CD31, 

representing the microglia and endothelial cells, with only a non-significant decrease from 

vehicle in the motor cortex region. This may indicate that migration of microglia to the 
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vasculature only occurs in more severe inflammatory conditions and so introduction of Il1-ra-

lip would not have any effect on this.  

Overall decreased expression of Iba-1 in microglia suggests that there is an anti-inflammatory 

effect of Il1-ra in ageing which up to now has not been shown but further work must be 

undertaken to see if this has a functional anti-inflammatory effect.  

5.5.5. No changes to inflammatory profile 

This study also investigated the effect of Il1-ra-lip on the expression of pro-inflammatory 

cytokines (IL-6 and IL-1β) and adhesion molecules (VCAM-1 and ICAM-1) in both serum and 

brain samples. There were no changes to any molecule when comparing each therapeutic 

condition. This was unexpected as the injection of IL-1β into either stroke mice, wild-type mice 

or in vitro studies, resulted in the increased expression of ICAM-1, VCAM-1 and IL-6 (Labus et 

al., 2014; Tsakiri et al., 2008; Versele et al., 2022). Protein knockout mice (Il1 -/-) also 

demonstrated no IL-6 expression, solidifying the regulatory function of Il1 on other pro-

inflammatory cytokines (Tsakiri et al., 2008; Venugopal et al., 2021). However, tentative 

comparisons can be made to knockout studies as the current study intended to reduce Il-1 

effects as opposed to eliminating them in entirety.  

Other studies have also shown within stroke models, the administration of IL1-ra reduced the 

expression levels of IL-6 and ICAM-1 after a single dose (Pradillo et al., 2017; Venugopal et al., 

2021). However, both studies examined brain IL-6 levels and Pradillo et al, 2017 also noted no 

IL-6 changes in serum samples, like the findings in the current study. This indicates that the 

comparison of brain and serum samples is critical to understanding the full effect of Il1-ra.  

Interestingly, when comparing the ICAM-1 and VCAM-1 levels, significantly higher protein 

expression was found in the brain of all groups compared to their serum counterparts. This may 

indicate that in ageing both adhesion molecules migrated towards the brain and BBB, like the 
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inflammatory phenotype in cerebral hypoperfusion (Zhang et al., 2024). However, no changes 

in discrete sample types were observed with Il1-ra/ Il1-ra-lip introduction which contrasts with 

a study in chikungunya virus which correlated increases in Il1-ra to decreases in VCAM-1 

(Chirathaworn et al., 2022). This indicates that the current study parameters do not have an 

effect on adhesion molecule expression regardless of liposome conjugation and further 

studies with varied timelines or dosages may prove more effective.  

The absence of Il-1β changes when exposed to Il1-ra were surprising but may reflect that IL-1β 

was still present within the brain homogenate. This was rendered functionally inactive as it was 

unable to bind to the receptor. Il-1β is predominantly expressed via microglial signalling and so 

it would be expected that the reduction in activated microglia observed would correlate with 

decreased cytokine expression (Zhu et al., 2019). However, other cell such as astrocytes, are 

involved in the secretion and signalling of Il-1β, with no effect of Il1-ra/-lip seen on this cell type 

so may explain why there was not a microglia-dependant decrease (Sama et al., 2008).  

Overall, the hypothesis that Il1-ra-lip would reduce the levels of adhesion molecules and 

cytokines in the brain was not shown in this study and further work would need to be 

completed to build confidence in this finding.  

5.6. Limitations and future work  

The absence of a young (3-month) mouse group to compare to the age group is the major 

limitation of this study to confirm that it is an age-related effect. The current study can compare 

between liposome, free drug and vehicle but it cannot elucidate if similar effects would be 

observed in younger mouse models. Another limitation is not investigating the amount of IL1 

present within the aged cohort before onset of therapy, this could have been achieved by taking 

tail vein blood samples and extracting serum. As this study aims to reduce IL1 binding, it would 

be helpful to know what the normal physiological level of IL1 within the mouse model is prior 
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therapy administration to see if in individual mice this was changed. Conducting experiments, 

such as ELISA’s, investigating the amount of IL1-ra within the brain in all conditions would show 

if the liposomal formulation allowed for greater BBB penetration. Further histological 

experiments post-mortem should also look at the distribution of the Il1-ra-lip within the brain 

to determine regional distribution, possibly though incorporating DiI into the liposome 

formulation. Unfortunately, due to time and financial restrictions this experiment could not be 

performed for this thesis.  

Microglial effects were observed within this study using both the Il1-ra and Il1-ra-lip to similar 

levels. As the half-life of Il1-ra is relatively short and that the PEGylation of liposomes increases 

circulation duration, it would be advantageous to extend the time between therapy 

administration and post-mortem studies beyond 48-hours. In theory, the IL1-ra-lip therapy 

should have a longer duration of effect then the free drug, which would be preferable for 

translational studies as fewer doses would be required.   

No changes to BBB permeability or disruption were observed with no changed IgG 

extravasation in any compared group. However, this was also the case in chapter 4, suggesting 

that IgG may not be the most appropriate model to investigate BBB permeability. Future 

studies should consider the use of dextran’s, Evans Blue or MRI studies to gain more insight 

into potential changes to BBB and transport within when treated with Il1-ra-lip.  

5.7. Conclusions 

In conclusion, this chapter assessed the potential use of liposomes to deliver anti-

inflammatory IL1-ra into the brain of aged mice. The main findings show a reduction in 

adhesion molecule VCAM-1 and microglial marker Iba-1 without having any significant 

changes of astrocytic activation, cytokine expression or BBB permeability. The results of the 

study point towards a potential, for the first time, use of Il1-ra as an anti-inflammatory within 
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physiological ageing, but more work needs to be undertaken to decipher mechanistic 

properties as well as the advantages of conjugating to liposomes. 
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6. Final discussion
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Despite a growing body of work investigating the effect of ageing on the BBB, there are gaps 

within the field such as the effect of sex and if further neuroinflammation exacerbates the 

ageing effect. Nanoparticles have been a recent advancement in drug delivery through the BBB 

but have not been widely applied to the ageing setting, focusing primarily on neuropathological 

disease states. The current work aimed to investigate the following themes: a) enhance the 

understanding of sex differences to ageing BBB, b) determine if liposome nanoparticles 

infiltrated the brain parenchyma during ageing, c) to assess changes to the BBB and 

nanoparticle infiltration in an induced neuroinflammatory state, and d) explore the potential of 

anti-inflammatory liposomes within the ageing brain.  

6.1. Key Study findings  

In this work, we used an in vivo murine model to examine age related effects on the BBB 

associated cells and if dysfunction of the BBB allowed liposome nanoparticles to enter. 

Specifically, the effect of ageing on endothelial cells, astrocytes, pericytes and microglia were 

quantified alongside cognitive behavioural tests to determine correlation between cellular 

changes and behavioural deficits. We found that nanoparticles and albumin infiltration did 

increase during ageing homogenously across hippocampal, cortical, and striatal regions of 

both males and females insinuating that caveolin-mediated transcytosis was a possible 

transport mechanism (Al-Ahmady et al., 2019; Sorets et al., 2020). Further investigation into 

caveolin-1 expression revealed sex differences contradicting previous literature knowledge, 

with middle aged female mice expressing the protein more than their aged counterparts. BBB 

permeability was also assessed via IgG extravasation but unexpectedly demonstrated no 

changes in ageing. Changes to NVU components across ageing were inconsistent between sex 

but certain regions displayed increased GFAP+ and Iba-1+ expression whilst NG2 was reduced. 

These changes occurred before the onset of significant cognitive decline within both sexes.  
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Increased neuroinflammation was induced by LPS administration in female mice, highlighting 

changes to adhesion molecules throughout the brain whilst exacerbation of liposomal 

infiltration occurred regionally in the dentate gyrus and cortical regions. No changes to GFAP+ 

or Iba-1+ were observed demonstrating limited effects of the LPS-model. Pro-inflammatory 

cytokine increase did correlate with age and LPS induced neuroinflammation along with wide-

ranging protein expression changes. Serpin3n was highlighted as a particular protein of 

interest, up regulated in ageing and LPS models.  

Finally, the potential of liposomes conjugated with an anti-inflammatory drug (Il1-ra) 

demonstrated reductions in adhesion molecule binding but did not change BBB permeability 

or GFAP+ astrocytic expression. The binding of adhesion molecules VCAM-1 was reduced from 

vehicle only in the liposomal formulation, suggesting that nanoparticles enhance the effects 

of Il1-ra at the vasculature. Changes to microglial Iba-1+ activation were present but within 

both the liposomal drug and free-drug cohorts, suggesting a limited effect of liposomes on 

drug potential. This thesis contributes to the existing knowledge surrounding ageing of the BBB 

with positive liposomal results for targeting increased neuroinflammation over time.                

6.2. Limitations  

Each study within this thesis was underpowered for certain research parameters meaning that 

limited significant changes were observed. Multiple trends such as increases in GFAP+ cells in 

ageing may have been proven significant with appropriately powered study as observed widely 

in previous literature. Mice numbers of all studies were limited due to the financial burden of 

ageing in vivo studies as well as the time required to age mice to appropriate age-points. This 

showcases that although ageing studies are possible during a time-restricted academia-based 

project, more time and funding are required to obtain appropriate study numbers. This is 

especially apparent in the 22-month aged female group as this group number was reduced due 

to mouse mortality, an increased number of mice would be required specifically for this group 
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to achieve power and increase the age to the target 24-28 months which would be more 

representative of human ageing at 70 years+ (Jackson et al., 2017; Kang et al., 2022).  

Furthermore, the study did not quantify the amount of estrogen present within the female 

cohort and whether this changed during ageing. Mice oestrous cycles decrease during ageing, 

but this was shown not to correlate with a significant decrease in estrogen production, unlike 

hormonal changes of human females during menopause (Blenck et al., 2016; Nelson et al., 

1981). However, between sexes the difference in estrogen production could be a potential 

explanation behind observed sex-dependent effects on BBB components in this study as 

estrogen is noted to be neuroprotective against BBB breakdown and lymphocyte trafficking 

(Kuruca et al., 2017; Maggioli et al., 2016). Therefore, in the future it would be interesting to 

confirm estrogen concentration in ageing cohorts and to compare female without estrogen (via 

ovariectomy) (Cipolla et al., 2009; McNamara et al., 2010).  

This thesis was carried out exclusively in inbred C57BL/6 mice which limits the translatability 

to human studies. The advantage of using mice is that they have reduced genetic and 

physiological variability leading to increased robustness of data, but this also does not capture 

the complexity of human subjects (Sittig et al., 2016). C57BL/6 mice have also been compared 

to other inbred mouse strains and found to have the least number of single nucleotide 

polymorphisms, further showing their homogeneity (Keane et al., 2011). Schaffenrath et al., 

2021, investigated inbred and wild-type derived strains in the context of BBB permeability in 

ageing, showing consistent increased BBB permeability to sodium fluorescein in inbred mice 

but high variability in the wild-type mice. This also applied within a mouse and human 

comparative study, with permeability to serum proteins more diverse in the human post-

mortem samples (Goodall et al., 2018). 
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Within the context of the BBB, transcriptomic analysis of human and mouse vasculature 

demonstrated that there is a significant similarity between the two species with levels of 

claudin-5, MSF2DA and PDGRβ being conserved (Song et al., 2020). However, there were 

differences observed in other pericyte markers such as CD13, also known as aminopeptidase 

N, which had decreased human expression or vitronectin which was completely absent from 

the human population and is a specific murine pericyte marker. Astrocytic changes are also 

observed with an increased astrocyte: neuron ratio in humans (1:1.4) compared to mice (1:3) 

which may possibly reflect a greater effect of the glial cell on human brains (Degl’Innocenti & 

Dell’Anno, 2023). This links directly to the BBB as the increase in human astrocytes correlates 

with increased AQA4 end-feet expression at the vasculature (Ramos-Zaldívar et al., 2022). 

Recent investigations into human astrocytes have also found an age-related human/ hominoid 

specific population, varicose, which are not present in murine models, however the 

functionality of this astrocyte sub-type is yet to be elucidated so impact may be restricted 

(Degl’Innocenti & Dell’Anno, 2023; Falcone et al., 2019; Rasmussen & Smith, 2022).  

Transport mechanisms of the BBB are widely conserved but some specific differences may be 

impactful in translation of liposome infiltration into the brain. Some solute carriers (SLC) 

transporters have been found to have lower expression in humans then mice such as SLC3A2 

and SLC2A1 which are utilised in receptor meditated transcytosis (Chew et al., 2023; Song et 

al., 2020; Zhang et al., 2020). Furthermore, low-density lipoprotein receptor–related protein 1 

has been shown to be reduced in humans, this transporter in mice functions to maintain BBB 

integrity suggesting that different proteins are involved in the human brain (Storck et al., 2021; 

Zhang et al., 2020). Modelling both mouse and human BBB highlighted the decreased 

expression of P-gP in humans by decreased amounts of digitoxin and paclitaxel infiltration into 

the parenchyma (Verscheijden et al., 2021). As our results did not confirm that caveolin-1 

mediated transcytosis was the mechanism of liposomal infiltration, therefore, attention must 
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be paid to identifying entry routes of the nanoparticles before attempting to translate to 

humans. If one of the identified transporters above is the mechanism behind liposomes, then 

they may not have the same effect in a human model.                    

6.3. Future work  

Future directions of each study have been noted within their corresponding chapters and the 

impact of key findings are displayed in table 6-1. The current study is one of the first to 

investigate the effect of ageing on the female BBB across a range of ages in the lifespan instead 

of choosing a single young and aged timepoint. However, the companion male group , 

consisted of 3- and 18-month mice. The next steps of the study would be to complete the male 

cohort similar to previous literature to compare middle aged male mice to females (Britton et 

al., 2022).Within both the LPS (chapter 4) and Il1-ra-lip (chapter 5) studies, the effect of sex 

would need to be determined by repeating the experiments within male mice cohorts. This is 

especially important as sex changes were seen within the physiological ageing cohort.  

Assessment of pro-inflammatory co-morbidities which also occur during ageing (chapter 4), 

such as obesity and hypertension, should also be used to determine changes to the BBB 

microenvironment in conjugation and independently to LPS. Modelling obesity in vivo can be 

achieved through feeding mice a high-fat diet, being successfully implemented in stroke, AD 

and ageing models previously (Elhaik Goldman et al., 2018; Oike et al., 2020; Pradillo et al., 

2017). Hypertension could be modelled by administration of angiotensin II and have been 

shown in young mice to increase BBB permeability to dextran’s (Biancardi et al., 2014; Buttler 

et al., 2017). The application of these models within ageing will progress findings shown in this 

study regarding effects on NVU components and more crucially, whether infiltration of 

liposomes is increased or conserved with these co-morbidities. This thesis identified Serpin3n 

as a particular protein of interest, up-regulated in both ageing and LPS-induce
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Table 6-1: Impact of research findings. 

Key Findings Chapter Impact Future work  
Liposome nanoparticles increased 
infiltration during ageing 

3 The first study to show that liposomes could be used as 
novel drug delivery systems during ageing without 
neurodegeneration for molecules previously unable to 
cross the BBB 

To utilise liposomal based delivery systems to 
target brain deterioration before the onset of 
neurodegeneration 

Sex differences in aged caveolin-1 
expression 

3 Identification of differences in age-related transcytosis 
induction indicating different nanoparticle uptake 
routes 

To investigate alternative paracellular and 
transcellular transport changes during ageing of 
female mice and determine if sex differences 
translate to human samples. 

Ageing and inflammation increased 
adhesion molecule expression 

4 ICAM-1 could be a potential therapeutic target to 
reduce brain inflammation during ageing  

To encapsulate ICAM-1 inhibitors into liposomes 
during 

Serpin3n identified as up-regulated 
protein during ageing and 
neuroinflammation 

4 Adds to the pre-existing literature that Serpin3n is 
intrinsically linked to ageing and inflammation 
 
Low-levels of LPS induce up-regulation as well as high-
dose sepsis models  
 

To target Serpin3n expression as an anti-
inflammatory therapeutic  
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Liposome conjugate Il1-ra reduced 
VCAM-1 binding at BBB 

5 This is the first ageing study to show that Il1-ra can 
reduce inflammatory effects. 
Liposomes increase the impact of Il1-ra in ageing 

To investigate other markers of BBB dysfunction 
(ICAM-1, p-selectin, claudin-5) in functional MRI 
studies 
To use alternative methods to quantify VCAM-1 
changes at BBB level  

Il1-ra reduces Iba-1 expression in ageing 
microglia 

5 Il1-ra, regardless of liposome delivery, had anti-
inflammatory effects within the ageing mouse brain 

Utilise alternative microglial markers (TREM2, 
F4/80, CD163) to capture full effect of Il1-ra 
To increase interval between therapeutic delivery 
and assessment to determine long-term 
liposomal effects 
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neuroinflammation. Further studies should attempt to elucidate functionality of this within the 

BBB and potentially target this in vitro, in vivo and clinically.  

Whilst promising results were observed in the Il1-ra-lip therapy study, the results were not 

conclusive and showed some overlap between free drug and liposomal drug effects. The next 

phase of this research would be to distinguish effects of Il1-ra in its free and nanoparticle form, 

possibly through increasing the timeframe of the study. It is hypothesised here that the 

PEGylation of liposomes would increase drug circulation time, elevating the effect of the drug 

longer term compared to free drug. Increases to either Il1-ra-lip concentration or frequency of 

dosage may also be impactful as there were no observed effects on BBB permeability or 

astrocyte expression. Finally, a study comparing the effects of Il1-ra in young and aged male 

and female mice would be required for increased efficacy confidence to move forward with 

clinical translation studies.  

Although this thesis investigated proteomic changes to the brain during ageing, the brain 

samples were from whole brain homogenate, not allowing for spatial investigations similar to 

the immunofluorescence work. The use of digital spatial profiling, which allows for precise 

transcriptomic analysis from tissue regions, would advance this area. Recent work has 

investigated this in ageing male mice, demonstrating widespread inflammatory changes in the 

hippocampus and white matter regions (Kiss et al., 2022). All immunofluorescence in this 

thesis was completed in 2-dimensions but utilising 3-dimension imaging software would 

enable increased precision especially when investigating the interaction of liposomes and 

potential transport mechanisms in the BBB (Abcouwer et al., 2021; Villaseñor & Collin, 2017).  

In hindsight, the reliance of in vivo optical imaging and immunofluorescence to investigate the 

infiltration of DiI-lip may be limited in specificity based upon the equipment available. Promise 

has been shown using radiolabelled nanobodies and PET scans to produce highly sensitive 
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spatial data, however, this involves the use of radioisotopes so further complicates studies (Li 

& Wang, 2023). For further BBB permeability increases, the use of IgG was limited, and, in the 

future, other techniques should be implemented to provide more data on this parameter. The 

use of EBD in a separate cohort would allow for comparison of BBB breakdown to the DiI-lip 

infiltration and may show differences to the IgG techniques (Bake & Sohrabji, 2004; Conq et 

al., 2023; Goodall et al., 2018). Progressing further but limited in this study by availability and 

economic burden, the use of MRI would be invaluable for investigating small changes to BBB 

permeability as discussed in fig 1-6. Specifically, the quantification of trans-BBB exchange of 

water, instead of classical contrast based MRI, may allow for the detection of slight 

permeability changes as shown in Dickie et al., 2019, in AD rats.  

The study was unable to quantify changes to TJ proteins, such as Zo-1 and Claudin-5 due to 

failure of antibody optimisation. Immunofluorescence may not have been the most 

appropriate technique to investigate hard to image proteins and an ultrastructural approach 

utilising TEM may have allowed for in-depth imaging of the BBB protein changes (Ceafalan et 

al., 2019; Frías-Anaya et al., 2021). Zhu et al., 2022, also showed this technique is useful for 

the detection of key glycocalyx proteins to allow for investigations into this key structure within 

the BBB in ageing which up to now has not be thoroughly studied.  

6.4. Concluding remarks  

To summarise, this thesis has fulfilled its aims to investigate the impact of ageing and 

neuroinflammation on the BBB and determine the potential of nanoparticles as a drug delivery 

system. Identification of changes to the NVU components adds to the growing literature 

showing regional and sex specific differences in age-related expression. Adding to the limited 

previous research, it has been shown that liposome nanoparticles infiltrate the brain during 

physiological ageing and when conjugated to a pro-inflammatory cytokine receptor 

antagonist, reduce neuroinflammatory cell expression. This thesis highlights the need for 
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further work investigating the mechanistic properties of liposomes crossing the BBB to deliver 

therapeutics.  
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7. Appendix  

7.1. Appendix 1: PIPS Reflective Statement 

Note to examiners: 

This statement is included as an appendix to the thesis in order that the thesis accurately 

captures the PhD training experienced by the candidate as a BBSRC Doctoral Training 

Partnership student. 

The Professional Internship for PhD Students is a compulsory 3-month placement which must 

be undertaken by DTP students. It is usually centred on a specific project and must not be 

related to the PhD project. This reflective statement is designed to capture the skills 

development which has taken place during the student’s placement and the impact on their 

career plans it has had. 

PIPS Reflective Statement:  

The PIP placement was based a Sygnature discovery, a world-leading pharmaceutical research 

company based in Nottingham. My project was entitled ‘molecular glue degrader screening’ 

and had the overall aim to develop biophysical capabilities to screen compound libraries for 

molecular glues. To validate and characterise hits from previous work at the company, using 

mainly two techniques: surface plasmon resonance (SPR) and Homogeneous time-resolved 

fluorescence (HTRF). The theory and techniques applied during this project were not familiar 

before the onset, requiring effort for training on specific equipment pieces as well as improving 

my knowledge base through learning seminars provided by the company.  

Seminars included drug binding, CNS drug discovery and the use of PROteolysis TArgeting 

Chimeras in drug discovery. Through this I gained experience with equipment to enhance 

reagent movement as it was required to work in nl volumes. This involved using an ECHO 
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instrument which had to be programmed with specific dose-response concentrations to 

dispense the proteins of interest using sound wave. The HTRF assay investigated protein ratio 

stoichiometry and resulted in validation of previous findings within the company, allowing for 

the project to proceed. Unfortunately, the SPR machine was heavily utlisied and so was 

unavailable for my project. To move forward with the work, microscale thermophoresis (MST) 

was employed as the alternative to investigate protein binding, but this experiment did not 

result in usable findings. It is believed that the fluorescence conjugation required for this assay 

obscured the protein binding site and so future work would require the initial planned use of 

SPR.  

At the onset of the project, I set SMART targets to allow the placement to be the most beneficial 

to my portfolio growth. The first target was to work on communication with different types of 

project stakeholders. I achieved this through meetings with my direct supervisor and 

associated group, whereby I gave updates on the project progress, to the wider bioscience 

department through a presentation in the monthly departmental meeting and to a client by 

virtual meetings providing updates on feasibility of techniques. This translated directly back to 

my PhD as I was more confident presenting my data not only to the lab group but in national 

and international conferences.  

The next SMART target was to gain a broader knowledge base, and this was achieved through 

the learning seminars but also the application of techniques including ECHO, HTRF and MST. 

This work assisted with my PhD project as work consisted of fluorescently conjugating 

fluorophores to proteins which was a similar technique to conjugating therapy to liposomes 

during the results chapter of this thesis. Finally, an aim of the presentation was to improve my 

professionalism in preparation for the end of the PhD. I achieved this goal through 

communication within the bioscience department and industrial clients as well as the use of 

an electronic laboratory book system (Dotmatics). After the placement had concluded I work 
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on collaborations both within the university and externally with an industrial partner, and the 

communication and professionalism skills used in the placement allowed me to be effective 

in these projects.  

Whilst I was on this placement, I gained invaluable insight into the scientific industrial sector, 

including the responsibilities of the individual scientist, how to communicate with professional 

clients and the pace of the sector in contrast to academia. This has made me consider whether 

I would in the future apply for a career in industry or academia; industry provides increased 

financial security but with this a loss of authority and independence over projects.  
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7.2. Appendix 2: Mass spectrometry Up and down regulated proteins 

8. 3-month vehicle vs 18-month vehicle: Down-regulated proteins 
Protein Abbreviation Log (fold 

change) 
p-value 

Cholesterol transporter ABCA5 Abca5 -0.946 0.012 
Aldehyde dehydrogenase X, 
mitochondrial 

Aldh1b1 -0.321 0.005 

Beta-arrestin-2 Arrb2 -0.506 0.027 
Ankyrin repeat and SOCS box protein 6 Asb6 -0.360 0.032 
Set1/Ash2 histone methyltransferase 
complex subunit ASH2 

Ash2l -3.127 0.046 

Carbonic anhydrase 4 Ca4 -0.378 0.016 
Neural cell adhesion molecule L1-like 
protein 

Chl1 -0.327 0.001 

Dihydropyrimidinase-related protein 1 Crmp1;Dpysl3 -0.304 0.009 
Cystathionine gamma-lyase Cth -0.510 0.019 
Diacylglycerol kinase eta Dgkd;Dgkh -0.508 0.007 
7-dehydrocholesterol reductase Dhcr7 -0.366 0.018 
DnaJ homolog subfamily B member 12 Dnajb12 -0.370 0.015 
Dihydropyrimidinase-related protein 3 Dpysl3 -0.444 0.001 
Dihydropyrimidinase-related protein 5 Dpysl5 -0.451 0.003 
Dynein light chain Tctex-type 1 Dynlt1 -2.703 0.015 
ER membrane protein complex subunit 
10 

Emc10 -0.449 0.045 

Glycerophosphocholine 
cholinephosphodiesterase ENPP6 

Enpp6 -0.425 0.000 

Epidermal growth factor receptor 
kinase substrate 8 

Eps8 -0.449 0.012 

Ethanolamine-phosphate phospho-
lyase 

Etnppl -0.427 0.010 

rRNA 2'-O-methyltransferase fibrillarin Fbl -0.514 0.006 
GDNF family receptor alpha-1 Gfra1 -0.460 0.006 
Golgin subfamily A member 7 Golga7 -0.346 0.039 
Hippocalcin-like protein 1 Hpcal1 -0.398 0.016 
Protein-S-isoprenylcysteine O-
methyltransferase 

Icmt -3.372 0.019 

IgLON family member 5 Iglon5 -0.395 0.005 
Protein Red Ik -0.501 0.041  

K22E_HUMAN -1.150 0.033 
Calsenilin Kcnip3 -0.504 0.041 
Kinesin heavy chain isoform 5A Kif5a -0.321 0.027 
Keratin, type II cytoskeletal 79 Krt79 -1.075 0.040 
Volume-regulated anion channel 
subunit LRRC8A 

Lrrc8a;Lrrc8c -0.469 0.023 

Myristoylated alanine-rich C-kinase 
substrate 

Marcks -0.560 0.001 

MARCKS-related protein Marcksl1 -1.022 0.013 
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Megakaryocyte-associated tyrosine-
protein kinase 

Matk -0.409 0.030 

InaD-like protein Mpdz;Patj -0.345 0.036 
Large ribosomal subunit protein bL28m Mrpl28 -0.425 0.025 
Neuronal calcium sensor 1 Ncs1 -0.311 0.001 
NAD-capped RNA hydrolase NUDT12 Nudt12 -0.883 0.033 
Uridine diphosphate glucose 
pyrophosphatase NUDT14 

Nudt14 -4.257 0.015 

Plasminogen receptor (KT) Plgrkt -0.328 0.046 
Phospholipid phosphatase-related 
protein type 3 

Plppr3 -0.362 0.011 

cAMP-dependent protein kinase 
catalytic subunit beta 

Prkacb -0.366 0.040 

Tyrosine-protein phosphatase non-
receptor type 4 

Ptpn4 -0.724 0.015 

Protein Njmu-R1 Q9CYI0 -0.333 0.048 
Reticulocalbin-1 Rcn1 -0.334 0.047 
Protein RER1 Rer1 -0.589 0.006 
Reactive oxygen species modulator 1 Romo1 -0.320 0.028 
Ras-related protein R-Ras Rras;Rras2 -0.578 0.001 
Ras-related protein R-Ras2 Rras2 -0.833 0.002 
Serine protease inhibitor A3M Serpina3m -3.658 0.019 
Solute carrier family 25 member 33 Slc25a33 -0.539 0.023 
Zinc transporter ZIP12 Slc39a12 -0.377 0.034 
Synaptotagmin-7 Syt7 -0.307 0.003 
Serine/threonine-protein kinase TAO2 Taok2 -0.607 0.001 
TBC1 domain family member 10A Tbc1d10a -0.588 0.008 
Transducin beta-like protein 2 Tbl2 -0.459 0.014 
Transmembrane protein 132E Tmem132e -5.718 0.000 
Tenascin Tnc -0.536 0.000 
Mitochondrial import receptor subunit 
TOM20 homolog 

Tomm20 -0.359 0.038 

DNA topoisomerase 2-beta Top2b -0.438 0.010 
TSC22 domain family protein 4 Tsc22d4 -1.032 0.003 
Tetraspanin-7 Tspan7 -0.347 0.027 
Tubulin beta-2A chain Tubb2a;Tubb2b;Tubb

6 
-0.316 0.032 

Tubulin beta-2B chain Tubb2b -0.979 0.000 
UBX domain-containing protein 7 Ubxn7 -0.310 0.000 
Tyrosine-protein kinase Yes Yes1 -0.611 0.005 
Zinc finger protein 42 Yy1;Yy2;Zfp42 -2.846 0.037 
3-month vehicle vs 18-month vehicle: 
Up-regulated proteins 

      

Ras-related protein Rab-3D Rab3d 8.185 0.015 
Mitogen-activated protein kinase 13 Mapk13 6.925 0.013 
Thrombospondin type-1 domain-
containing protein 1 

Thsd1 5.905 0.013 

Diphthine methyl ester synthase Dph5 4.934 0.014 
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AMSH-like protease Stambpl1 4.919 0.013 
Ubiquitin-conjugating enzyme E2 B Ube2b 4.788 0.014 
LHFPL tetraspan subfamily member 2 
protein 

Lhfpl2 4.654 0.000 

Tetraspanin-15 Tspan15 4.552 0.012 
Sodium/myo-inositol cotransporter Slc5a3 4.507 0.009 
Transmembrane protein 87A Tmem87a 4.488 0.010 
Serine protease inhibitor A3N Serpina3n 4.455 0.006 
Putative Dol-P-
Glc:Glc(2)Man(9)GlcNAc(2)-PP-Dol 
alpha-1,2-glucosyltransferase 

Alg10b 4.306 0.021 

Galactose-1-phosphate 
uridylyltransferase 

Galt 4.095 0.013 

Phosphatidylethanolamine-binding 
protein 1 

Pbp2;Pebp1 4.054 0.014 

tRNA-dihydrouridine(47) synthase 
[NAD(P)(+)]-like 

Dus3l 4.037 0.017 

Parafibromin Cdc73 4.017 0.010 
Sorting nexin-19 Snx19 3.931 0.014 
Small VCP/p97-interacting protein Svip 3.903 0.014 
E3 ubiquitin-protein ligase RNF181 Rnf181 3.891 0.011 
Galactose mutarotase Galm 3.866 0.007 
Protein phosphatase 1 regulatory 
subunit 37 

Ppp1r37 3.864 0.014 

Ig gamma-2A chain C region, A allele Igh-1a;Ighg 3.714 0.020 
Periodic tryptophan protein 1 homolog Pwp1 3.688 0.016 
Glutamate receptor ionotropic, delta-2 Grid1;Grid2 3.526 0.024 
Serine/threonine-protein kinase LMTK1 Aatk 3.510 0.013 
Interferon-induced protein with 
tetratricopeptide repeats 3 

Ifit3 3.360 0.016 

ATP-binding cassette sub-family C 
member 4 

Abcc4 3.191 0.016 

Sulfiredoxin-1 Srxn1 2.595 0.039 
Hyaluronan and proteoglycan link 
protein 2 

Hapln2 2.387 0.000 

Serine protease HTRA1 Htra1 1.248 0.000 
Aggrecan core protein Acan 1.039 0.010 
Complement C1q subcomponent 
subunit A 

C1qa 0.941 0.000 

Palmitoyl-protein thioesterase 1 Ppt1 0.925 0.000 
Activator of 90 kDa heat shock protein 
ATPase homolog 2 

Ahsa2 0.884 0.019 

Complement C1q subcomponent 
subunit B 

C1qb 0.880 0.000 

Ferritin light chain 1 Ftl1 0.861 0.000 
Hyaluronan and proteoglycan link 
protein 1 

Hapln1 0.854 0.001 

Synaptophysin-like protein 1 Sypl1 0.827 0.047 
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Sphingomyelin phosphodiesterase Smpd1 0.817 0.019 
1-phosphatidylinositol 3-phosphate 5-
kinase 

Pikfyve 0.802 0.012 

Ferritin heavy chain Fth1 0.797 0.001 
Versican core protein Vcan 0.794 0.001 
Complement C1q subcomponent 
subunit C 

C1qc 0.777 0.000 

Ephrin type-A receptor 5 Epha5;Epha7 0.770 0.008 
Lysophosphatidylcholine 
acyltransferase 2 

Lpcat2 0.757 0.002 

Glial fibrillary acidic protein Gfap 0.751 0.003 
Cytosolic carboxypeptidase 1 Agtpbp1 0.700 0.020 
CTP synthase 2 Ctps1;Ctps2 0.694 0.013 
Prosaposin Psap 0.688 0.043 
Guanine nucleotide-binding protein 
G(I)/G(S)/G(O) subunit gamma-3 

Gng3 0.679 0.023 

Cathepsin Z Ctsz 0.677 0.000 
Negative elongation factor B Nelfb 0.674 0.047 
Macrophage-capping protein Capg 0.639 0.022 
Tripeptidyl-peptidase 1 Tpp1 0.637 0.000 
CD9 antigen Cd9 0.634 0.001 
Insulin-degrading enzyme Ide 0.629 0.000 
Caveolin-1 Cav1 0.622 0.003 
Tectonin beta-propeller repeat-
containing protein 1 

Tecpr1 0.599 0.029 

Dynein light chain Tctex-type 3 Dynlt3 0.598 0.045 
Tensin-1 Tns1;Tns3 0.590 0.035 
Acid ceramidase Asah1 0.584 0.000 
Vezatin Vezt 0.572 0.043 
NADH dehydrogenase [ubiquinone] 
flavoprotein 3, mitochondrial 

Ndufv3 0.557 0.038 

Vimentin Vim 0.550 0.037 
Rhotekin Rtkn 0.545 0.044 
Guanine nucleotide-binding protein 
G(I)/G(S)/G(O) subunit gamma-5 

Gng5 0.537 0.019 

Basal cell adhesion molecule Bcam 0.536 0.010 
Myosin-11 Myh11;Myh9 0.534 0.001 
Shootin-1 Shtn1 0.529 0.023 
WASH complex subunit 3 Washc3 0.507 0.028 
Protein pelota homolog Pelo 0.507 0.023 
Protein S100-B S100b 0.503 0.029 
Myelin proteolipid protein Plp1 0.499 0.047 
Vimentin Des;Vim 0.499 0.010 
Plastin-1 Pls1 0.482 0.000 
Myelin-oligodendrocyte glycoprotein Mog 0.482 0.000 
Rho GTPase-activating protein 25 Arhgap25 0.479 0.013 
DCN1-like protein 2 Dcun1d1;Dcun1d2 0.479 0.042 



 
329 

 
 

 

Ribose-phosphate pyrophosphokinase 
2 

Prps2 0.468 0.000 

Isochorismatase domain-containing 
protein 2A 

Isoc2a 0.457 0.004 

Probable aminopeptidase NPEPL1 Npepl1 0.451 0.022 
Choline transporter-like protein 1 Slc44a1 0.446 0.002 
Fumarylacetoacetase Fah 0.443 0.000 
Aspartoacylase Aspa 0.436 0.000 
Carbonic anhydrase 2 Ca2 0.433 0.000 
NmrA-like family domain-containing 
protein 1 

Nmral1 0.432 0.004 

Glutamate carboxypeptidase 2 Folh1 0.425 0.001 
Myosin light polypeptide 6 Myl6;Myl6b 0.423 0.011 
Annexin A11 Anxa11 0.419 0.013 
Myeloid leukemia factor 2 Mlf2 0.415 0.001 
Cathepsin D Ctsd 0.414 0.000 
Choline transporter-like protein 2 Slc44a2 0.408 0.006 
Prosaposin receptor GPR37 Gpr37 0.404 0.008 
Peptidyl-prolyl cis-trans isomerase F, 
mitochondrial 

Ppie;Ppif 0.404 0.021 

CREB-regulated transcription 
coactivator 1 

Crtc1 0.401 0.017 

UPF0598 protein C8orf82 homolog Q8VE95 0.400 0.013 
Astrocytic phosphoprotein PEA-15 Pea15 0.395 0.015 
Lysosome-associated membrane 
glycoprotein 2 

Lamp2 0.394 0.005 

Trafficking protein particle complex 
subunit 13 

Trappc13 0.394 0.001 

Beta-2-syntrophin Sntb2 0.392 0.004 
Myosin light polypeptide 6 Myl6 0.390 0.021 
Alanine aminotransferase 1 Gpt 0.387 0.002 
Glutathione S-transferase Mu 2 Gstm2;Gstm7 0.387 0.006 
Neurocan core protein Ncan 0.386 0.006 
Kynurenine--oxoglutarate transaminase 
3 

Kyat3 0.385 0.000 

Ubiquinone biosynthesis 
monooxygenase COQ6, mitochondrial 

Coq6 0.383 0.004 

Serine/threonine-protein phosphatase 
2A catalytic subunit alpha isoform 

Ppp2ca 0.381 0.025 

F-box only protein 7 Fbxo7 0.378 0.013 
Mitochondrial dynamics protein MID51 Mief1 0.375 0.017 
Glycolipid transfer protein Gltp 0.373 0.012 
Dynactin subunit 3 Dctn3 0.368 0.004 
RNA-binding protein Musashi homolog 2 Msi2 0.368 0.028 
Leucine-rich repeat LGI family member 
3 

Lgi3 0.362 0.003 

Thioredoxin, mitochondrial Txn2 0.359 0.005 
DnaJ homolog subfamily B member 4 Dnajb1;Dnajb4 0.359 0.045 
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Ephrin-B3 Efnb3 0.358 0.003 
Disintegrin and metalloproteinase 
domain-containing protein 10 

Adam10 0.348 0.002 

Myelin basic protein Mbp 0.342 0.006 
Large ribosomal subunit protein uL29m Mrpl47 0.341 0.032 
Galectin-related protein Lgalsl 0.338 0.004 
Cilia- and flagella-associated protein 20 Cfap20 0.334 0.045 
Oligoribonuclease, mitochondrial Rexo2 0.334 0.044 
Dolichyl-phosphate beta-
glucosyltransferase 

Alg5 0.330 0.034 

Engulfment and cell motility protein 1 Elmo1 0.328 0.010 
Metal transporter CNNM1 Cnnm1 0.323 0.015 
Ermin Ermn 0.323 0.001 
Anillin Anln 0.319 0.022 
Plexin-C1 Plxnc1 0.318 0.015 
Small ribosomal subunit protein bS1m Mrps28 0.314 0.003 
Leucine-rich repeat LGI family member 
2 

Lgi2 0.313 0.002 

Ubiquinol-cytochrome c reductase 
complex assembly factor 2 

Uqcc2 0.313 0.031 

Transcription activator BRG1 Smarca2;Smarca4 0.305 0.035 
Tropomyosin alpha-4 chain Tpm4 0.303 0.044 
Delta-aminolevulinic acid dehydratase Alad 0.301 0.002 
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18-month vehicle vs 18-month 1 mg/kg LPS: Down-regulated genes 
Protein Abbreviation Log 

(fold 
change) 

p-value 

Ras-related protein Rab-3D Rab3d -7.222 0.043 
Mitogen-activated protein kinase 13 Mapk13 -6.925 0.030 
Phospholipid-transporting ATPase IF Atp11b -6.275 0.048 
Bardet-Biedl syndrome 7 protein 
homolog 

Bbs7 -5.549 0.038 

Diphthine methyl ester synthase Dph5 -4.934 0.030 
Cadherin-11 Cdh11;Cdh8 -4.371 0.032 
Cytohesin-3 Cyth3 -4.255 0.047 
Arf-GAP with dual PH domain-
containing protein 2 

Adap2 -4.252 0.018 

Tyrosine-protein kinase Mer Mertk -4.163 0.042 
Transmembrane protein 87A Tmem87a -3.964 0.033 
Uncharacterized protein C6orf47 
homolog 

D17h6s53e -3.840 0.018 

Periodic tryptophan protein 1 homolog Pwp1 -3.688 0.035 
Keratin, type I cytoskeletal 15 Krt15;Krt16;Krt222;Krt42 -3.682 0.030 
Type 1 phosphatidylinositol 4,5-
bisphosphate 4-phosphatase 

Pip4p1;Pip4p2 -3.656 0.012 

H/ACA ribonucleoprotein complex 
subunit 1 

Gar1 -3.617 0.027 

Galactose mutarotase Galm -3.576 0.017 
Tetratricopeptide repeat protein 27 Ttc27 -3.479 0.039 
Synaptic vesicle glycoprotein 2B Sv2a;Sv2b -3.262 0.030 
Centrosomal protein of 41 kDa Cep41 -3.076 0.031 
7-methylguanosine phosphate-specific 
5'-nucleotidase 

Nt5c3b -3.070 0.030 

Inosine-5'-monophosphate 
dehydrogenase 1 

Impdh1 -2.968 0.037 

Serine/threonine-protein kinase 4 Stk4 -2.826 0.011 
E3 ubiquitin-protein ligase MIB1 Mib1;Rnf34 -2.743 0.049 
Activator of 90 kDa heat shock protein 
ATPase homolog 2 

Ahsa2 -2.700 0.024 

Kinesin-like protein KIF3C Kif3c -2.467 0.034 
FERM domain-containing protein 4A Frmd4a -2.323 0.034 
THO complex subunit 2 Thoc2 -2.196 0.047 
DGAT1/2-independent enzyme 
synthesizing storage lipids 

Tmem68 -0.871 0.001 

Regulating synaptic membrane 
exocytosis protein 3 

Rims1;Rims3 -0.811 0.023 

Pro-MCH Pmch -0.746 0.011 
Myelin-associated oligodendrocyte 
basic protein 

Mobp -0.714 0.001 

Vimentin Vim -0.644 0.039 
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Myosin phosphatase Rho-interacting 
protein 

Mprip -0.623 0.019 

Neuroserpin Serpini1 -0.623 0.008 
Claudin-11 Cldn11 -0.584 0.027 
E3 ubiquitin-protein ligase RNF31 Rnf31 -0.541 0.044 
Membrane-associated guanylate 
kinase, WW and PDZ domain-
containing protein 3 

Magi3 -0.534 0.033 

Diphosphomevalonate decarboxylase Mvd -0.526 0.018 
Tyrosine-protein kinase receptor TYRO3 Tyro3 -0.524 0.006 
Myotubularin-related protein 13 Sbf1;Sbf2 -0.524 0.045 
Protein shisa-4 Shisa4 -0.504 0.001 
Inositol hexakisphosphate kinase 1 Ip6k1 -0.496 0.039 
Four and a half LIM domains protein 2 Fhl2 -0.491 0.002 
Cyclin-dependent kinase 17 Cdk17 -0.483 0.015 
Unconventional myosin-Id Myo1d -0.481 0.006 
Serine/arginine-rich splicing factor 10 Srsf10 -0.472 0.003 
2-hydroxyacylsphingosine 1-beta-
galactosyltransferase 

Ugt8 -0.467 0.004 

Ephrin type-A receptor 5 Epha5;Epha7 -0.464 0.036 
Glucocorticoid receptor Nr3c1 -0.462 0.024 
Heterogeneous nuclear 
ribonucleoproteins C1/C2 

Hnrnpc -0.462 0.005 

Tropomodulin-1 Tmod1 -0.452 0.007 
Transmembrane protein 9B Tmem9b -0.449 0.012 
RalBP1-associated Eps domain-
containing protein 1 

Reps1;Reps2 -0.446 0.048 

RNA polymerase-associated protein 
RTF1 homolog 

Rtf1 -0.441 0.018 

Ubiquitin carboxyl-terminal hydrolase 
39 

Usp39 -0.433 0.012 

Hydroxymethylglutaryl-CoA synthase, 
cytoplasmic 

Hmgcs1 -0.427 0.000 

Tripartite motif-containing protein 46 Trim46 -0.426 0.006 
Synaptic vesicular amine transporter Slc18a2 -0.425 0.039 
Glycine amidinotransferase, 
mitochondrial 

Gatm -0.410 0.006 

Formin-2 Fmn2 -0.403 0.025 
Bromodomain-containing protein 4 Brd4 -0.393 0.040 
Acidic leucine-rich nuclear 
phosphoprotein 32 family member E 

Anp32e -0.391 0.001 

RNA-binding protein Raly Raly -0.388 0.016 
RNA binding motif protein, X-linked-
like-1 

Rbmx;Rbmxl1 -0.383 0.012 

Caveolin-1 Cav1 -0.379 0.020 
GTP-binding protein Di-Ras2 Diras1;Diras2 -0.363 0.019 
Synaptopodin Synpo -0.359 0.043 
Rootletin Crocc -0.354 0.011 
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Fragile X messenger ribonucleoprotein 
1 

Fmr1 -0.349 0.002 

Spermatid perinuclear RNA-binding 
protein 

Ilf3;Strbp -0.341 0.001 

Ubiquinol-cytochrome c reductase 
complex assembly factor 2 

Uqcc2 -0.338 0.006 

Scaffold attachment factor B1 Safb -0.337 0.027 
Calcium/calmodulin-dependent 
protein kinase 2 

Camkk2 -0.334 0.006 

CREB-regulated transcription 
coactivator 1 

Crtc1 -0.331 0.036 

ATP-dependent RNA helicase A Dhx9 -0.330 0.018 
Neurofilament light polypeptide Ina;Nefl;Nefm -0.329 0.042 
Coiled-coil domain-containing protein 
177 

Ccdc177 -0.325 0.005 

Spermatid perinuclear RNA-binding 
protein 

Strbp -0.323 0.047 

Matrin-3 Matr3 -0.321 0.042 
Girdin Ccdc88a -0.321 0.021 
Rho guanine nucleotide exchange 
factor 17 

Arhgef17 -0.320 0.025 

Calmin Clmn -0.315 0.027 
U1 small nuclear ribonucleoprotein 70 
kDa 

Snrnp70 -0.312 0.013 

TBC1 domain family member 24 Tbc1d24 -0.311 0.022 
Golgi-associated PDZ and coiled-coil 
motif-containing protein 

Gopc -0.308 0.017 

Serine/threonine-protein phosphatase 
6 regulatory subunit 1 

Ppp6r1 -0.306 0.009 

18-month vehicle vs 18-month 1 mg/kg LPS: Down-regulated genes 
Protein Abbreviation Log 

(fold 
change) 

p-value 

Thymidine kinase 2, mitochondrial Tk2 0.301 0.004 
Moesin Msn 0.302 0.005 
Serotransferrin Tf 0.305 0.024 
PI-PLC X domain-containing protein 3 Plcxd3 0.305 0.005 
Potassium-transporting ATPase alpha 
chain 1 

Atp4a 0.306 0.044 

Ras-related protein Rab-22A Rab22a 0.306 0.030 
Extracellular superoxide dismutase 
[Cu-Zn] 

Sod3 0.312 0.045 

Sodium- and chloride-dependent GABA 
transporter 3 

Slc6a11 0.313 0.004 

Peroxisomal carnitine O-
octanoyltransferase 

Crot 0.317 0.016 

Delta(3,5)-Delta(2,4)-dienoyl-CoA 
isomerase, mitochondrial 

Ech1 0.321 0.006 

Solute carrier family 7 member 14 Slc7a14 0.324 0.017 
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Signal transducer and activator of 
transcription 1 

Stat1 0.325 0.011 

MYG1 exonuclease Myg1 0.328 0.004 
Succinate dehydrogenase [ubiquinone] 
cytochrome b small subunit, 
mitochondrial 

Sdhd 0.330 0.040 

Tubulin beta-2B chain Tubb2b 0.330 0.003 
ADP-ribosylation factor-like protein 6 Arl6 0.337 0.003 
E3 UFM1-protein ligase 1 Ufl1 0.338 0.008 
Glutathione S-transferase theta-2 Gstt2;Gstt3 0.339 0.003 
Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-interacting 
protein 2 

Lingo2 0.341 0.002 

Dystroglycan 1 Dag1 0.342 0.010 
Annexin A2 Anxa2 0.349 0.007 
Transport and Golgi organization 2 
homolog 

Tango2 0.350 0.029 

Protein YIF1B Yif1b 0.351 0.025 
Heterochromatin protein 1-binding 
protein 3 

Hp1bp3 0.352 0.049 

Dual specificity phosphatase 28 Dusp28 0.357 0.001 
Coatomer subunit gamma-1 Copg1 0.358 0.026 
Plastin-2 Lcp1 0.362 0.001 
Neuroligin 4-like Nlgn1;Nlgn2;Nlgn3;Nlgn

4l 
0.368 0.039 

C-terminal-binding protein 2 Ctbp2 0.374 0.017 
Golgin subfamily A member 7 Golga7 0.374 0.018 
Probable proline--tRNA ligase, 
mitochondrial 

Pars2 0.376 0.004 

Eukaryotic translation initiation factor 1 Eif1 0.377 0.004 
Thiopurine S-methyltransferase Tpmt 0.385 0.029 
Inhibitor of nuclear factor kappa-B 
kinase subunit beta 

Ikbkb 0.388 0.025 

Protein PALS2 Mpp2;Pals2 0.395 0.036 
Alpha-parvin Parva 0.410 0.030 
Large ribosomal subunit protein bL20m Mrpl20 0.412 0.010 
MARCKS-related protein Marcksl1 0.414 0.048 
Protein archease Zbtb8os 0.414 0.048 
ADP-ribosyl cyclase/cyclic ADP-ribose 
hydrolase 1 

Cd38 0.417 0.021 

Gap junction beta-6 protein Gjb6 0.422 0.027 
RNA-binding protein 3 Rbm3 0.424 0.018 
Uracil phosphoribosyltransferase 
homolog 

Uprt 0.427 0.011 

Peptidyl-prolyl cis-trans isomerase 
FKBP5 

Fkbp5 0.429 0.015 

Moesin Msn;Rdx 0.432 0.000 
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Cytosolic 5'-nucleotidase 1A Nt5c1a 0.435 0.012 
Heat shock protein beta-1 Hspb1 0.440 0.019 
Vacuolar protein-sorting-associated 
protein 25 

Vps25 0.442 0.000 

Bcl-2-like protein 2 Bcl2l2 0.444 0.003 
Aquaporin-4 Aqp4 0.446 0.039 
Protein-glutamine gamma-
glutamyltransferase 2 

Tgm2 0.451 0.003 

Ubiquitin-conjugating enzyme E2 
variant 3 

Uevld 0.458 0.008 

BLOC-1-related complex subunit 5 Borcs5 0.459 0.026 
Tryptophan--tRNA ligase, mitochondrial Wars2 0.467 0.025 
Ubiquitin carboxyl-terminal hydrolase 
MINDY-1 

Mindy1 0.467 0.018 

Voltage-gated potassium channel 
subunit beta-1 

Kcnab1 0.477 0.006 

DNA-directed RNA polymerase II 
subunit RPB2 

Polr2b 0.486 0.008 

Thymocyte nuclear protein 1 Thyn1 0.489 0.039 
TSC22 domain family protein 4 Tsc22d4 0.490 0.002 
Ribosomal protein S6 kinase alpha-1 Rps6ka1 0.499 0.023 
Cytochrome P450 2S1 Cyp2s1 0.503 0.014 
Transmembrane and coiled-coil 
domains protein 1 

Tmcc1 0.520 0.019 

Metal transporter CNNM2 Cnnm2 0.524 0.024 
ER membrane protein complex subunit 
5 

Mmgt1 0.526 0.009 

Chromobox protein homolog 5 Cbx5 0.532 0.043 
Sister chromatid cohesion protein PDS5 
homolog B 

Pds5b 0.536 0.021 

Glutamate decarboxylase 1 Gad1;Gad2 0.537 0.006 
Lysophospholipid acyltransferase 2 Mboat2 0.537 0.011 
Pterin-4-alpha-carbinolamine 
dehydratase 

Pcbd1 0.552 0.023 

Tudor-interacting repair regulator 
protein 

Nudt16l1 0.562 0.034 

Histone H1.4 H1-4 0.596 0.048 
Pregnancy zone protein Pzp 0.623 0.011 
Beta-2-microglobulin B2m 0.626 0.006 
Integrin beta-2 Itgb2 0.632 0.038 
Prostaglandin-H2 D-isomerase Ptgds 0.633 0.000 
Coiled-coil domain-containing protein 
91 

Ccdc91 0.633 0.041 

Metallothionein-3 Mt3 0.654 0.010 
Beta-arrestin-2 Arrb2 0.667 0.000 
Ethanolamine-phosphate phospho-
lyase 

Etnppl 0.670 0.002 
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ADP-ribosylation factor-like protein 6-
interacting protein 1 

Arl6ip1 0.679 0.026 

Methyl-CpG-binding protein 2 Mecp2 0.687 0.050 
High affinity immunoglobulin epsilon 
receptor subunit gamma 

Fcer1g 0.694 0.014 

Receptor-type tyrosine-protein 
phosphatase mu 

Ptprm;Ptprt 0.705 0.046 

Protein S100-A11 S100a11 0.719 0.004 
Hemoglobin subunit beta-1 Hbb-b1 0.741 0.017 
Hemoglobin subunit alpha Hba 0.769 0.015 
Proteasome activator complex subunit 
1 

Psme1;Psme2 0.777 0.016 

Perilipin-4 Plin4 0.808 0.002 
Complement C3 C3 0.810 0.049 
Sodium- and chloride-dependent 
glycine transporter 2 

Slc6a5 0.839 0.035 

L-xylulose reductase Dcxr 0.855 0.024 
Ceruloplasmin Cp 0.950 0.010 
Apolipoprotein A-I Apoa1 0.957 0.030 
Mothers against decapentaplegic 
homolog 1 

Smad1;Smad5 0.977 0.009 

Cytochrome c oxidase subunit 6A1, 
mitochondrial 

Cox6a1 0.982 0.007 

Carbonic anhydrase 1 Ca1 1.019 0.007 
Sulfotransferase 1A1 Sult1a1 1.026 0.027 
Apolipoprotein D Apod 1.420 0.000 
Fibrinogen gamma chain Fgg 1.515 0.000 
Hemopexin Hpx 1.771 0.000 
Annexin A1 Anxa1 2.318 0.047 
Dynein light chain Tctex-type 1 Dynlt1 2.561 0.038 
Acyl-coenzyme A thioesterase 8 Acot8 3.002 0.049 
Nucleoporin Nup37 Nup37 3.216 0.020 
Allograft inflammatory factor 1 Aif1 3.253 0.022 
Cathepsin S Ctss 3.627 0.037 
Heat shock protein beta-8 Hspb8 3.693 0.010 
Serine protease inhibitor A3M Serpina3m;Serpina3n 3.716 0.000 
Uridine phosphorylase 1 Upp1 3.737 0.015 
Complement C4-B C4b 3.924 0.016 
Metallothionein-2 Mt2 3.930 0.041 
Macrophage colony-stimulating factor 1 
receptor 

Csf1r 4.040 0.000 

PI-PLC X domain-containing protein 2 Plcxd2 4.283 0.000 
Replication protein A 32 kDa subunit Rpa2 4.346 0.038 
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18-month vehicle vs 18-month 0.25 mg/kg LPS: Up-regulated genes  
Protein Abbreviation Log (fold 

change) 
p-value 

Ras-related protein Rab-3D Rab3d -10.976 0.000 
Phospholipid-transporting 
ATPase IF 

Atp11b -6.275 0.024 

Diphthine methyl ester synthase Dph5 -4.934 0.013 
Coiled-coil domain-containing 
protein 115 

Ccdc115 -4.786 0.016 

Leucine-rich repeat-containing 
protein 4 

Lrrc4 -4.526 0.007 

Prominin-1 Prom1 -4.150 0.015 
Type 1 phosphatidylinositol 4,5-
bisphosphate 4-phosphatase 

Pip4p1;Pip4p2 -3.713 0.017 

Sulfiredoxin-1 Srxn1 -3.358 0.014 
ER membrane protein complex 
subunit 4 

Emc4 -3.309 0.013 

Vacuolar protein sorting-
associated protein 37B 

Vps37b -3.272 0.004 

Alkyldihydroxyacetonephosphat
e synthase, peroxisomal 

Agps -3.165 0.050 

1-acylglycerol-3-phosphate O-
acyltransferase ABHD5 

Abhd5 -3.148 0.018 

Nuclear inhibitor of protein 
phosphatase 1 

Ppp1r8 -2.825 0.013 

Ras-related protein Rab-3D Rab3d;Rap1a;Rap1b -0.763 0.036 
GTP-binding protein Di-Ras2 Diras1;Diras2 -0.712 0.016 
Coronin-6 Coro1c;Coro6 -0.676 0.012 
Pleiotrophin Ptn -0.673 0.031 
Tumor necrosis factor receptor 
superfamily member 21 

Tnfrsf21 -0.616 0.049 

Costars family protein ABRACL Abracl -0.607 0.047 
Myotubularin-related protein 13 Sbf1;Sbf2 -0.566 0.038 
CD99 antigen-like protein 2 Cd99l2 -0.564 0.035 
1-phosphatidylinositol 3-
phosphate 5-kinase 

Pikfyve -0.559 0.018 

Cytosolic carboxypeptidase 1 Agtpbp1 -0.520 0.024 
Ras-related C3 botulinum toxin 
substrate 3 

Cdc42;Rac1;Rac3;Rhog -0.482 0.032 

Fragile X messenger 
ribonucleoprotein 1 

Fmr1 -0.459 0.010 

Pro-MCH Pmch -0.455 0.010 
Nucleotidyltransferase MB21D2 Mb21d2 -0.455 0.033 
Translocon-associated protein 
subunit gamma 

Ssr3 -0.447 0.026 

CKLF-like MARVEL 
transmembrane domain-
containing protein 4 

Cmtm4 -0.430 0.035 

THO complex subunit 3 Thoc3 -0.426 0.038 
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VPS10 domain-containing 
receptor SorCS3 

Sorcs3 -0.423 0.022 

Diphosphomevalonate 
decarboxylase 

Mvd -0.422 0.027 

CREB-regulated transcription 
coactivator 1 

Crtc1 -0.418 0.012 

PX domain-containing protein 
kinase-like protein 

Pxk -0.413 0.004 

COMM domain-containing 
protein 10 

Commd10 -0.389 0.011 

Mitochondrial import inner 
membrane translocase subunit 
Tim8 B 

Timm8b -0.387 0.030 

Syntaxin-6 Stx6 -0.386 0.002 
Ubiquitin-conjugating enzyme 
E2 E3 

Ube2e2;Ube2e3 -0.385 0.036 

Tyrosine-protein kinase receptor 
TYRO3 

Tyro3 -0.383 0.041 

Four and a half LIM domains 
protein 2 

Fhl2 -0.381 0.024 

Ephrin type-A receptor 5 Epha5;Epha7 -0.380 0.048 
Myosin-10 Myh10;Myh14 -0.350 0.047 
Transforming acidic coiled-coil-
containing protein 1 

Tacc1 -0.345 0.013 

Potassium voltage-gated 
channel subfamily B member 1 

Kcnb1 -0.342 0.012 

Putative RNA-binding protein 
Luc7-like 1 

Luc7l -0.337 0.018 

RNA cytosine C(5)-
methyltransferase NSUN2 

Nsun2 -0.328 0.041 

Hepatoma-derived growth 
factor-related protein 2 

Hdgfl2 -0.318 0.045 

Leucine-rich repeat-containing 
protein 4B 

Lrrc4b -0.317 0.001 

LETM1 domain-containing 
protein 1 

Letmd1 -0.315 0.025 

Activated RNA polymerase II 
transcriptional coactivator p15 

Sub1 -0.314 0.032 

Hydroxymethylglutaryl-CoA 
synthase, cytoplasmic 

Hmgcs1 -0.313 0.000 

Small ribosomal subunit protein 
bS1m 

Mrps28 -0.309 0.004 

18-month vehicle vs 18-month 0.25 mg/kg LPS: Down-regulated genes  
Protein Abbreviation Log (fold 

change) 
p-value 

Vacuolar protein-sorting-
associated protein 25 

Vps25 0.301 0.004 

Lysosome-associated 
membrane glycoprotein 1 

Lamp1 0.301 0.034 

Plastin-2 Lcp1 0.303 0.012 
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Annexin A2 Anxa2 0.304 0.002 
Aromatic-L-amino-acid 
decarboxylase 

Ddc 0.311 0.034 

Centromere/kinetochore protein 
zw10 homolog 

Zw10 0.328 0.037 

Transgelin-2 Tagln2 0.338 0.002 
Ubiquitin-conjugating enzyme 
E2 variant 3 

Uevld 0.339 0.031 

Anaphase-promoting complex 
subunit 1 

Anapc1 0.341 0.024 

Fatty acid CoA ligase Acsl3 Acsl3;Acsl4 0.344 0.027 
Microtubule-associated 
proteins 1A/1B light chain 3B 

Map1lc3b 0.348 0.048 

Alpha-parvin Parva 0.348 0.033 
E3 ubiquitin-protein ligase 
MARCHF5 

Marchf5 0.349 0.015 

bMERB domain-containing 
protein 1 

Bmerb1 0.349 0.008 

Moesin Msn;Rdx 0.358 0.008 
DNA-directed RNA polymerases 
I, II, and III subunit RPABC1 

Polr2e 0.360 0.035 

Guanine nucleotide exchange 
factor C9orf72 homolog 

C9orf72 0.362 0.025 

Scrapie-responsive protein 1 Scrg1 0.364 0.036 
Signal transducer and activator 
of transcription 1 

Stat1 0.366 0.010 

Peroxisomal acyl-coenzyme A 
oxidase 1 

Acox1 0.370 0.039 

Protein SON Son 0.376 0.015 
FUN14 domain-containing 
protein 1 

Fundc1 0.378 0.021 

Uracil 
phosphoribosyltransferase 
homolog 

Uprt 0.382 0.041 

Pleckstrin homology domain-
containing family B member 1 

Plekhb1 0.388 0.011 

InaD-like protein Mpdz;Patj 0.395 0.004 
Tyrosine-protein kinase Yes Yes1 0.397 0.029 
Dystroglycan 1 Dag1 0.400 0.005 
Peptidyl-prolyl cis-trans 
isomerase FKBP5 

Fkbp5 0.403 0.015 

Voltage-dependent N-type 
calcium channel subunit alpha-
1B 

Cacna1b 0.408 0.018 

TATA box-binding protein-like 1 Tbpl1 0.409 0.042 
DnaJ homolog subfamily C 
member 10 

Dnajc10 0.411 0.032 

Sec1 family domain-containing 
protein 2 

Scfd2 0.414 0.019 
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Ubiquinol-cytochrome c 
reductase complex assembly 
factor 1 

Uqcc1 0.419 0.020 

TNF receptor-associated factor 3 Traf3 0.421 0.026 
Ethanolamine-phosphate 
phospho-lyase 

Etnppl 0.424 0.038 

Protein phosphatase 1 
regulatory subunit 12C 

Ppp1r12c 0.427 0.005 

Heat shock protein beta-1 Hspb1 0.429 0.027 
Nicotinate 
phosphoribosyltransferase 

Naprt 0.439 0.018 

Jouberin Ahi1 0.443 0.036 
Threonine synthase-like 2 Thnsl2 0.445 0.029 
Prostaglandin-H2 D-isomerase Ptgds 0.448 0.020 
Volume-regulated anion channel 
subunit LRRC8A 

Lrrc8a;Lrrc8c 0.450 0.019 

Nuclear receptor-interacting 
protein 2 

Nrip2 0.450 0.016 

Ectonucleoside triphosphate 
diphosphohydrolase 3 

Entpd3 0.454 0.021 

Ubiquitin-associated and SH3 
domain-containing protein B 

Ubash3b 0.455 0.002 

ADP-ribosyl cyclase/cyclic ADP-
ribose hydrolase 1 

Cd38 0.457 0.012 

Peripherin Prph 0.464 0.031 
Glutathione S-transferase theta-
2 

Gstt2;Gstt3 0.464 0.004 

Synaptotagmin-6 Syt6 0.467 0.027 
Peroxisomal carnitine O-
octanoyltransferase 

Crot 0.472 0.003 

Ribosomal protein S6 kinase 
alpha-1 

Rps6ka1 0.476 0.012 

Solute carrier family 22 member 
4 

Slc22a4 0.482 0.026 

Microsomal glutathione S-
transferase 1 

Mgst1 0.483 0.017 

Glutamate receptor ionotropic, 
delta-2 

Grid2 0.514 0.004 

KN motif and ankyrin repeat 
domain-containing protein 4 

Kank4 0.520 0.033 

Asc-type amino acid transporter 
1 

Slc7a10 0.527 0.034 

Cerebellin-1 Cbln1 0.536 0.008 
Ras-related protein Rab-27B Rab27a;Rab27b 0.536 0.011 
Cystathionine gamma-lyase Cth 0.540 0.024 
Cytochrome c oxidase subunit 
6A1, mitochondrial 

Cox6a1 0.564 0.009 

Protein RER1 Rer1 0.596 0.015 
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Pterin-4-alpha-carbinolamine 
dehydratase 

Pcbd1 0.599 0.039 

Cytochrome P450 2S1 Cyp2s1 0.627 0.013 
Mothers against 
decapentaplegic homolog 1 

Smad1;Smad5 0.646 0.043 

Polypeptide N-
acetylgalactosaminyltransferas
e 16 

Galnt16 0.651 0.033 

Perilipin-4 Plin4 0.653 0.004 
Sentrin-specific protease 3 Senp3 0.675 0.011 
Beta-2-microglobulin B2m 0.692 0.007 
BAI1-associated protein 3 Baiap3 0.695 0.030 
Protein Red Ik 0.722 0.009  

REF_HEVBR 0.723 0.034 
Potassium-transporting ATPase 
alpha chain 1 

Atp1a4;Atp4a 0.743 0.032 

Phytanoyl-CoA dioxygenase 
domain-containing protein 1 

Phyhd1 0.804 0.045 

NAD-capped RNA hydrolase 
NUDT12 

Nudt12 0.870 0.036 

DNA-directed RNA polymerase II 
subunit RPB2 

Polr2b 0.876 0.002 

Probable global transcription 
activator SNF2L2 

Smarca2 0.923 0.040 

TSC22 domain family protein 4 Tsc22d4 0.937 0.036 
Ceruloplasmin Cp 0.938 0.001 
Fibrinogen gamma chain Fgg 1.000 0.002 
Apolipoprotein D Apod 1.173 0.005 
Hemopexin Hpx 1.389 0.001 
TBC1 domain family member 1 Tbc1d1 2.129 0.017 
Interferon-induced protein with 
tetratricopeptide repeats 3 

Ifit3 2.669 0.046 

Dynein light chain Tctex-type 1 Dynlt1 3.018 0.015 
Replication protein A 70 kDa 
DNA-binding subunit 

Rpa1 3.246 0.019 

Galectin-3-binding protein Lgals3bp 3.517 0.030 
Vasodilator-stimulated 
phosphoprotein 

Vasp 3.660 0.027 

Ceramide synthase Tlcd3b 3.733 0.020 
Protein-S-isoprenylcysteine O-
methyltransferase 

Icmt 3.749 0.014 

Chromatin complexes subunit 
BAP18 

Bap18 4.166 0.016 

Serine protease inhibitor A3K Serpina3k 4.209 0.006 
PI-PLC X domain-containing 
protein 2 

Plcxd2 4.495 0.000 

Protein FAM167A Fam167a 4.934 0.013 
Serine protease inhibitor A3K Serpina3k;Serpina3m;Serpina3

n 
5.132 0.001 
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Protein S100-A9 S100a9 5.230 0.000 
Cathepsin S Ctss 5.456 0.000 
Haptoglobin Hp 6.613 0.010 
Ras-related protein Rab-3C Rab3b;Rab3c 8.758 0.010 
Chromobox protein homolog 5 Cbx5 0.532 0.043 
Sister chromatid cohesion 
protein PDS5 homolog B 

Pds5b 0.536 0.021 

Glutamate decarboxylase 1 Gad1;Gad2 0.537 0.006 
Lysophospholipid 
acyltransferase 2 

Mboat2 0.537 0.011 

Pterin-4-alpha-carbinolamine 
dehydratase 

Pcbd1 0.552 0.023 

Tudor-interacting repair 
regulator protein 

Nudt16l1 0.562 0.034 

Histone H1.4 H1-4 0.596 0.048 
Pregnancy zone protein Pzp 0.623 0.011 
Beta-2-microglobulin B2m 0.626 0.006 
Integrin beta-2 Itgb2 0.632 0.038 
Prostaglandin-H2 D-isomerase Ptgds 0.633 0.000 
Coiled-coil domain-containing 
protein 91 

Ccdc91 0.633 0.041 

Metallothionein-3 Mt3 0.654 0.010 
Beta-arrestin-2 Arrb2 0.667 0.000 
Ethanolamine-phosphate 
phospho-lyase 

Etnppl 0.670 0.002 

ADP-ribosylation factor-like 
protein 6-interacting protein 1 

Arl6ip1 0.679 0.026 

Methyl-CpG-binding protein 2 Mecp2 0.687 0.050 
High affinity immunoglobulin 
epsilon receptor subunit gamma 

Fcer1g 0.694 0.014 

Receptor-type tyrosine-protein 
phosphatase mu 

Ptprm;Ptprt 0.705 0.046 

Protein S100-A11 S100a11 0.719 0.004 
Hemoglobin subunit beta-1 Hbb-b1 0.741 0.017 
Hemoglobin subunit alpha Hba 0.769 0.015 
Proteasome activator complex 
subunit 1 

Psme1;Psme2 0.777 0.016 

Perilipin-4 Plin4 0.808 0.002 
Complement C3 C3 0.810 0.049 
Sodium- and chloride-
dependent glycine transporter 2 

Slc6a5 0.839 0.035 

L-xylulose reductase Dcxr 0.855 0.024 
Ceruloplasmin Cp 0.950 0.010 
Apolipoprotein A-I Apoa1 0.957 0.030 
Mothers against 
decapentaplegic homolog 1 

Smad1;Smad5 0.977 0.009 

Cytochrome c oxidase subunit 
6A1, mitochondrial 

Cox6a1 0.982 0.007 



 
343 

 
 

 

Carbonic anhydrase 1 Ca1 1.019 0.007 
Sulfotransferase 1A1 Sult1a1 1.026 0.027 
Apolipoprotein D Apod 1.420 0.000 
Fibrinogen gamma chain Fgg 1.515 0.000 
Hemopexin Hpx 1.771 0.000 
Annexin A1 Anxa1 2.318 0.047 
Dynein light chain Tctex-type 1 Dynlt1 2.561 0.038 
Acyl-coenzyme A thioesterase 8 Acot8 3.002 0.049 
Nucleoporin Nup37 Nup37 3.216 0.020 
Allograft inflammatory factor 1 Aif1 3.253 0.022 
Cathepsin S Ctss 3.627 0.037 
Heat shock protein beta-8 Hspb8 3.693 0.010 
Serine protease inhibitor A3M Serpina3m;Serpina3n 3.716 0.000 
Uridine phosphorylase 1 Upp1 3.737 0.015 
Complement C4-B C4b 3.924 0.016 
Metallothionein-2 Mt2 3.930 0.041 
Macrophage colony-stimulating 
factor 1 receptor 

Csf1r 4.040 0.000 

PI-PLC X domain-containing 
protein 2 

Plcxd2 4.283 0.000 

Replication protein A 32 kDa 
subunit 

Rpa2 4.346 0.038 
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3-month vehicle vs 3-month 1 mg/kg LPS: Down-regulated genes 
Protein name Abbreviation Log 

(fold 
chang
e) 

p-
value 

Stomatin Stom -1.959 0.018 
Nuclear inhibitor of protein 
phosphatase 1 

Ppp1r8 -1.830 0.021 

Cell cycle exit and neuronal 
differentiation protein 1 

Cend1 -1.014 0.031 

Ras-related protein Rab-3D Rab3d;Rap1a;Rap1b -0.745 0.031 
Cytoplasmic dynein 2 
intermediate chain 2 

Dync2i2 -0.675 0.028 

Leucine-rich repeat-
containing protein 4 

Lrrc4 -0.666 0.017 

SWI/SNF-related matrix-
associated actin-dependent 
regulator of chromatin 
subfamily A-like protein 1 

Smarcal1 -0.652 0.003 

NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 3 

Ndufa3 -0.619 0.015 

G-protein-signaling 
modulator 1 

Gpsm1;Gpsm2 -0.589 0.020 

Mitogen-activated protein 
kinase 14 

Mapk14 -0.562 0.048 

cAMP-regulated 
phosphoprotein 19 

Arpp19 -0.534 0.015 

Excitatory amino acid 
transporter 3 

Slc1a1 -0.531 0.002 

GTP-binding protein Di-Ras2 Diras1;Diras2 -0.505 0.015 
Ephrin type-B receptor 3 Ephb3 -0.465 0.004 
Glutamate receptor 2 Gria2;Gria3;Gria4 -0.447 0.034 
Epidermal growth factor 
receptor kinase substrate 8 

Eps8 -0.433 0.020 

Phosphatidylethanolamine-
binding protein 2 

Pbp2 -0.422 0.009 

Fibroblast growth factor 
receptor 3 

Fgfr3 -0.398 0.024 

Myosin-10 Myh10;Myh14 -0.392 0.003 
ER membrane protein 
complex subunit 6 

Emc6 -0.385 0.018 

Noelin-2 Olfm2 -0.381 0.013 
Diacylglycerol kinase eta Dgkd;Dgkh -0.368 0.036 
Synaptopodin Synpo -0.364 0.021 
Proteasome subunit beta 
type-8 

Psmb8 -0.361 0.019 
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Polypeptide N-
acetylgalactosaminyltransfe
rase 2 

Galnt2 -0.361 0.038 

Dihydropyrimidinase-related 
protein 2 

Crmp1;Dpysl2;Dpysl3 -0.361 0.010 

LysM and putative 
peptidoglycan-binding 
domain-containing protein 2 

Lysmd2 -0.347 0.022 

TBC1 domain family member 
10A 

Tbc1d10a -0.346 0.013 

Neurabin-2 Ppp1r9b -0.345 0.043 
Probable mitochondrial 
glutathione transporter 
SLC25A40 

Slc25a40 -0.335 0.038 

Reticulon-4 receptor-like 2 Rtn4rl2 -0.331 0.020 
Adhesion G protein-coupled 
receptor L1 

Adgrl1;Adgrl2 -0.331 0.022 

Large ribosomal subunit 
protein eL29 

Rpl29 -0.330 0.005 

UBX domain-containing 
protein 7 

Ubxn7 -0.320 0.020 

Alpha-endosulfine Ensa -0.318 0.048 
Plexin-A1 Plxna1;Plxna4 -0.316 0.035 
Nucleosome assembly 
protein 1-like 1 

Nap1l1;Nap1l4 -0.309 0.020 

Beta-synuclein Sncb;Sncg -0.309 0.005 
Methyltransferase-like 26 Mettl26 -0.304 0.019 
18-month vehicle vs 18-month 1 mg/kg LPS: Up-regulated genes 
Protein name Abbreviation Log 

(fold 
chang
e) 

p-
value 

Trafficking protein particle 
complex subunit 1 

Trappc1 0.313 0.009 

Liprin-alpha-3 Ppfia2;Ppfia3 0.313 0.004 
Aromatic-L-amino-acid 
decarboxylase 

Ddc 0.318 0.039 

Hsp90 co-chaperone Cdc37-
like 1 

Cdc37l1 0.318 0.032 

E3 ubiquitin-protein ligase 
MARCHF5 

Marchf5 0.318 0.024 

Volume-regulated anion 
channel subunit LRRC8A 

Lrrc8a 0.319 0.002 

Plexin-C1 Plxnc1 0.321 0.023 
Tubulin beta-4B chain Tubb2a;Tubb2b;Tubb3;Tubb4a;Tubb4b;

Tubb5 
0.324 0.004 

Serine/threonine-protein 
phosphatase 2A 55 kDa 

Ppp2r2d 0.325 0.003 
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regulatory subunit B delta 
isoform 
Retinol dehydrogenase 13 Rdh13 0.326 0.049 
Protein FAM3C Fam3c 0.327 0.036 
Serine protease HTRA1 Htra1 0.329 0.019 
E3 ubiquitin-protein ligase 
RMND5A 

Rmnd5a 0.330 0.006 

ATP-binding cassette sub-
family D member 3 

Abcd3 0.333 0.049 

Inositol-3-phosphate 
synthase 1 

Isyna1 0.336 0.001 

Rap guanine nucleotide 
exchange factor 5 

Rapgef5 0.337 0.012 

Zinc finger CCCH domain-
containing protein 15 

Zc3h15 0.339 0.014 

Rho-related GTP-binding 
protein RhoF 

Rhof 0.339 0.046 

Dynein light chain 1, 
cytoplasmic 

Dynll1;Dynll2 0.340 0.008 

Ras-related protein Rap-2a Rap2a;Rap2c 0.341 0.036 
Fibroblast growth factor 1 Fgf1 0.342 0.046 
Hydroxyacylglutathione 
hydrolase-like protein 

Haghl 0.349 0.026 

Calcium-binding protein 39-
like 

Cab39l 0.351 0.012 

Mitogen-activated protein 
kinase 10 

Mapk10;Mapk8;Mapk9 0.357 0.000 

BAI1-associated protein 3 Baiap3 0.359 0.006 
Autophagy-related protein 
9A 

Atg9a 0.359 0.003 

GATOR1 complex protein 
DEPDC5 

Depdc5 0.361 0.027 

Ribosomal protein S6 kinase 
alpha-1 

Rps6ka1 0.363 0.044 

Cysteine protease ATG4C Atg4c 0.366 0.015 
Serpin H1 Serpinh1 0.366 0.002 
Rho GTPase-activating 
protein 25 

Arhgap25 0.367 0.025 

Annexin A2 Anxa2 0.371 0.019 
Dr1-associated corepressor Drap1 0.373 0.031 
Lysosome-associated 
membrane glycoprotein 2 

Lamp2 0.374 0.001 

Nuclear receptor-binding 
protein 

Nrbp1 0.376 0.047 

Protein diaphanous homolog 
2 

Diaph2 0.376 0.038 

Guanine nucleotide-binding 
protein G(I)/G(S)/G(O) 
subunit gamma-5 

Gng5 0.376 0.042 
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Ubiquitin carboxyl-terminal 
hydrolase 24 

Usp24 0.377 0.000 

Mannose-P-dolichol 
utilization defect 1 protein 

Mpdu1 0.379 0.041 

Actin-related protein 2/3 
complex subunit 1B 

Arpc1b 0.382 0.004 

Complement C1q 
subcomponent subunit C 

C1qc 0.385 0.010 

Phosphorylase b kinase 
gamma catalytic chain, 
skeletal muscle/heart 
isoform 

Phkg1 0.385 0.014 

Heat shock protein beta-1 Hspb1 0.387 0.000 
Peptidyl-prolyl cis-trans 
isomerase FKBP5 

Fkbp5 0.388 0.002 

Melanoma inhibitory activity 
protein 2 

Mia2 0.392 0.027 

DnaJ homolog subfamily C 
member 27 

Dnajc27 0.393 0.019 

Cathepsin Z Ctsz 0.394 0.012 
Transgelin-2 Tagln2 0.396 0.007 
Golgi phosphoprotein 3 Golph3 0.398 0.004 
T-complex protein 11-like 
protein 1 

Tcp11l1 0.398 0.026 

Heat shock 70 kDa protein 13 Hspa13 0.410 0.026 
Protein tyrosine 
phosphatase type IVA 2 

Ptp4a2 0.414 0.006 

Tudor-interacting repair 
regulator protein 

Nudt16l1 0.428 0.016 

TNF receptor-associated 
factor 3 

Traf3 0.431 0.019 

Insulin receptor substrate 2 Irs2 0.438 0.034 
Protein pelota homolog Pelo 0.443 0.007 
SPARC Sparc 0.446 0.050 
Ephrin type-A receptor 5 Epha5;Epha7 0.452 0.032 
COMM domain-containing 
protein 7 

Commd7 0.455 0.018 

Polyisoprenoid 
diphosphate/phosphate 
phosphohydrolase PLPP6 

Plpp6 0.461 0.042 

Glycerol-3-phosphate 
dehydrogenase [NAD(+)], 
cytoplasmic 

Gpd1;Gpd1l 0.468 0.020 

Cytochrome P450 2J6 Cyp2j6 0.477 0.014 
BCL2/adenovirus E1B 19 kDa 
protein-interacting protein 2 

Bnip2 0.493 0.048 

Phosphatidylinositol 4,5-
bisphosphate 5-
phosphatase A 

Inpp5j 0.495 0.012 
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Peripherin Prph;Vim 0.498 0.015 
Cytochrome P450 2S1 Cyp2s1 0.499 0.034 
Signal transducer and 
activator of transcription 1 

Stat1 0.501 0.002 

Fructose-bisphosphate 
aldolase C 

Aldoa;Aldoc 0.509 0.002 

N-acetylneuraminate lyase Npl 0.515 0.006 
DCN1-like protein 2 Dcun1d1;Dcun1d2 0.516 0.036 
CTP synthase 2 Ctps1;Ctps2 0.522 0.020 
Complement C1q 
subcomponent subunit B 

C1qb 0.525 0.000 

Inter-alpha-trypsin inhibitor 
heavy chain H3 

Itih3 0.533 0.021 

Protein-glutamine gamma-
glutamyltransferase 2 

Tgm2 0.534 0.000 

5'-3' exoribonuclease 2 Xrn2 0.535 0.011 
Synaptic vesicular amine 
transporter 

Slc18a2 0.541 0.028 

rRNA/tRNA 2'-O-
methyltransferase fibrillarin-
like protein 1 

Fbll1 0.544 0.042 

Ectonucleoside triphosphate 
diphosphohydrolase 6 

Entpd6 0.547 0.045 

LIM and SH3 domain protein 
1 

Lasp1;Nebl 0.563 0.046 

(Lyso)-N-
acylphosphatidylethanolami
ne lipase 

Abhd4 0.567 0.017 

Metal transporter CNNM1 Cnnm1 0.573 0.000 
Kinesin-like protein KIFC2 Kifc2 0.576 0.010 
Serine/arginine repetitive 
matrix protein 1 

Srrm1 0.586 0.017 

Macrophage-capping protein Capg 0.589 0.022 
1-phosphatidylinositol 3-
phosphate 5-kinase 

Pikfyve 0.595 0.021 

Complement C1q 
subcomponent subunit A 

C1qa 0.599 0.001 

Proteolipid protein 2 Plp2 0.616 0.016 
Lysophosphatidylcholine 
acyltransferase 2 

Lpcat2 0.618 0.006 

rRNA 2'-O-methyltransferase 
fibrillarin 

Fbl;Fbll1 0.622 0.017 

Cerebellin-1 Cbln1 0.623 0.023 
Thymocyte nuclear protein 1 Thyn1 0.624 0.007 
Serine protease inhibitor 
A3M 

Serpina3m 0.626 0.023 

SH3 and PX domain-
containing protein 2A 

Sh3pxd2a 0.632 0.011 
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WD repeat-containing 
protein 5 

Wdr5 0.639 0.011 

Perilipin-4 Plin4 0.659 0.013 
Serine/threonine-protein 
phosphatase 4 catalytic 
subunit 

Ppp4c 0.692 0.012 

Tectonin beta-propeller 
repeat-containing protein 1 

Tecpr1 0.692 0.012 

Ectopic P granules protein 5 
homolog 

Epg5 0.706 0.000 

DCN1-like protein 3 Dcun1d3 0.709 0.008 
Microsomal glutathione S-
transferase 1 

Mgst1 0.738 0.001 

Trafficking protein particle 
complex subunit 2 

Trappc2 0.744 0.003 

Electrogenic sodium 
bicarbonate cotransporter 4 

Slc4a4;Slc4a5 0.744 0.022 

Serine/threonine-protein 
kinase N1 

Pkn1 0.747 0.006 

Motile sperm domain-
containing protein 2 

Mospd2 0.831 0.023 

GRIP and coiled-coil 
domain-containing protein 2 

Gcc2 0.868 0.047 

Phosphatidylinositol 4,5-
bisphosphate 3-kinase 
catalytic subunit delta 
isoform 

Pik3cb;Pik3cd 0.885 0.048 

Activator of 90 kDa heat 
shock protein ATPase 
homolog 2 

Ahsa2 0.891 0.037 

Beta-2-microglobulin B2m 0.926 0.001 
Myelin-associated 
oligodendrocyte basic 
protein 

Mobp 0.957 0.034 

Keratin, type II cytoskeletal 1 Krt1 0.957 0.023 
Potassium-transporting 
ATPase alpha chain 1 

Atp1a4;Atp4a 1.052 0.007 

TBC1 domain family member 
1 

Tbc1d1 1.146 0.027 

Apolipoprotein D Apod 1.162 0.001 
Ubiquitin-like protein 7 Ubl7 1.273 0.012 
Negative elongation factor B Nelfb 1.300 0.001 
Talin rod domain-containing 
protein 1 

Tlnrd1 1.614 0.049 

Cadherin-24 Cdh24 1.825 0.049 
ADP-ribosylation factor 
GTPase-activating protein 2 

Arfgap2;Arfgap3 1.933 0.013 

Elongator complex protein 6 Elp6 1.947 0.031 
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Kinase non-catalytic C-lobe 
domain-containing protein 1 

Kndc1;Pkd1l3 1.998 0.035 

Protein CLEC16A Clec16a 1.998 0.021 
Cytochrome P450 7B1 Cyp7b1 2.078 0.044 
Intraflagellar transport 
protein 25 homolog 

Ift25 2.102 0.045 

Hematopoietic lineage cell-
specific protein 

Hcls1 2.141 0.000 

PI-PLC X domain-containing 
protein 2 

Plcxd2 2.179 0.031 

Vasodilator-stimulated 
phosphoprotein 

Vasp 2.209 0.036 

Kelch-like protein 3 Klhl3 2.366 0.003 
3-keto-steroid reductase/17-
beta-hydroxysteroid 
dehydrogenase 7 

Hsd17b7 2.383 0.037 

LHFPL tetraspan subfamily 
member 2 protein 

Lhfpl2 2.384 0.017 

Galactose-1-phosphate 
uridylyltransferase 

Galt 2.432 0.021 

Tapasin Tapbp 2.466 0.000 
DENN domain-containing 
protein 4B 

Dennd4b 2.467 0.029 

Interferon-induced 
transmembrane protein 3 

Ifitm3 2.544 0.044 

Rho guanine nucleotide 
exchange factor 1 

Arhgef1 2.566 0.019 

Xanthine 
dehydrogenase/oxidase 

Xdh 2.624 0.021 

H-2 class I 
histocompatibility antigen, 
D-B alpha chain 

H2-D1 2.640 0.031 

Sorting nexin-19 Snx19 2.676 0.017 
Serine protease inhibitor A3K Serpina3k;Serpina3m;Serpina3n 2.707 0.035 
Hemopexin Hpx 2.765 0.047 
Phytanoyl-CoA dioxygenase 
domain-containing protein 1 

Phyhd1 2.782 0.026 

Neutrophil gelatinase-
associated lipocalin 

Lcn2 2.788 0.013 

Integrin beta-5 Itgb5 2.963 0.020 
  ALBU_BOVIN;ALBU_HUMAN 3.158 0.040 
Glutamate receptor 
ionotropic, delta-2 

Grid1;Grid2 3.180 0.006 

Galectin-3-binding protein Lgals3bp 3.346 0.007 
Phosphatidylethanolamine-
binding protein 1 

Pbp2;Pebp1 3.363 0.014 

Immunity-related GTPase 
family M protein 3 

Igtp 3.386 0.002 

Stefin-3 Stfa3 3.410 0.017 
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Ubiquitin-conjugating 
enzyme E2 B 

Ube2b 3.542 0.013 

Serine protease inhibitor 
A3N 

Serpina3n 3.622 0.002 

Guanylate-binding protein 2 Gbp2 3.645 0.004 
Intercellular adhesion 
molecule 1 

Icam1 3.914 0.000 

Interferon-induced protein 
with tetratricopeptide 
repeats 3 

Ifit3 3.920 0.000 

Pleckstrin homology 
domain-containing family A 
member 8 

Plekha8 4.187 0.016 

Thrombospondin type-1 
domain-containing protein 1 

Thsd1 4.622 0.013 

Dual serine/threonine and 
tyrosine protein kinase 

Dstyk 4.810 0.011 

H-2 class I 
histocompatibility antigen, 
K-B alpha chain 

H2-K1 5.188 0.010 

Haptoglobin Hp 6.499 0.000 
Macrophage colony-
stimulating factor 1 receptor 

Csf1r 4.040 0.000 

PI-PLC X domain-containing 
protein 2 

Plcxd2 4.283 0.000 

Replication protein A 32 kDa 
subunit 

Rpa2 4.346 0.038 
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7. Appendix 3: Negative control images for immunofluorescence and 

immunohistochemistry studies 

 

Supplementary figure 1: Immunofluorescence negative control images for NG2 in the aged 

cohort. Immunofluorescence staining for NG2 (blue), CD31 (green) and DiI-lip (red). All 

images obtained on the Leica thunder microscope at x40 magnification before LVCC. Note, 

negative control image is for the immunofluorescence staining (blue and green channels) 

and not DiI-lip so some signal may be observed in the red channel.  
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Supplementary figure 2: Immunofluorescence negative control images for Caveolin-1 in the 

aged and inflammation (LPS) cohorts. Immunofluorescence staining for Caveolin-1 (blue), 

CD31 (green) and DiI-lip (red). All images obtained on the Leica thunder microscope at x40 

magnification before LVCC. Note, negative control image is for the immunofluorescence 

staining (blue and green channels) and not DiI-lip so some signal may be observed in the red 

channel.  
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Supplementary figure 3: Immunofluorescence negative control images for Iba-1 in the aged 

cohort. Immunofluorescence staining for Iba-1 (blue) and DiI-lip (red). All images obtained 

on the Leica thunder microscope at x40 magnification before LVCC. Note, negative control 

image is for the immunofluorescence staining (blue channel) and not DiI-lip so some signal 

may be observed in the red channel.  
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Supplementary figure 4: Immunofluorescence negative control images for GFAP  in the aged 

and inflammation (LPS) cohorts. Immunofluorescence staining for  CD31 (blue), GFAP 

(green) and DiI-lip (red). All images obtained on the Leica thunder microscope at x40 

magnification before LVCC. Note, negative control image is for the immunofluorescence 

staining (blue and green channels) and not DiI-lip so some signal may be observed in the red 

channel.  
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Supplementary figure 5: Immunofluorescence negative control images for Iba-1 in the 

inflammation (LPS) cohort. Immunofluorescence staining for Iba-1 (blue), CD31 (green) and 

DiI-lip (red). All images obtained on the Leica thunder microscope at x40 magnification 

before LVCC. Note, negative control image is for the immunofluorescence staining (blue 

and green channels) and not DiI-lip so some signal may be observed in the red channel.  
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Supplementary figure 6: Immunofluorescence negative control images for Iba-1 in the IL1-

ra-lip therapy cohort. Immunofluorescence staining for Iba-1 (blue), and CD31 (green) All 

images obtained on the Leica thunder microscope at x40 magnification before LVCC.  
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Supplementary figure 7: Immunofluorescence negative control images for GFAP and S100β 

in the IL1-ra-lip therapy cohort. Immunofluorescence staining for CD31 (blue), GFAP (green) 

and S100β (red). All images obtained on the Leica thunder microscope at x40 magnification 

before LVCC.  
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Supplementary figure 8: Immunofluorescence negative control images for ICAM-1 in the 

inflammation (LPS) cohorts. Immunofluorescence staining for ICAM-1 (blue), CD31 (green) 

and DiI-lip (red). All images obtained on the Leica thunder microscope at x40 magnification 

before LVCC. Note, negative control image is for the immunofluorescence staining (blue 

and green channels) and not DiI-lip so some signal may be observed in the red channel.  
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Supplementary figure 9: Immunohistochemical staining for IgG infiltration in the aged, 

inflammation (LPS) and Il1-ra-lip therapy cohorts. Immunohistochemical staining for IgG 

(brown) was imaged at x20 on Leica thunder microscope.  
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Appendix 4: Tissue loss log. Detailing loss of tissue for immunofluorescence and immunohistochemical studies in chapters 3, 4 and 5 and justification for this loss of data.  

Figure  Figure panel Number of samples lost  Justification  

Chapter 3 
3-4 B 3 (3-month male group) Only n=5 mice peripheral organs imaged on IVIS machine  
3-7 F/G 1 (18-month group) Tissue region loss in sample cryosectioning 
3-18 B-G 1 (18-month group) Lack of tissue available due to sample preparation issue 
3-23 B-D 1 (18-month group) Tissue region loss in sample cryosectioning 
3-24 B-D 1 (18-month group) Tissue region loss in sample cryosectioning 
3-26 B-D, F-H, J-L N/A 18-month male mice group repeated due to lack of IVIS data in first 

group- double n-number compared to 3-month group 
3-28 B-G 1 (18-month group) Tissue region loss in sample cryosectioning 
3-36 B-D, F-H, J-L 1 (3-month group) Slide removed from analysis due to physical damage- no spare tissue to 

repeat staining   
3-37/3-38 B-G X3 in -6, -12 and 22-month groups Lack of antibody did not allow for extra 3 slides to be imaged for named 

groups 
3-37/ 3-38 B-G 1 (3-month group) Lack of tissue available due to sample preparation issue 
3-40 B-G 1 (18 month-group) Tissue region loss in sample cryosectioning 
3-42 B-D, I-J 2 (22-month group) Animals culled prior to behaviour experiments due to human end point 

reached relating to bodyweight loss. 
Chapter 4 
4-27 B-G 1 (18-month 1 mg/kg LPS group) Tissue region loss in sample cryosectioning 
4-32 B-G 1 (18-month 1 mg/kg LPS group) Tissue region loss in sample cryosectioning 
4-33 B-G 1 (18-month 1 mg/kg LPS group) Tissue region loss in sample cryosectioning 
Chapter 5 
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5-5 B-G X1 in IL1-ra-lip group, x1 in IL1-ra 
group 

Slides were damaged during immunostaining process so not able to be 
imaged and analysed. No further tissue was available to repeat for the 
entire study.  
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