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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 (Dil-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 Dil-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 Dil-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. Introduction



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 inthe USA increasing from 47 to 78 years between 1900-2010 (Crimmins, 2015;
Partridge et al., 2018). Whilstincreased 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 showfng 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).



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.
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diffusion transport mediated endocytosis
transport

o ! .

W1
5 m 4 T
e | claudin ‘g g U g g g @  Bloodstream
wl £V U U BU G T

Endothelial cell &N
; (&8 ‘L ®
. 5 .’/’¢ ‘ l

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.
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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



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). Thisis important not just to ageing studies but also pathologicalresearch as the loss
of P-gp has been linked to an inability to clear toxic amyloid beta (AB) from the brain, which
contributesto 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



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-a) 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).



Table 1-1: Human and mouse studies of tight junction protein changes in ageing.

Tight junction

Study protein Species Age Effect
Goodall et al.
( ’ Zo-1 Mouse 18-24 months Decrease
2018)
(Elahy et al., Occludin
2015) 70-1 Mouse 24-months Decrease
(Stamatovic et Claudin 5
al., 2019) Zo-1 Mouse 22-months Decrease
(Stamatovic et Claudin b5
al., 2019) 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) T Rat 14-16 months Decrease
(Cummins et Zo-1 Decrease
al., 2024) Claudin-5 Mouse 24-months No change
N Occludin No change
Zo-1 Decrease
(Bezl:)?':)?l., Claudin-5 Mouse 14-16 months No change
Occludin 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

7



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
darkfield imaging (Martens et al., 2013). Electron microscopy to measure glycocalyxthickness
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).



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 1V,
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



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 (Rodriguez 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). lon and water homeostasis
within the BBB are also controlled by perivascular astrocyte channels Kir4.1 and aquaporin-4
(Agp4) (Abbott et al., 2006). Preliminary studies have noted thatin 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 Ca** 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; Rodriguez et al.,
2014; Verkerke et al., 2021). Changes to astrocytic sighalling of transforming growth factor-
Beta (TGFB) may also occur during ageing which has been identified as a positive feedback
pathway, increasing BBB permeability and infiltration of large molecules, such as albumininto
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. Rodriguez
et al., 2014, demonstrated this by investigating different astrocyte markers; GFAP, S100
calcium-binding protein B (S1008) 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-a and
controlling cerebral blood flow, through the expression of contractile proteins such as a-

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-B (PDGFRp) 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; Erd6 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 PDGRFB+ 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 viaimmunohistochemical 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 (Frias-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
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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 inthe 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-f

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 Il
(MHC-Il) which reduced antigen presentation (De Malefyt et al., 1991; Porro et al., 2020). IL-10
also works bifunctionally to reduce TNF-a 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- a 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-1B)

Although primarily associated with pro-inflammatory responses, low, almost undetectable,
levels of IL-1B 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-1B 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

17



conditioning and olfactory discrimination tests (Avital et al., 2003; Cibelli et al., 2010; Takemiya
et al., 2017). Further studies also note that IL-1B 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-18, 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-13, TNF-a and IL-
6 (Alvarez—Rodriguez 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-a

TNF-a has been shown in relation to the BBB to activate the NF-KB 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-a (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-a (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-a 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-a 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-a would be an upstream director of this effect (Ji et al., 2023).

1.5.2.1.2. Pro-inflammatory IL-18

IL-18 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-18
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-a and IL-6 levels were
increased in age with higher IL-1B 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 disruptionis 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-1B 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-a and IL-13 (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
thatinthe 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 (Barabasi 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 brainimmune 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 etal., 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; Rodriguez-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-q, IL-1pB 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
transforminto 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-B) 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-13, 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
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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 TGFB (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-aand IL-1B and the decrease in neuroprotective IL-4 (Frank et al., 2018; Lyons et al., 2007;
Oriaetal., 2018). Furtherincreases in IL-1B 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-a
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(lba-1) and decreased
transmembrane protein expression linked with AB plaque formation and increased
neurodegeneration (Kenkhuis et al., 2021; Mclntosh et al., 2019). Interestingly, the same group
found ininduced 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 (Rodriguez-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.

24



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 | Invitro

(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 etal., 2010) Mouse (SAMP8) Not stated .

(Viggars et al., 2011) Human Mixed °

(Van Assemaetal., 2012) Human Mixed °

(Ding et al., 2013) Mouse Female °

(Rodriguez 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 ° °

Mo o Mae ..
Mo Mae .
Mowe o Mae ..
Mowss Ml

Humen  Med
-

(Kiss et al., 2020) Mouse Male °

(Duncombe et al., 2017)

(Nahirney et al., 2016)

(Hoffman et al., 2017)

(Bors etal., 2018)

(Emily F. Goodall et al., 2019)

(Nation et al., 2019)

(Bohannon et al., 2020)

(Chenetal., 2020)

26



(Verheggen, etal,,2020)  Human  Mwed e
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Figure 1-3: Overview of methodological approaches to BBB investigations. Highlighted are three
streams (1) Invitro approachesincluding 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).

Anotherimportant 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.

Celltype
Rodent primary cells

Human primary cells

Immortalised
cell lines

Mouse immortalised cell

lines

Human iPSC

human

Examples
Mouse
Rat

hCMEDC/D3
hBMEC

bEND.5
bEND.3
cEND
cerebEND

Advantages

Expression of tight
proteins (Claudin-5, -3, occludin)

Expression of P-gp and Glut-1

transport proteins.
Tri-culture systems available

Reflect translatable phenotype

Readily available
Well characterised
Express transport proteins

Readily available

Stable through passaging

High yields

Reduced variation between cells
Model phenotype of donor
Mimic sheer stress

Low permeability

High TEER

junction

Limitations

Low TEER

Difficult to maintain cultures
and require large amounts of
cells.

Not representative of human
cells

Not easy to obtain.

Inefficient cell numbers when
obtained and lose phenotypic
properties

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

Reduced barrier tightness
Reduction in tight junction
expression

Interspecies variation

Need careful phenotyping of
transformed cells.

More expertise required to
produce cells

References
(Lukic-Panin et al,,
2012 ; Stamatovic et
al., 2019)

(Zhang et al., 2016)
(Molino et al., 2014)

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

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

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

(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
Static

Dynamic

Model type

Transwell
monoculture

Co-culture

Dynamic In Vitro-BBB

Microfluidic

Cell type(s)

Endothelial cells

Endothelial cells
with other NVU
components

Endothelial cells
with other NVU
components

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

Uses

High-throughput
basic studies
Signalling pathways
Transporter kinetics

Permeability
studies
Cellinteraction

Drug development
and optimisation
Pathophysiology of
disease

Cell migration
Drug permeability

Pharmacokinetics

Advantages

Simple
Easy to use.

Replicates NVU
components
Increased expression
of tight junctions
Higher TEER and low
permeability
Provides sheer
stress.
Replicates
phenotype
Expression of
transporters and TJ
High TEER

Low permeability

NVU

Provides sheer
stress.

iPSC can replicate
phenotype of
participant.
Expression of

transporters and TJ

Limitations

e Does not replicate
NVU.

e Nosheerstress

e High permeability

e No sheer stress
e No direct cell-cell

contact

e |ncomplete T)
production at edge
of model

e Need large number
of cells.

e Increased time to
achieve TEER

e Prohibitive cost

e Hard to maintain.

e Need specialist
technology.

e Vesseldiameternot
representative

References

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

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

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

(Bhalerao et al.,
2020)
(Lee & Leong, 2020)
(Campisi et al.,
2018)

(Y. Shinetal., 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 etal., 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 (Gonzalez-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 PDGFR 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; Syvanen 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 PDGFRp (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
(Kdks et al., 2016). To counteract this, studies have chosen specific accelerated ageing models
such as the SAMP-8 (del Valle et al., 2009; Fernandez et al., 2021). Pelegri 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 AR (Koks 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 forribonucleic 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 (Lundstrom 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

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

Plasma proteins have also been heavily utilised to assess BBB permeability, including albumin
and 1gG. Ageing studies have applied both markers to examine their infiltration into the brain
exclusively in post-mortem tissue (Elahy et al., 2015; Pelegri 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
albumininfiltration 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; Rodriguez et al., 2014). Studies should
incorporate more than one astrocytic marker for accurate identification and can choose from
avariety 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 PDGFR 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/ PDGFRB) 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; Fernandez 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 Astrocyte Specificity References
pattern Phenotype
Glial fibrillary e Cell body e Reactive Astrocytes (Sofroniew &
acidic protein cytoplasm Neural progenitor = Vinters, 2010)
e Proximal cells (Ito et al,
processes 2016)
Glutamate e Cell body e - Astrocytes (Zhang et al.,
synthetase cytoplasm Oligodendrocytes  2019)
e Fine (Anlauf &
processes Derouiche,
2013)
NMYC e Cytosol e Non- Predominately (Flugge et al.,
downstream- reactive astrocytes 2014)
regulated mature
gene 2
(NDRG2)
Vimentin e Cytoplasm e Reactive Astrocytes (O’Leary et
e Fine Endothelial cells = al., 2020)
processes
S100B e Intracellular o - Astrocytes (Brozzi et al.,
membranes Oligodendrocytes 2009)
e Cytoskeleton Epithelial cells
e Processes Neurons
ALDH1L1 e Extensive o - Astrocytes (Yang et al.,
processes 2011)
e Cellbody
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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; Nyul-Toth 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 e Smallvolumes of tracer needed. e Dynamic protocols complicated (Breuer et al., 2017 ;
tomography (PET) e Non-invasive Simoncic et al., 2017)
Computed e Easily available e lodide contrast exposes participants to radiation (Veksler et al., 2014)
tomography (CT) e Can be used on patients eliminated from MRl e Participants may have adverse reactions to
studies. contrast.
e Quick process e Low sensitivity reduces detailed scans
Dynamic contrast e Increased sensitivity to BBB changes e No standardised post-image analysis (Heye et al.,, 2014 ;
emission- magnetic e Gadolinium tracers eliminated exposure to e Highcostand operational expertise Varatharaj et al., 2019 ;
resonance imaging radiation. e Increased time to acquire images Veksler et al., 2014)
(DCE-MRI) e Multiple contrast agents for different study aims e Large time delays in sequential imaging
e Signal-noise ratio can be high
Single photon e High sensitivity to contrast agent e Low spatial resolution means low sensitivity to = (Veksleretal., 2014)
emission compute small changes.
tomography (SPECT) e Exposes participant to radiation
Optical coherence e Can look at large tissue areas in more depth. e Low spatial resolution (Nyul-Téth et al., 2021)
tomography (OCT) e Does not need tracers e Complicated analysis required

Multiphoton
microscopy

Arterial spin labelling
magnetic resonance
imaging (ASL-MRI)

Provides subcellularvisualisation at 500-600um
depth.

Reduced photobleaching

No tracer required.

Picks up subtle BBB changes

Hard to image sub-cortical

hippocampus

regions, e.g.

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

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

(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 MRl 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

41



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

Study Species Cell types Isolation Investigation
method
(Goodall etal., Human, Microvascular LCM Transcriptomic
2019) mouse and miRNA
profiling
(Kumar et al.,, Human Bulk tissue and  Bulk tissue and | Microarray
2013) neurons LCM
(Simpsonetal.,, Human Astrocytes LCM Microarray
2011) analysis of
astrocyte
transcriptome
(Ximerakis et | Mouse 25,including FACS Single-cell
al., 2019) endothelial cells, transcriptomics
astrocytes and
pericytes
(Ximerakis et Mouse 25,including FACS Single-cell
al., 2018) endothelial cells, transcriptomics
astrocytes and
pericytes
(Almanzar et  Mouse Multiple including = FACS Single-cell
al., 2020) endothelial cells transcriptomics
(Chen et al.,, Mouse Endothelial cells Flow cytometry Single-cell RNA
2020) sequencing
(Zhao et al.,, Mouse Endothelial cells FACS Single-cell
2020) transcriptomics
(Boisvert et al., Mouse Astrocytes Ribotag Microarray
2018) analysis of
astrocyte
transcriptome
(Orre et al.,,  Mouse Microglia and FACS Transcriptomics
2014) astrocytes
(Davie et al., Drosophila | Gliaand neuronalcells FACS Single-cell
2018) transcriptomics
(Galatro et al.,,  Human, Microglia FACS Transcriptomics
2017) Mouse
(Kiss et al.,, Mouse Endothelial cells Centrifugation Single-cell RNA
2020) sequencing
(L. Zhao et al., Mouse Whole brain FACS Single-cell
2020) 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 adecrease 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-a, as well as
increase expression of SIRT1 both leading to a decrease in BBB permeability (Cho & Roh, 2022;
Chupeletal., 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 hasincreased 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
forreducinginflammation 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-1B receptor antagonist in
macaques (Batista et al., 2021; Elcioglu 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-polarto 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 (Elcioglu 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 (Dominguez 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 Target Nanoparticle Size

(months/gram) type (nm)
Age
(Bonyetal.,2021) Mouse 12 Claudin-1 Gold 3
(Tracy et al.,, Mouse 13-18 CD44 PGLA 200
2023)
(Rehman et al., | Mouse in | - Transferrin Gold 2
2020) vitro
Alzheimer’s disease
(Meng et al, Mouse 2-3 AB Liposome 90-
2015) 163
(Mourtas et al., | Invitro - AB Liposome 116-
2014) 159
(Kuo et al.,2020) | Rat N/S ApoE Liposome 157
(Neves et al., Invitro - ApoE SLN <200
2016a)
(Lazar et al., Mouse 10-12 AB Liposome 207
2013)
(Fidelis et al.,, Mouse 3 AB Liposome 291-
2019) In vitro 312
(Zhang et al., Rats 200-300g Cognitive Gold 10-15
2020) function
(dos Santos Rat 250-300g Inflammation = Gold 20
Tramontin et al.,
2020)
(Yangetal., 2021) Mouse 25-30g NF-kB PGLA 200
(Mathew et al., | Invitro - AB PGLA 150-
2012) 200
Stroke
(Amani et al.,, Mouse 2/3 Inflammation = Selenium 12
2019) In vitro
(Al-Ahmady et al.,  Mouse 3 Untargeted liposome 100
2019)
(Al-Ahmady et al., Mouse 3 Untargeted Liposome 100
2019)
(Kim et al., 2009) | Rat 1/2 tPA Liposome 150-

170
(Chen et al., | Invitro - tPA Silica-coated 100
2012) magnetic
(Lvetal., 2018) ROS Polymeric 163
(Santos et al., Mouse N/S Untargeted Dendrimer N/S
2018)
Neuroinflammation
(Mietal.,2022)  Invitro - NF-kB Selenium - 30-80
(Gonzalez-Carter | Invitro - H,S- Silver 50
etal., 2017) synthesizing
enzymes

(Ralvenius et al., Mouse 2 PU.1 Liposome N/S
2024) In vitro
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*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.

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, orinsulin (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).
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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 cellmembrane
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-a and IL-6 as well as increase cognition when conjugated with peptide cyclic
CRTIGPSVC in AD (Huangetal.,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
atoxic element in high concentrations, so this must be considered in all AuUNP studies (Soenen
etal., 2011). One advantage of AUNP’s is that they can be smaller than other nanoparticles and
reduce effect of AB 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 monthsin 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. Toenhance 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)

50



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 furtheridentification. 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 Dil-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).

24. 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

Chapter4

Chapter5

Study design

Sample size

Inclusion and exclusion criteria

Randomisation

Blinding

Outcome measures

e 3,6,12,18 and 22 month females
e 3 and 18 month males
e Experimental unit: single animal

e Based on power calculations of
liposome infiltration

e See chapter 3 for group size

e Allanimals initially included

e Exclusion based on:

- Insufficient perfusion

- Tissue loss during immunostaining

- Death of animal prior to perfusion

e Find exact n-numbers in chapter

e No randomisation possible

e No blinding possible

e Seechapter3

e 3 and 18 month female mice
e 0,0.250r1 mg/kg LPS
e Experimental unit: single animal

e Based on power calculations of
liposome infiltration

e Seechapter 4 for group size

e Allanimals initially included

e Exclusion based on:

- Insufficient perfusion

- Tissue loss during immunostaining

- Death of animal prior to perfusion

e Find exact n-numbers in chapter

e Randomisation of brain tissue by
secondary researcher after
extraction from animal

e Blinding of brain tissue from

researcher 1 by researcher 2 after

extraction from animal

e Seechapter4

e \ehicle, free drug formulation and
liposomal drug formulation

e Experimental unit: Cage of
animals

e Power uncalculated
e See 5 chapter for group size

e Allanimals initially included

e Exclusion based on:

- Insufficient perfusion

- Tissue loss during immunostaining

- Death of animal prior to perfusion

e Find exact n-numbers in chapter

e Each experimental unit (cage)
included animal from each study
group

e Blinding of study group from
researcher 1

e Researcher 2 performed all
injections

e Seechapter5

Statistical methods
Experimental animals
Experimental procedures
Results

e Seechapter 3.2
e (C57BL/6 mice

e Seechapter 3.2
e Seechapter3.3

e See Chapter4.2
e (C57BL/6 mice

e Seechapter4.2
e Seechapter4.3

e Seechapter5.2
e (C57BL/6 mice

e Seechapter5.2
e Seechapter5.3
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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.

Z
o

object type
Bottle

Tube

Pentagon stack
Cylinder stack
Toblerone
square pyramid
20mltube
clear 50ml

ONOOOGBAWN=

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:

Investigation time of object A

Discrimination index =
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. Acclimatisationto 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.
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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 withinthe 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. Dil-liposome

To study the uptake of liposomes to the brain and peripheral organs, Dil-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), Dil (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 Dil 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 um 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 Dil were prepared utilising the same techniques as Dil-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 solutionwas
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 1TmM (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 Dil-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 1mLl.
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 Dil-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 mlL. 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 Cu®*" to Cu™
resulting in the formation of BCA/copper complexes forming a purple colour with increasing
protein concentration (Cortés-Rios et al., 2020). Each sample of IL1-ra-lip was diluted to a
ration of 1:20 in BCAreagent (reagent A and reagent B, 1:50) to a total of 600 pl. 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 pl. 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
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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 Dil-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 (l.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 L.V injected by either Dr Zahraa Al-
Ahmady or principal researcher with the following combinations of fluorescent particle: Dil-lip,
Dil-lip + albumin or Dil-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 LV 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 1.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 Dil-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 /n Vivo Imaging system (IVIS) before disposal of
all organs except brain and spleen. For Dil-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 0.2um bottle filter (ThermoFisher,

UK) and pH was adjusted to 7.5 with 1M hydrochloric acid (Sigma-Aldrich, UK).

2.8. Invivo optical imaging and analysis of Dil-lip, Albumin and Dextran for brain and

peripheral organs

To assess the infiltration of Dil-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 Il 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 Dil-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 Binning FOV Excitation Emission Min Max

(ms) (nm) (nm) scale scale

Dil- Brain 1 (M) 4 10 520 570 5.00e- 1.00e-
liposome 5 3

Peripheral 1 HR 12.5 520 570 2.00e- 1.50e-
organs (4/2) 3 2

Albumin  Brain 0.5 HR 10 480 520 1.00e- 3.55e-
(4/2) 4 4

Dextran Brain 0.5 M (4) 10 480 520 2.00e- 1.00e-
4 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 (30um 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 Dil-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. Allimmunofluorescence 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
second