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Introduction 

Alzheimer’s disease (AD) is a major global health challenge. It is the most 

common form of dementia, affecting approximately 25 million people 

worldwide (1). The principle risk factors for AD are increasing age, possession 

apolipoprotein ɛ4 (APOE4) allele and hypertension (2). Observations in human 

brains with AD demonstrate that amyloid β (Aβ) is deposited in the parenchyma 

as senile plaques and in the cerebrovascular basement membranes (CVBM) of 

capillaries and arteries as cerebral amyloid angiopathy (CAA) (3, 4). 

Experimental work in mice suggests that Aβ is eliminated from the brain along 

drainage pathways within the walls of capillaries and arteries (5-7). It is 

hypothesised that this process fails with age, in the presence of apolipoprotein 

E4 (apoE4) and in response to hypertension resulting in the accumulation of Aβ 

in the brain. This thesis aims to test the hypotheses that; 

1. Intracerebrally injected soluble Aβ is eliminated from the brains along 

the CVBMs of capillaries and arteries as observed by electron 

microscopy. 

2. The drainage pattern of Aβ is altered in the presence of apoE4 when 

compared to apoE3. 

3. Hypertension results in changes to the CVBM of capillaries in 

spontaneously hypertensive stroke prone (SHRSP) rats. 

Methods 
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To test these hypotheses, Aβ alone and in combination with apoE3, apoE4, 

dextran and human plasma low-density lipoproteins (LDL) at a ratio of 1:50 

was stereotaxically injected into the hippocampi of C57/BL6 mice (n=25). 

Brains were fixed, sectioned and analysed by fluorescence 

immunohistochemistry and confocal microscopy. The brains of C57/BL6 mice 

(n=3) were stereotaxically injected into the hippocampus with biotinylated Aβ, 

sectioned and processed for transmission electron microscopy (TEM) to 

ultrastructurally define the clearance pathway of Aβ. The cortex, hippocampus, 

thalamus and striatum of 18, 24, 32 and 44- week old SHRSP rats (n=3/group) 

were processed for TEM. The CVBM of capillaries (n=5/group) within each 

region were analysed using a novel protocol. 

Results 

Intracerebrally injected Aβ selectively enters the CVBM of capillaries and 

arteries within 5 minutes of injection, as it is cleared from the brain. The 

amount of colocalization of Aβ with laminin positive CVBMs is reduced in the 

presence of apoE4 when compared to apoE3 and the CVBM of SHRSP rats 

undergo morphological changes in response to hypertension. 

Discussion     

Unlipidated apoE4 reduces the amount of colocalization of Aβ with laminin 

positive CVBMs. The lipidation status of apoE may be the determining factor in 

how apoE influences the clearance of Aβ along the CVBM (8, 9). Repeating 

these experiments with lipidated apoE isoforms will increase our 

understandings of the how the lipidation state of apoE affects the perivascular 

clearance of Aβ. Within 5 minutes of injection into the hippocampus Aβ 

selectively enters the CVBM of capillaries but not veins, which is at odds with 

the hypothesis presented by Nedergaard et al. (10). The next stage in these 

experiments will be to increase the amount of time points to include 10 

minutes, 15 minutes and 30 minutes. This will allow for further understanding 

of how Aβ is cleared via the veins. The CVBM of the hippocampus, thalamus 

and striatum in SHRSP rats thicken in response to HTN. As of yet it is unclear 

how this thickening affects the perivascular clearance of Aβ so the next step of 
these experiments will be to intracerebrally injected Aβ into the brains of 
SHRSP rats. 
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Future directions 

1. Synthesise lipidated apoE2, apoE3 and apoE4 and assess the pattern of 

drainage of Aβ in the presence of lipidated isoforms of apoE. 

2. Increase time points of clearance experiments to include 10, 15 and 30 

minutes. 

3. Intracerebrally inject Aβ into the brains of SHRSP rats. 
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Definitions and Abbreviations 

3D     Three dimensional 

α2M     α2- macroglobulin 

ABCA1    Adenosine triphosphate binding cassette 1 

Aβ     Amyloid β 

ACT     Alpha1-antichymotrypsin 

ACys     Cystatin C 

AD     Alzheimer’s disease 

AFM     Atomic force microscope/y 

AGel     Gelsolin 

AL     Immunoglobulin light chain amyloid 

Apo     Apolipoprotein 

ApoE3    Apolipoprotein E3 (the protein) 

ApoE2    Apolipoprotein E2 (the protein) 

ApoE4    Apolipoprotein E4 (the protein) 

APOE2    Apolipoprotein ɛ2 (the gene) 

APOE3    Apolipoprotein ɛ3 (the gene) 

APOE4    Apolipoprotein ɛ4 (the gene) 

APrP     Prion protein 

ATTR    Transthyretin 

ARIA     Amyloid related imaging abnormalities 

BACE-1    β-site amyloid precursor protein–cleaving enzyme 1 

BBB     Blood brain barrier 

BM     Basement membrane 
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BM40    Basement membrane protein 40 

BM90    Basement membrane protein 90 

CAA     Cerebral amyloid angiopathy 

CADASIL  Cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy 

CNS     Central nervous system 

CSF     Cerebrospinal fluid 

α-CTF    83-residue carboxy-terminal fragment 

CVBM    Cerebrovascular basement membrane 

DAB     3,3’-Diaminobenzidine 

Dementia  A syndrome (a group of related symptoms) 

associated with cognitive decline. Different areas of 

cognitive function can be detrimentally affected e.g. 

memory, speech and mental agility. 

DSM-V  The Diagnostic and Statistical Manual of Mental 

Disorders, 5th edition  

ECM     Extracellular matrix 

EOAD    Early onset Alzheimer’s disease (a.k.a FAD) 

FAD     Early-onset familial Alzheimer’s  

GAG     Glycosaminoglycan 

GFAP     Glial fibrillary acidic protein 

HCCAA    Hereditary cystatin-C amyloid angiopathy 

HCHWAI  Hereditary cerebral hemorrhage with amyloidosis, 

Icelandic type 

HDL     High density lipoprotein 

HSPG     Heparan sulphate proteoglycan 
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ICH     Intracerebral hemorrhage 

ISF     Interstitial fluid 

LCAT     Acyltransferase 

LDL     Low-density lipoprotein 

LM     Light microscope/y 

LOAD  Late onset Alzheimer’s disease (a.k.a sporadic 

Alzheimer’s disease 

LRP1     Low-density receptor related protein-1 

mAb     Monoclonal antibody 

MAP     Microtubule associated protein  

MRI     Magnetic resonance imaging 

NFT     Neurofibrillary tangles 

pAb     Polyclonal antibody 

PB     Phosphate buffer 

PBS     Phosphate buffered saline 

PS1     Presenilin 1 

PS2     Presenilin 2 

RAGE    Receptor for advanced glycation end products 

sAPPα    Soluble amyloid precursor protein α 

sAPPβ    Soluble amyloid precursor protein β 

SEC     Size exclusion chromatography 

SEM     Scanning electron microscope/y 

SMA     Smooth muscle actin 

SPARC    Secreted protein acidic and rich in cysteine 
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TEM  Transmission electron microscope/y  

tgCRND8  Amyloid precursor protein CRND8 transgenic mouse 

model 

TGF-β  Transforming growth factor-β 1 

TIA     Transient ischaemic attack 

TREM2    Triggering receptor expressed on myeloid cells 2 

VLDL     Very low-density lipoprotein 

VLDLR    Very low-density lipoprotein receptor 

4G8  Anti-amyloid β antibody specific for AA residues 17-

24 
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Chapter 1:   

Introduction 
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1.1 General Introduction 

Alzheimer’s disease (AD) is a devastating dementia. Dementia is a syndrome 

(Figure 1.1) associated with progressive neurodegeneration for which there is 

no cure. The latest edition of The Diagnostic and Statistical Manual of Mental 

Disorders (DSM-V) incorporates dementia into the diagnostic categories of 

major neurocognitive disorders and mild neurocognitive disorders (11). 

According to DSM-V an individual is diagnosed as having a major 

neurocognitive disorder if they present with significant cognitive decline in 

memory or another cognitive ability, such as language or learning, that 

interferes with independence in everyday life (11). To meet DSM-V criteria for 

mild neurocognitive disorder, an individual must have evidence of modest 

cognitive decline, but the decline must not interfere with everyday life (11). 

AD is the most common type of dementia (12) and the fifth leading cause of 

death for persons over the age of 65 years (1). Alois Alzheimer first described 

the disease in 1907 after carrying out an autopsy on the brain of a 55 year-old 

woman who had died from ‘a progressive behavioural and cognitive disorder’ 

(13). This was the first recorded case of “Alzheimer’s disease.” 
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Figure 1.1| Diagram showing the different diseases associated with 

dementia. Many diseases are characterised in part by dementia. AD is the 

most prominent dementia-related illness. 

 

1.2 Clinical characterisation of AD 

AD is characterised clinically by three primary groups of symptoms that 

progress slowly and gradually (Figure 1.2) (14).  

v Group 1 – Cognitive dysfunction: Symptoms include memory loss, language 

difficulties and executive dysfunction (14). 

v Group 2 – Psychiatric symptoms and behavioural disturbances: Symptoms 

include depression, delusions, hallucinations and agitation (15, 16). 

v Group 3 – Difficulties with performing activities of daily living: Symptoms 

include difficulties with shopping, dressing and eating (14).  

The symptoms of AD worsen over time, although the rate of disease 

progression varies between patients. It is thought that the pathological 

changes occur many years before patients present with symptoms (14). The 
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early-stage symptoms presented by patients are categorised as mild AD (14). 

Common difficulties include problems finding the right word or name and an 

increased difficulty in performing tasks in social or work settings. The middle-

stage symptoms presented by patients are categorised as moderate AD. At this 

point symptoms are much more pronounced and may include; forgetfulness of 

events about one’s own history and changes in one’s behaviour and 

personality (14). The final stage of the disease is known as severe AD, in this 

stage individuals lose the ability to care for themselves. Symptoms typically 

include; loss of motor function, loss of awareness and loss of speech (14). 

 

 

Figure 1.2| Graph showing symptom progression in Alzheimer’s disease. Taken 

from Burns et al. (14). 

 

1.2.1 Epidemiology and risk factors of AD 

AD accounts for 50-60% of all dementia cases (6). The current global 

prevalence of AD in people aged between 60-69 years is approximately 3.9% 
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(17, 18), with this increasing to approximately 15% in people aged between 85-

89 (19). It has been predicted that the number of people with dementia is 

anticipated to double every 20 years (18). The lifetime risk of developing AD is 

far greater for women than men; 17.2% versus 9.1% at age 65 years and 28.5% 

versus 10.2% at age 75 years (20). AD can be divided into at least two forms 

early onset familial AD (FAD) and sporadic or late onset AD (14).  

1.2.1.1 Early onset familial AD 

Early onset familial AD (FAD) is an autosomal dominant disorder with onset 

before 65 years-of-age. FAD is very rare, accounting for less than 0.1% of AD 

cases (2, 21) but it is still the most frequent cause of early-onset dementia 

(22).  

FAD is related to mutations in the amyloid precursor protein (APP; found on 

chromosome 21) (3), presenilin-1 (PS1; found on chromosome 14) (23) and 

presenilin-2 (PS2; found on chromosome 1) (24). It is of note that all of the 

aforementioned genes are involved in amyloid-β (Aβ) processing. 

1.2.1.2 Sporadic AD 

While FAD affects a minority of AD patients, sporadic AD accounts for over 95% 

of AD cases (25). The pathogenesis of sporadic AD is much more complex and 

far less understood than FAD. The principal risk factor for sporadic AD is age 

with the chance of developing the disease doubling every 5 years after the age 

of 65 (26).  

1.2.1.2.1 Risk factors for the development of sporadic AD – modifiable 

Some risk factors for AD are considered modifiable as lifestyle changes can be 

adopted to prevent their development and therapeutic approaches 

implemented to halt their progression (3, 27, 28). Major risk factors include; 

v Midlife hypertension (27, 28).  

v Hypercholesterolemia (29, 30).  

v Diabetes (31). 

v Obesity (29, 31). 
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1.2.1.2.2 Risk factors for the development of sporadic AD - non-

modifiable 

Age is the strongest non-modifiable risk factor for the development of AD. 

Genetic factors are also associated with increased risk of AD. Heterozygous 

loss-of-function mutations in triggering receptor expressed on myeloid cells 2 

(TREM2), which is located on chromosome 6, have recently been linked to an 

increase risk of developing sporadic AD (32, 33). TREM2 encodes a membrane 

protein that triggers the activation of immune responses in macrophages, 

dendritic cells and microglia (34-37). Arguably, the strongest genetic risk 

factor for sporadic AD is the inheritance of the ε4 allele of the APOE gene 

(APOE) on chromosome 19 (2, 38). 

1.2.2 Apolipoprotein E4 

APOE encodes for apolipoprotein E (apoE), a member of the apolipoprotein 

(apo) multigene family that includes; apoA-I, apoA-II, apoA-IV, apoC-I, apoC-II, 

apoC-III, apoB-100, apoB-48, apoJ, apoD, apoH and apoE (39-43). 

Apolipoproteins are the protein components of lipoproteins, which contain a 

mixture of apolipoproteins (39). They confer structure and size to lipoproteins 

and facilitate the movement and uptake of lipoproteins through cellular 

membranes for catabolism (44). 

Each apolipoprotein within the apolipoprotein multigene family plays specific 

role within the body (39). For example, apoA-I is the major protein of high-

density lipoprotein (HDL-C), a cofactor of lecithin-cholesterol acyltransferase 

(LCAT) and has a key role in the reverse cholesterol transport process in the 

periphery (45). ApoA-IV plays an important role in dietary fat absorption and 

chylomicron synthesis and can serve as an activator of the LCAT (46) and 

apoC-III is a component of chylomicrons, very low-density lipoprotein (VLDL) 

and HDL, and inhibits the activity of lipoprotein lipase and delays VLDL 

clearance (46). ApoE on the other hand is the major apolipoprotein of the brain 

and is involved in lipid metabolism (44). 

Three human isoforms of apoE exist; APOE2, APOE3 and APOE4. ApoE 

phenotype is determined by the apoE alleles ɛ2, ɛ3 and ɛ4 (47). The three apoE 

isoforms differ from one another by a single amino acid involving cysteine-

arginine interchanges at positions 112 and 158 (48) (Table 1.1). These amino 
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acid substitutions significantly alter the structure and function of apoE at the 

cellular and molecular levels (49). 

 

Table 1.1| Amino acid protein change between Apolipoprotein E2, E3 and E4 

and the global average allele frequency (50). 

Designation Protein Change Global Average Allele 
Frequency 

E2 Cys112, Cys158 5-6.4% 

E3 Cys112, Arg158 70-76.5% 

E4 Arg112, Arg158 15-17.1% 

 

The risk of developing late-onset AD is increased significantly for APOE4 

carries compared with E3/E3 homozygous individuals (51). Table 1.2 details 

the relative risk of developing AD by age 75 for E4 homozygous individuals 

compared with E3 homozygous individuals (Table 1.2). 

Table 1.2| Effects of APOE genotype on lifetime risk estimates for developing 

Alzheimer’s disease 

   Risk of developing Alzheimer’s disease (%) 

Genotype 75 years-of-age 85 years-of-age 

APOE4/E4 30% 60% 

APOE4/E3 8% 30% 

APOE3/E3 2% 10% 

 Adapted from Zlokovic, (52) and Genin, et al. (53). 

 

1.2.2.1 ApoE and cerebral lipid homeostasis 

ApoE is the major transporter of cholesterol in the brain. The majority of apoE 

is synthesised within the brain by the astrocytes (54). It has been shown that 

the liver does also produce apoE but very little apoE crosses from the periphery 

into the brain (55). Cerebral cholesterol metabolism is crucial for 
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neurotransmission, rapid repair after injury and disease as well as during 

neurodevelopment (12). Cholesterol metabolism in the brain seems to be 

separate from the peripheral cholesterol metabolism. Evidence suggests that 

cerebral cholesterol is derived principally from endogenous synthesis as little 

peripherally-tagged cholesterol is found in the brain (12, 56, 57). Lipoproteins 

in the brain are found in the form of HDL-like particles. ApoE containing HDL-

like particles secreted by astrocytes in vitro are different to HDL lipoproteins 

found in the plasma as they are discoidal in shape and contain very little lipid 

(58). ApoE-containing HDL-like particles derived from human CSF are close in 

structure to peripheral lipoproteins with a phospholipid and free cholesterol 

shell containing apolipoproteins surrounding a non-polar core (43). Just as in 

the periphery, these HDL like particles contain other apolipoproteins, such as, 

apoA-I, apoA-II, apoA-IV, apoD, apoH and apoJ, which are also found in the CNS 

but in lower concentrations compared to apoE (43). ApoE mediates the delivery 

of cholesterol to neurons and glial cells through receptor-mediated 

endocytosis via the low-density lipoprotein receptor family, which includes low-

density receptor related protein-1 (LRP1) (59-61). LRP1 is expressed 

throughout the brain, especially on neurons and astrocytes, but also in 

endothelial cells, microglia and vascular smooth muscle cells (VSMCs) (62). 

After the metabolism of apoE-containing HDL particles some apoE is 

transported back to the cell surface for reuse (63).  

Population studies have shown that subjects who possess the APOE4 allele 

have higher levels of plasma LDL cholesterol compared to APOE2 and APOE3 

individuals (64). As hypercholesterolemia is also a risk factor for the 

development of AD (30), it is possible that increased risk of developing AD is 

due in part to a synergistic dysfunction between apoE and cholesterol. 

1.2.3 Pathology of AD 

Neuropathologically, AD is associated with three major features: brain region-

specific neuronal loss and synaptic degeneration (65-68), accumulation of 

intracellular neurofibrillary tangles (NFTs) and deposition of extracellular Aβ-

positive plaques (69, 70). 
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1.2.4 Neuronal loss 

Neuronal loss follows a general pattern of degeneration, which begins in the 

entorhinal cortex and advances to the hippocampus and posterior temporal 

and parietal cortices (70, 71). The end result of this degenerative neuronal loss 

is brain shrinkage and ventricular enlargement. 

1.2.5 Tau 

Tau is the principle microtubule associated protein (MAP) of the mature 

neuron. The other two neuronal MAPs are MAP1 and MAP2. Tau, MAP1 and 

MAP2 are all phosphoproteins whose biological activity are regulated by the 

degree of phosphorylation (72-74). The main roles of tau in the CNS are to 

promote the assembly of tubulin into microtubules and help stabilise their 

structures (75). The phosphorylation state of tau regulates its activity to bind 

to microtubules and stimulate their assembly (76). When tau is 

hyperphosphorylated it loses its biological activity (77). In AD tau becomes 

hyperphosphorylated, a process that may be to be related to either an increase 

in kinase activity or a decrease in phosphatase activity (78). The abnormally 

hyperphosphorylated tau associates into paired helical filaments (PHF) (79-84). 

Further, excessively hyperphosphorylated tau is unable to bind to microtubules 

(78). It is thought that the conversion of normal tau to PHF in AD leads to the 

destabilization of microtubules and axonal loss (78). It has been suggested 

that the increase in PHF results in a decrease in the amount of tau available to 

stabilize microtubules, which in turn results in the “dying back” of axons (78). 

PHF develop in specific sites and spread in a predictable manner across the 

brain (77). These aggregated PHF are seen pathologically as intraneuronal 

tangles in dystrophic neurites surrounding senile plaques and in the neuropil 

as neuropil threads (79, 85).  

1.2.6 Amyloid β 

Senile plaques are formed predominantly of Aβ. Aβ peptides consist of 36-43 

amino acids (86). Aβ peptides are derived from APP following sequential 

proteolytic cleavages by β and γ-secretases (87, 88). APP is a single pass 

transmembrane polypeptide that is expressed in many tissues, particularly 
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neurons (89). The precise physiological function of APP is still not fully 

understood but studies have shown that overexpression leads to an increase in 

cortical neuron size (90). Further to this, APP levels are increased after 

neuronal injury, suggesting they are needed for health and repair and may also 

be important for binding to cholesterol in the plasma membrane, thereby 

regulating membrane fluidity (91). 

1.2.6.1 Production of amyloid β 

APP can be processed in two ways. In the non-amyloidogenic pathway, 

processing of APP is initiated by α-secretase. This cleavage generates a soluble 

α-amyloid precursor protein (sAPPα) fraction and an 83-residue carboxy-

terminal fragment (α-CTF) (92). γ-secretase, a multiprotein complex composed 

of PS1 or PS2, cleaves C-83 to liberate a non-toxic P3 fragment and the amyloid 

intracellular domain (AICD) (89, 92). In the amyloidogenic pathway, cleavage of 

APP starts with a β-secretase named β-site amyloid precursor protein–cleaving 

enzyme 1 (BACE-1), which generates the sAPPβ and a C-99 fragment. 

Generation of Aβ40-42 follows from cleavage of the C-99 fragment by γ-

secretase (89). The region of C-99 cleaved by γ-secretase determines which 

species of Aβ (Aβ36-43) is generated (Figure 1.3).  
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Figure 1.3| Non-amyloidogenic and amyloidogenic processing of APP (A) 

Non-amyloidogenic processing of APP. α-secretase cleaves APP to produce 

sAPPα and a membrane bound 83-residue carboxy-terminal fragment (α-CTF). 

γ-secretase then cleaves α-CTF to generate p3 and AICD (B) Amyloidogenic 

processing. β-secretase cleaves APP to release sAPPβ. The remaining 

membrane-bound fragment is cleaved by γ-secretase – this cleavage reaction 

yields ACID and Aβ39-43. Taken directly from O’Brien, et al. (89). 

1.2.6.2 Amyloid β fibrillogenesis 

Aβ is found in a variety of conformations. When cleaved from APP, Aβ is in 

monomeric form (~3-4 kDa) (89); however, monomers of both Aβ40, and 

especially Aβ42, can rapidly form a number of different species, including 

dimers (~6-8 kDa) and trimers (~12 kDa) to larger Aβ-derived diffusible ligands 

(ADDLs’), oligomers (~12 kDa-300 kDa), protofibrils and fibrils (93). Aβ 

fibrillogenesis is a nucleation-dependant process in which monomeric Aβ forms 

the nuclei (94, 95). The coupling of Aβ monomers into a nucleation site results 

in the formation of protofibrils, which combine and give rise to full-length 

fibrils that aggregate to eventually form an Aβ plaque (96). Aβ42 is more 

hydrophobic than Aβ40 and particularly prone to aggregation (97). Senile 

A B 
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plaques within the parenchyma are composed principally of Aβ42 (98). 

Although Aβ plaques are hallmarks of AD pathology and were initially regarded 

as the neurotoxic species, plaque load does not correlate with the degree of 

dementia (99). Biochemical studies have shown that the levels of soluble Aβ in 

the brain parenchyma correlate well with the severity of dementia, supporting 

the current thought that oligomeric Aβ is the most toxic amyloid species (100, 

101). The levels of soluble Aβ in the CSF have also been linked to disease 

progression. It has been reported that a reduction in CSF Aβ42 concentration is 

associated with brain atrophy in the preclinical phase of AD (102). This may be 

due to an increase in the concentration of Aβ42 within the parenchyma (102).  

1.2.7 The cerebrovascular pathology in AD 

AD pathology is generally associated with amyloid plaques and PHF, however, 

recent evidence has shown at least a third of AD patients also exhibit 

cerebrovascular pathology (103). The vasculature of the brain is comprised of 

the cerebral arteries, capillaries and veins (104). The walls of the vessels 

together with the associated neurons and glial cells are known as the 

neurovascular unit (105). The cerebrovascular pathology of AD encompasses a 

variety of lesions, including; degeneration of cerebral microvessels (100% of 

AD cases) (106), large cerebral infarcts and cortical microinfarcts (36% of AD 

cases) (106), changes in endothelial and vascular smooth muscle cells (103) 

and most notably cerebral amyloid angiopathy (CAA; 98% of AD cases) (106). 

The deposition of Aβ within the walls of arteries and cerebral capillaries as CAA 

is a significant cerebrovascular pathology that is thought to play a pivotal role 

in the progression of AD as well as the degeneration of the neurovascular unit 

(103). In CAA, the predominant species of Aβ is Aβ40 (107). 

1.3 The neurovascular unit 

The neurovascular unit is a collective term used to describe the cellular and 

acellular structures at the interface between cerebral blood vessels and the 

brain parenchyma. It is comprised of neurons, endothelial cells, pericytes, 

smooth muscle cells, astrocytes, juxtavascular microglia and cerebrovascular 

basement membranes (CVBMs) (108). Cerebral arteries, arterioles, capillaries, 

veins and venules formulate the central aspect of the neurovascular unit. It is 
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responsible facilitating efficient transport of nutrients and metabolites to and 

from the brain and also the removal of interstitial fluid (ISF) and associated 

solutes (5, 7, 60, 108, 109). The vascular cells, glial cells and neurons form a 

tightly regulated blood-brain barrier between the blood and the brain 

parenchyma (110). 

1.3.1 Structure of cerebral artery 

Cerebral arteries are comprised of an endothelial cell layer that is separated 

from layers of vascular smooth muscle cells (VSMCs) by a CVBM (105). There is 

also a CVBM layer that weaves between individual VSMCs and runs between 

VSMC layers (111). The abluminal aspect of the cerebral artery wall consists of 

layer of pia mater that is interspersed by astrocytic end feet (112-114) (Figure 

1.4 A and B). Leptomeningeal vessels have an additional meningeal layer that 

penetrates into the brain along the walls of the vessels (115). 

1.3.2 Structure of cerebral capillary 

A layer of endothelial cells, joined by tight junctions, form the luminal aspect 

of cerebral capillaries. The cerebral capillary wall consists of pericytes that are 

encased within the CVBM (116, 117) and astrocytic end feet that fuse onto the 

abluminal aspect (118). A CVBM separates endothelial cells from pericytes and 

astrocytes as well as astrocytes from endothelial cells (118) (Figure 1.4 C and 

D).  

1.3.3 Structure of cerebral veins 

Cerebral veins consist only of an internal endothelial cell layer and astrocytic 

end foot layer which is separated by a CVBM (119). Venules have been shown 

to contain venous smooth muscle cells as well as pericytes (104, 116, 117).  
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Figure 1.4| Composition of the neurovascular unit. (A) Diagram of leptomeningeal artery. Viewed from the 

centre: arterial lumen (red), endothelial cell (blue), cerebrovascular basement membrane (light green), 

vascular smooth muscle cells (orange) have a cerebrovascular basement membrane running between them 

and are penetrated by never fibres (yellow), pia mater (dark green) and astrocyte end foot (teal). (B) 

Micrograph of C57BL/6 mouse cortical artery. Lu – lumen, Edc – Endothelial cell, Smc – Vascular smooth 

muscle cell, CVBM – Cerebrovascular basement membrane, Pm – Pia mater and Sub – Subarachnoid space. 

TEM, x25 000, scale bar 1000nm, image credit: Matthew M. Sharp. (C) Diagram of a cerebral capillary. 

Viewed from the centre; capillary lumen (red), endothelial cell (blue), cerebrovascular basement membrane 

(light green), pericyte (purple) and astrocyte end foot (teal). (D) Micrograph of Wistar Kyoto rat cerebral 

capillary. Lu – lumen, Edc – Endothelial cell, Pct – pericyte, CVBM – Cerebrovascular basement membrane, Ast 

– Astrocyte end foot. TEM, x50 000, scale bar 500 nm. 
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1.3.4 Cerebral amyloid angiopathy 

In addition to its accumulation in the parenchyma, Aβ also deposits in the walls 

of cerebral blood vessels as CAA. CAA is a common disease in both demented 

and non-demented individuals. It is observed in 55–59% of demented 

individuals compared to 28–38% of the non-demented, however, 37–43% of the 

demented cases display severe CAA in contrast to 7–24% of the non-demented 

(120). 98% of AD brains studied at autopsy also show signs of CAA (121-124) 

and the severity of CAA is significantly greater in AD brains (125). Aβ is not the 

only amyloid protein to be associated with CAA; to date six other amyloid 

proteins have been reported in CAA including cystatin C (ACys), prion protein 

(APrP), ABri/ADan, transthyretin (ATTR), gelsolin (AGel), and immunoglobulin 

light chain amyloid (AL) (126, 127). Non-Aβ CAA-related disorders include 

cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL) (128) and hereditary cerebral hemorrhage with 

amyloidosis, Icelandic type (HCHWAI) also called hereditary cystatin C amyloid 

angiopathy (HCCAA) (129).  

1.3.4.1 Clinical characterisation of CAA 

CAA is cerebrovascular amyloid deposition. It is classified into several types 

according to the cerebrovascular amyloid proteins involved (ACys, APrP, 

ABri/ADan, ATTR, AGel, AL) (126). Sporadic Aβ-type CAA is commonly found in 

elderly individuals and patients with AD (126). Patients rarely present at clinic 

directly due to CAA, but rather due to the manifestation of an associated 

condition, such as a transient ischemic attack (TIA) (130). Cerebral 

hypoperfusion, microhemorrhages and cognitive impairment have been shown 

to be directly associated with CAA severity (131-135). For the purposes of this 

thesis the abbreviation ‘CAA’ refers to sporadic Aβ-type CAA.  

1.3.4.1.1 Epidemiology and risk factors of CAA 

The prevalence of CAA increases with age and it most commonly occurs in 

individuals above the age of 65 and in patients with AD (125, 127). A recent 

large study of Japanese nationals reported a female predominance to CAA-

related lobar intracerebral hemorrhage (ICH) (136). 
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1.3.4.1.2 Risk factors for the development of CAA- modifiable 

v Hypertension (137). 

v Thrombolytic, anticoagulation, and antiplatelet therapies (138). 

v Anti-Aβ therapies (139). 

1.3.4.1.3  Risk factors for the development of CAA- non-modifiable 

v Increasing age (125). 

v Possession of apolipoprotein ε4 allele. The apolipoprotein ε4 allele is 

not only associated with sporadic AD but also CAA and CAA-related 

haemorrhages (140, 141). The severity of capillary CAA is increased in 

APOE4 individuals (130). 

v Mutations in PS1 located on chromosome 14, alpha1-antichymotrypsin 

(ACT) located on chromosome 14, neprilysin located on chromosome 3, 

low-density lipoprotein-receptor related protein (LRP-1) located on 

chromosome 10 and angiotensin-converting enzyme (ACE) located on 

chromosome 17 genes (125, 127). 

v Dutch mutation in APP, located on chromosome 21. Carriers of this 

mutation develop a severe CAA, known as HCHWA-D. This disease is 

associated with recurrent strokes during the fifth and sixth decades of 

life (142). 

 

1.3.4.2 Pathology of cerebral amyloid angiopathy 

CAA affects predominantly leptomeningeal and cortical arteries but also occurs 

in cerebral capillaries (122, 143, 144). Unlike the parenchymal senile plaques 

that are composed principally of Aβ42 (98), vascular Aβ deposits are comprised 

predominantly of Aβ40 (144). CAA is associated with capillary thinning and 

vessel tortuosity, inhibition of angiogenesis and the death of pericytes, 

endothelial and VSMCs (145-149). The occipital lobe is the most frequently and 

severely affected region of the brain, whereas the hippocampus, cerebellum 

and basal ganglia tend to be spared of CAA pathology (150). CAA at autopsy is 

graded mild, moderate or severe (151, 152). In mild CAA, Aβ is localised on 

the external aspect of the tunica media with VSMCs being unaffected by the 

deposition (150). Moderate CAA is associated with the loss of VSMCs as Aβ is 

deposited throughout the tunica media but no sign of haemorrhage (150). 
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Severe CAA is defined by extensive Aβ deposition within the 

cerebrovasculature along with microhemorrhages (150). 

1.3.4.3 Aetiology of cerebral amyloid angiopathy 

The origin of the vascular Aβ deposits has been contested since the early 20th 

century when it was first proposed that blood borne Aβ was causing the 

phenomenon (153). In the presiding half-century other mechanisms were 

suggested, including the production of Aβ by VSMCs (154-156). However, the 

dichotomy between the specific localization of CAA to cerebral blood vessels 

and the ubiquitous expression of VSMCs throughout the body suggested a 

brain-based origin of vascular Aβ. This hypothesis is supported by findings that 

transgenic mice that produce mutant human Aβ only in the brain develop CAA 

(157, 158). 

As with parenchymal Aβ accumulation, it is currently thought that CAA 

develops due to a failure in the elimination of Aβ from the brain (159, 160). 

1.3.4.4 Metabolism and clearance of Aβ 

To date, five main cerebral Aβ elimination pathways have been identified: 

1. Enzymatic degradation by endopeptidases (e.g. insulin-degrading 

enzyme, neprilysin and endothelin-converting enzyme) within the 

parenchyma (161). 

2. LRP1-mediated cellular uptake. LRP1 is expressed in microglia, 

astrocytes, perivascular macrophages, pericytes and VSMCs. These cells 

take up Aβ and degrade it mainly within lysosomes (62, 162-164). 

3. Phagocytosis and macropinocytosis into lysosomes by microglia and 

perivascular macrophages (165, 166).  

4. LRP1 and LRP2-mediated clearance across the blood brain barrier (BBB) 

(61). 

5. Perivascular and paravascular elimination along the walls of cerebral 

capillaries, arteries and veins (5, 6) 

The cerebrovasculature is considered to be the major route of elimination of 

Aβ from the brain because the neurovascular unit covers a vast surface area 

(10, 60, 160, 167). For this reason various groups have focussed their research 

on the role the neurovascular unit plays in the elimination of Aβ, however, 
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much of the work has been centred on clearance of Aβ across the BBB (60, 61). 

This work has proven pivotal in furthering our understanding of the dynamics 

of Aβ clearance across the BBB via LRP1 (167). However, there is a lack of 

knowledge surrounding the other cerebrovascular clearance pathways. What is 

now needed is a guided research focus investigating how Aβ is transported 

around the brain in the ISF and CSF and the role these fluid systems play in Aβ 

removal from the brain. 

1.4  Solute clearance from the brain via CSF and ISF movement 

Apart from blood, the brain and spinal cord are associated with two 

extracellular fluids, namely, cerebrospinal fluid (CSF) and interstitial fluid (ISF) 

(168). Each fluid inhabits its own anatomical space and has a specific role. CSF 

has a total volume of 90-150mL in the adult brain and is the main buoyancy 

fluid of the brain (169). It surrounds the brain and spinal cord filling the 

ventricular system, subarachnoid space, cisterns and sulci and keeps the brain 

protected within a fluid ‘cushion’ (169). CSF is produced predominantly in the 

ventricles by the choroid plexus at a rate of 350 µL/min (170, 171). CSF is 

constantly circulating; in humans, it passes through the ventricular system, 

into the subarachnoid spaces and finally drains into the blood via arachnoid 

villi granulations in major venous sinuses (115). In rodents, the arachnoid villi 

are less well developed so 50% of CSF actually drains via the cribriform plate 

and nasal lymphatics to cervical lymph nodes in the neck (172-174). This CSF 

fluid dynamic is imperative for good health, failure of it results in 

hydrocephalus (168, 175). 

ISF differs to the CSF in both location and role. It fills the extracellular spaces 

within the brain with a total volume of 280mL in the adult brain and spinal 

cord (176). The exact method of ISF production is still contested but ISF 

appears to be derived partly from the blood and partly from cellular 

metabolism (176). The CSF may also contribute to ISF but the degree of the 

contribution is unknown (176).  

A consequence of the high metabolic output of the brain is the production of 

large quantities of waste products that must be transported, along with other 

solutes, out of the brain for eventual excretion from the body. Unlike 

peripheral organs that communicate with the lymphatic system to remove ISF, 
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the brain does not have conventional lymphatics. Solutes that cannot be 

eliminated across the BBB or into the CSF must therefore be removed via 

alternative routes. It is widely regarded that ISF acts as a medium for the 

diffusion of solutes during their clearance. There are two major theories 

detailing how ISF and cellular waste, including Aβ, are cleared from the brain. 

The first, proposed by Nedergaard et al., is known as the paravascular 

elimination or glymphatic pathway and the second, known as the perivascular 

elimination or cerebral lymphatic pathway, is presented by Carare et al.  

1.4.1 The paravascular elimination pathway of CSF and ISF 

Nedergaard et al. hypothesise the existence of a brain-wide pathway of CSF 

and ISF elimination. They postulate the existence of fluid filled channels that 

run between the walls of the cerebral arteries and veins and the brain 

parenchyma, described previously in the literature as Virchow-Robin spaces 

(10). It is proposed that para-arterial channels, along the walls of 

leptomeningeal arteries, carry CSF from the subarachnoid space into the brain 

parenchyma, where it combines with ISF (10). From there, ISF and interstitial 

solutes drain through the extracellular space and into the para-venous 

channels in the wall of cerebral veins. Following this, solutes and fluid are 

dispersed into the subarachnoid CSF, enter the bloodstream across the post-

capillary vasculature, or follow the walls of the draining veins to reach the 

cervical lymphatics (10). Using two-photon microscopy, they have 

demonstrated that after a 30-60 minute infusion into the cisterna magna 

tracers accumulate along capillaries and parenchymal venules (10).  

This pathway is size dependent. After injection into the cisterna magna larger 

solutes (e.g. 2000 kDa) are confined to the para-arterial space and do not enter 

the brain parenchyma (10). Small tracers (<3 kD) and Aβ enter the brain 

interstitium approximately 30 minutes after injection into the cisterna magna 

(10). Astrocytes cover the majority of the murine cerebral microcirculation and 

so access to the parenchyma is provided only by ~20 nm clefts between 

overlapping end feet (10, 177). Nedergaard et al. hypothesize that the size of 

this opening to the parenchyma prevents tracers and solutes greater than 20 

nm in size from entering the brain interstitium (10). However, it must be noted 

that solutes smaller than 3 kD are also able to enter the brain from the pial 

surface (10). 
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The route of clearance described by Nedergaard et al. does not match CAA 

pathology and thus is probably not implemented in the pathogenesis of the 

disease. TEM studies have shown that in CAA Aβ deposits within the CVBM of 

the tunica media (154). Data presented by Nedergaard et al. suggest Aβ enters 

the brain via a para-arterial space and is eliminated from the brain via a para-

venous space (10), which is at odds with CAA aetiology. 

1.4.2 The perivascular elimination pathway of ISF 

The perivascular elimination pathway hypothesizes that CVBM act as the 

lymphatic pathways of the brain. There are no conventional lymphatic vessels 

in the brain, so it is hypothesised that ISF and associated interstitial solutes 

pass through the extracellular space between neuronal cells and enter the 

CVBMs of capillaries and arteries, travel along the tortuous CVBMs surrounding 

smooth muscle cells to the large arteries at the base of the brain and from 

there towards the cervical lymphatics (5). The extracellular matrix of the brain 

and CVBMs are proposed to play a critical role in this clearance pathway.  

1.5 The Basement membranes of the brain 

BMs are specialized extracellular matrices 50-100 nm in size when visualized 

by transmission electron microscopy (TEM) that cover the basal aspect of all 

endothelial and epithelial cells and surround fat, muscle and Schwann cells 

(178-185) (Figure 1.5). They are formed from a variety of intracellularly 

produced proteins that are secreted into the surrounding extracellular matrix 

(ECM) (186). BMs provide structural support to tissues, separate cells from 

connective tissue and are important in modulating cellular signalling pathways 

(180, 186, 187). Considerable structural and functional heterogeneity has been 

observed between BMs of different tissues (178, 179, 181, 188, 189). The 

majority of BMs contain the following proteins; type IV collagen, laminin, 

nidogen and the major heparan sulphate proteoglycan (HSPG) perlecan (186, 

190). Each of these core BM proteins has a subset of isoforms – there are 6 

isoforms of type IV collagen, two nidogen isoforms, two major HSPGs (perlecan 

and agrin) and 16 different isoforms of laminin (191). Variation in the 

structural composition of the core BM proteins results in protein heterogeneity. 

For example, collagen IV is comprised of 6 distinct polypeptide α-chains (α1(IV) 

- α6(IV)) that assemble with high specificity to form three distinct isoforms, 
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α1α1α2, α3α4α5 and α5α5α6 (192). Laminins are composed of an α, β and γ 

polypeptide chain (193). Currently 5 distinct α chains, 3 distinct β chains and 3 

distinct γ chains have been characterised and they assemble in various 

combinations to form 16 different laminin isoforms, which are classified as 

α1β1γ1, which is abbreviated to 111, depending on which chains make up the 

final molecule (194). Auxiliary BM proteins including, type XV collagen, type 

XVIII collagen, agrin, osteonectin (also known as secreted protein acidic and 

rich in cysteine (SPARC) or basement membrane protein 40 (BM40)), BM90 and 

fibulin contribute to the structural and functional diversity of the BM across 

different tissues (184).  

In the brain, BM proteins are expressed in the ECM of the parenchyma and 

within multiple layers of the cerebral blood vessels. Collagen IV (192), laminin 

(195-199), nidogen -1 and -2 (200), HSPGs perlecan (201), fibronectin (202) 

and agrin (203) are the predominant BM constituents of the brain. However 

there are variations in the composition of individual cerebral BMs, especially 

with regards to laminin. For example, the BM of the glia limitans contains both 

laminin α1 and α2 (199), whereas only laminin α1 is expressed in the 

meningeal epithelium and the astrocytic endothelium contains only laminin α2 

(199). The different protein composition within each cerebral BM influences 

numerous cellular functions such as neural stem cell differentiation and 

migration, axon formation, apoptosis, myelination and glial scar formation 

(204-206). 

 

1.5.1 Cerebrovascular basement membranes 

CVBMs are a charged complex that form a molecular sieve that electrostatically 

repels anionic and neutral proteins (207). CVBMs play an important role in 

blood vessel development and health, formation and maintenance of the BBB 

and migration of peripheral cells, including leukocytes into the brain (208-

210). Endothelial cells, astrocytes and VSMCs (210) all contribute to the 

composition of the CVBM (211), as do pericytes (212, 213). CVBMs are 

comprised of collagen IV, laminin, perlecan and nidogen as well as several 

minor glycoproteins (199). There is considerable variation in the expression 

pattern of CVBM proteins within the CVBMs of different cerebral blood vessels, 
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this is particularly true of laminin isoforms (191). At the capillary level the 

CVBM is fused between the endothelial cells and astrocyte end feet and 

contains laminin α2, α4 and α5 (199) (Figure 1.5). Cerebral arterioles and 

arteries contain an endothelial CVBM (containing laminin α4 and/or α5), a 

CVBM that surrounds the VSMCs within tunica media (containing laminin α1 

and α2) and an astrocytic BM (containing laminin α1 and α2) (208). Venules are 

comprised of an endothelial CVBM (containing laminin α4 and a patchy 

distribution of laminin α5), a VSMC CVBM (containing laminin α1 and α2) and 

an astrocytic BM (containing laminin α2, α4 and α5) (208, 211). 

 



 

    42 

 

 

Figure 1.5| Micrograph of cortical Wistar Kyoto rat capillary. The CVBM is the electron 

dense area between the 6 arrow heads. Lu – Capillary Lumen, Edc - Endothelial cell and 

Ast - Astrocyte end foot. TEM, x50 000, scale bar – 500nm. 
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1.5.2 Cerebrovascular basement membrane assembly 

The assembly of each CVBM begins with two major structural components, the 

type IV collagens and laminins (178, 187, 214-216). These proteins self-

assemble into the structure that forms the backbone of all BMs. The first stage 

of the assembly of this suprastructure is the formation of covalent interactions 

between four collagen IV protomers (180). This covalent stabilization happens 

via the collagen IV N-terminal 7S domains. The resulting complex forms a “net” 

to which the remaining CVBM proteins adhere (186). Two of the four 

protomers also interact via their NC1 domains. These domains join head-to-

head and form a stabilized hexamer (217). Laminins then self-assemble into a 

“honey comb” network via the three short arm domains (α-chain, β-chain and γ-

chain) which are all essential for stability (218). Cell surface macromolecules, 

such as integrins, dystroglycan and sulfatides are responsible for laminin 

assembly because they bind to it and concentrate it at the cell membrane, as 

well as reduce the activation energy for self-assembly (219). Nidogens and 

perlecans are responsible for binding the collagen IV and laminin 

suprastrucutres together (219). They form bridges between the backbone of 

CVBMs, stabilising them and increasing their strength (184). The resulting 

complex is a double polymer network that is stabilised by nidogen and 

perlecan cross-links (220) (Figure 1.6). 
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Figure 1.6| The structure and composition of the CVBM. The CVBM is primarily 

composed of collagen IV, perlecan, nidogen and laminin. The major structure is a 

scaffold formed of collagen IV with laminin interspersed between. Perlecan and 

nidogen form binding proteins that are thought to hold the main scaffold of collagen 

IV and laminin together (186). Taken from Sorokin, L. et al. (191).  
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1.5.3 Evidence of a role for cerebrovascular basement membranes in 

clearance of ISF and solutes 

Based on the observations that Aβ produced by neurons accumulates within 
the CVBMs of capillaries and arteries of the ageing and AD brains, Weller et al. 

were the first to hypothesise that CVBMs act as a pathway for ISF drainage 

from the brain (221). Results from early drainage studies found that large 

molecular weight compounds injected into the brain parenchyma spread along 

perivascular spaces and could be observed in the walls of leptomeningeal 

arteries and in cervical lymph nodes (222). Further, the clearance of small and 

large molecules occurred at similar rates (223), suggesting that movement of 

ISF was dependent on bulk flow rather than diffusion, with an estimated 

clearance rate of 0.11-0.29 µL/min/g of brain via the leptomeningeal arteries 

(5, 176, 222). 

The role of CVBMs in the perivascular clearance of parenchymal solutes was 

shown experimentally by Carare et al., who found that fluorescent tracers were 

localised to CVBMs of both capillaries and arteries within 5 minutes of injection 

into the deep grey matter (5). In arterial walls, the tracers were specifically 

located in the CVBM of the tunica media, but not in the endothelial CVBM or 

the outer most CVBM between the arterial wall and brain parenchyma (5). At 3 

hours after injection, the tracer had cleared the CVBMs and tracers were only 

visible within perivascular macrophages (5). More recent studies using 

multiphoton imaging have confirmed the drainage of intracerebrally-injected 

tracers along perivascular CVBMs (224). This pathway appears specific to small 

solutes, as large molecules, including immune complexes, Indian ink and 20 

nm fluorospheres are unable to enter CVBMs (225-227).  

The motive force for the perivascular elimination pathway is still unclear. It has 

been hypothesised that pulsatile cerebral blood flow plays a major role 

because clearance ceases immediately after cardiac arrest (5). Mathematical 

models have also provided insight into potential mechanisms by highlighting 

the potential for reflection wave driven flow (228, 229). Each arterial pulsation 

is followed by a contrary reflection wave that passes along the vessel wall in 

the opposite direction to blood flow, which follows the observed pattern of 

distribution of solutes injected into the grey matter (228, 229). This reflection 

wave could be aided by conformational changes in the CVBMs occurring during 
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constriction and relaxation of the vessel wall in arteries (230) and of pericytes 

in capillaries. CVBM proteins may also adopt a valve-like configuration to 

prevent the ISF back flow (228). 

1.6 Role of cerebrovascular basement membrane and perivascular 

drainage in cerebral amyloid angiopathy 

Since the initial studies into perivascular elimination of solutes, it has been 

shown that soluble Aβ follows the same route after injection (6, 7, 231) (Figure 

1.7). The pattern of distribution closely matches that of human CAA (221), 

supporting the hypothesis that CAA outlines the natural route of elimination of 

cerebral Aβ. Multiple additional lines of evidence suggest an important role for 

CVBMs in the clearance of Aβ and its failure in CAA: 

i) Morphologic changes in the cerebrovasculature and CVBMs: Thickening, 

splitting, duplication and the presence of abnormal inclusions in CVBMs have 

been reported in the brains of aged animals and humans and to a greater 

degree in the AD brain (232-235). Thickening of CVBMs in both rodents and 

humans appears to be most predominant in brain areas that are susceptible to 

AD and CAA pathology (7, 236) and precedes CAA onset in TGF-β transgenic 

mice (237). Further, increasing age is associated with arterial rigidity, 

elongation and tortuosity, as well as a reduction in the vascular content of 

smooth muscle (238). Such changes may diminish the force of arterial 

contraction and thereby diminish the driving force for perivascular clearance of 

Aβ.  

ii) Changes in the biochemical composition of CVBMs: Laminin, collagen IV and 

entactins inhibit the aggregation of Aβ and destabilize pre-formed fibrils of Aβ 

in vitro, while HSPG agrin and perlecan accelerate its aggregation (239-245). 

Decreased amounts of collagen IV have been reported in small diameter 

vessels (<50 µm) from AD patients, compared to aged-matched controls (246). 

Conversely, the levels of heparan sulfate proteoglycans were increased in AD 

brains (233, 247). Similar alterations have also been observed in the levels of 

collagen IV, laminin, nidogen 2, fibronectin and perlecan in CAA-vulnerable 

brain regions of aged mice (7). These data suggest a change in the 

composition of CVBMs in aged brain towards a pro-amyloidogenic 

environment. In addition, mice expressing the human APOE4 allele show 
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greater changes in CVBM protein expression over the life course than mice 

expressing human APOE3, in association with disrupted perivascular drainage 

of Aβ40 (6). 

iii) Relationship between parenchymal and vascular Aβ: Increased CAA severity 

has been noted in the brains of both mice and humans following anti-Aβ 

immunotherapy in association with decreased cerebral plaque load (133, 139, 

248, 249). These vascular Aβ deposits contained high levels of Aβ42, 

suggesting that following immunisation parenchymal Aβ became solubilised, 

drained along CVBMs and became entrapped in the perivascular drainage 

pathways. 

 Collectively, these findings indicate that alterations in the composition, level 

of expression or morphology of CVBM may disturb perivascular drainage of Aβ 

from the parenchyma and initiate the deposition of Aβ within the walls of the 

cerebral vasculature, leading to a feed-forward mechanism of Aβ accumulation 

as CAA. 

The aforementioned studies highlight the potential role of CVBM in the 

pathogenesis of CAA. However, what is lacking is an investigation focusing on 

the ultrastructural location of Aβ as it is cleared from the brain. This thesis 

aims to address this by providing a detailed study into the ultrastructural 

clearance route of Aβ via the perivascular clearance pathway. Further to this, 

the pathological mechanisms behind why risk factors for CAA and AD, such as 

hypertension and possession of APOE4 allele, increase ones chances of 

developing these diseases are still not clear. This thesis will also investigate 

how these risk factors influence the clearance of Aβ via the CVBM.  
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Figure 1.7| Diagram depicting the perivascular elimination of solutes along the 

cerebrovascular basement membrane of a cerebral capillary. The arterial pulsatile 

wave driving blood flow into the brain (red arrows) is followed by a refractory wave, 

which may drive the movement of interstitial fluid (ISF) out of the brain along the CVBM 

(green arrow). Conformational changes in CVBMs during the refractory wave may provide 

a valve-like mechanism that promotes unidirectional flow of ISF. Viewed from the center: 

capillary lumen (red), endothelial cell layer (blue), cerebrovascular basement membrane 

(light green), pericyte (purple) and astrocyte end foot (teal) with a section removed 

beyond dotted line. 
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1.7 Current evidence supporting a putative role for modifiable and 

non-modifiable risk factors for AD on perivascular drainage 

pathways 

1.7.1 Modifiable risk factor – hypertension  

Midlife hypertension (HTN) is a major risk factor for the pathogenesis of AD 

but the pathological reasoning is unclear (27). HTN is defined as an elevation 

of blood pressure above 140 mm Hg systolic or 90 mm Hg diastolic and it is 

estimated to afflict 25% of the general population (250). 90-95% of HTN cases 

have an unknown cause and are classified as ‘essential hypertension’ (251). 

HTN is a treatable disease and drugs, such as angiotensin-converting enzyme 

(ACE) inhibitors and calcium blockers, have been used widely over the past 

decades to combat the condition (252). Furthermore, studies have shown that, 

in the absence of APOE4, subjects who had been taking peripheral ACE 

inhibitors had lower incidence of AD compared with those who had not been 

taking an ACE inhibitor (13% versus 27%) (252). 

HTN has been shown to increase the thickness of artery walls and has been 

linked to vascular stiffening (253). Thickening of artery walls leads to a 

reduction in luminal volume and the vascular stiffening reduces the vessels 

ability to expand and contract (254). The perivascular elimination pathway is 

hypothesized to be driven by arterial pulsations (228), thus increased vascular 

stiffness may reduce the motive force for Aβ drainage, leading to increased 

deposition. Further to this, recent evidence has shown a correlation between 

peripheral vascular stiffness and Aβ deposition (254). HTN has also been linked 

to cerebral haemorrhage, micro-infarcts and other BBB disturbances (255, 

256). Furthermore, there could be an increase in the production of Aβ in 

response to HTN as cerebral hypoxic ischemia, a condition that has been 

linked to HTN, promotes Aβ production (257-259). 

HTN is know to effect CVBMs in various ways, but most notably it is associated 

with CVBM thickening (260). CVBM thickening is also associated with ageing 

and AD (7, 236). What is missing from the research is an in-depth regional 

specific analysis on the effects of HTN on CVBMs with increasing age. As of yet 

there has been no investigation into how the CVBMs of different regions of the 

brain change over time in response to HTN. 



 

    50 

1.7.2 Non-modifiable risk factor - apoE4 

Much work has been done to try to understand how possession of APOE4 

increases the risk of developing AD and the severity of capillary CAA (130). 

Most of this work has focused on the influence of apoE genotype on Aβ 

transport across the BBB via LRP1 (60, 61, 261). Early work by Zlokovic and 

colleagues suggested significant binding interactions between apoE and Aβ 

and supported the hypothesis that apoE chaperones Aβ transport across the 

BBB (8, 9, 58, 61, 262-270). They reported that Aβ binding to apoE4 redirects 

the rapid clearance of free Aβ via LRP1 to the VLDL receptor (VLDLR) (61). 

ApoE2-Aβ and apoE3-Aβ complexes are also transported via VLDLR but at a 

much faster rate (61). ApoE2-Aβ and apoE3-Aβ complexes can also be 

transported rapidly via the LRP1 receptor (61). These data suggests that 

accumulation of CAA in apoE4-positive individuals may be due to slower 

clearance of Aβ across the BBB. However, recent reports by Holtzman et al. 

have suggested only a minimal physical interaction between Aβ and apoE in 

the CSF of AD patients (60). Nevertheless, they also found that LRP1 mediated 

clearance of Aβ in the presence of apoE4 was slower when compared to apoE2 

and apoE3 (60). However, they suggested that apoE and Aβ compete for 

clearance via LRP1 and that the efficiency of apoE clearance between the 

different isoforms dictates the efficiency by which Aβ is removed from the 

brain (60).  

The controversy is further exacerbated by recent studies. One such study 

reported that APOE4 individuals have lower levels of apoE in the brain than 

apoE2 and apoE3 individuals (271-273). With this in mind it could be argued 

that APOE4 genotype increases ones chances of developing AD because the 

lower levels of apoE present over the life-course reduces the overall efficiency 

of clearance of Aβ. On the other hand, apoE knock-out tgAPP mice have less Aβ 

deposition than tgAPP mice (274, 275). This is also true of mice that have been 

vaccinated against apoE (276). 

In addition, increasing evidence suggests that the lipidation state of apoE can 

influence its function (9, 277-280). Structural studies demonstrate that 

unlipidated apoE is inert due to steric hindrance (277, 278). Knocking out 

adenosine triphosphate binding cassette 1 (ABCA1), a transporter responsible 

for lipidating apoE, results in poorly lipidated apoE and a reduction in total 
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cerebral apoE concentration (279). Furthermore, it has been reported that 

isoform-specific interactions with Aβ peptides are abolished between 

unlipidated apoE2, apoE3 and apoE4 and that the binding affinity of 

unlipidated apoE for Aβ is decreased by 5-10-fold when compare to lipidated 

forms (9). 

Hawkes, et al. have documented the disruption of perivascular drainage of Aβ 

in apoE4 transgenic mice (6). The study reported that Aβ clearance along the 

CVBM is reduced in the presence of apoE4. Furthermore, it was shown that the 

composition of the CVBM was changed between apoE genotypes. Changes in 

the levels of collagen IV between 3- and 16-months of age appeared greater in 

apoE4 transgenic mice compared to apoE3 animals (6), suggesting that apoE 

genotype might also influence the degree to which CVBM protein expression 

changes during aging. 

ApoE has been shown to co-localise with Aβ in the perivascular clearance 

pathway (281, 282), although no co-localisation was noted between 

exogenously administered, soluble Aβ and apoE (6). It has also been shown 

that the clearance of Aβ from the ISF is slower in apoE4 transgenic mice than in 

apoE3 mice (283). ApoE4 is also associated with increases in cytotoxic 

oligomeric Aβ within the ISF as well as an increase in Aβ plaque deposition 

(284).  

Taken together, these data suggest a potential role for apoE in mediating the 

perivascular drainage of Aβ clearance from the brain. However, further work is 

required to fully understand if there is any apoE isoform-specific alteration to 

the pattern of clearance of Aβ along the CVBM and whether Aβ clearance is 

reduced in the presence of apoE4. Specifically, a focussed study comparing the 

pattern of clearance of Aβ via the CVBM in the presence of apoE3 compared to 

apoE4 is required. 

1.8 Summary 

AD is a multifaceted disease with no single etiological factor. There is growing 

support for the theory that AD is caused by a failure in the elimination of Aβ, 

as there is no evidence for overproduction of Aβ in ageing or AD brains. CVBMs 

are thought to be a major clearance pathway for Aβ from the brain. All of the 



 

    52 

previous studies investigating the perivascular elimination of Aβ have utilised 

light microscopy techniques, which do not provide the resolution to identify 

the exact location of Aβ as it is eliminated from the brain. To fully discern if 

the CVBM is the clearance pathway for Aβ from the brain a detailed 

ultrastructural study needs to be conducted. 

Several lines of evidence support a role for midlife hypertension and apoE4 in 

the pathogenesis of AD. However, the underlying mechanisms for why midlife 

hypertension and the possession of APOE4 increase the susceptibility for AD 

are still unclear. Research has shown that hypertension disrupts the 

cerebrovasculature, but exactly how the CVBMs and the perivascular 

elimination pathway are affected is unclear. Clearance of Aβ across the BBB is 

disrupted in the presence of ApoE4 but how Aβ and ApoE4 interact within the 

perivascular elimination pathway is to be elucidated.  

I hypothesize that Aβ is selectively eliminated from the brain via the CVBM of 

arteries and capillaries and that in the presence of apoE4 Aβ clearance via the 

CVBM is disrupted. Further to this, I hypothesise that HTN results in regional 

age-related thickening of the CVBM. 

To investigate this hypothesis, the following objectives were carried out: 

1. To investigate the pattern of clearance of Aβ from the brain after 

intracerebral injection into the hippocampus of naive mice using 

confocal microscopy, with a focus on the CVBM of leptomeningeal 

arteries, veins and capillaries. 

2. To define the ultrastructural clearance pathway of Aβ from the brain 

after intracerebral injection into the hippocampus of naive mice using 

transmission electron microscopy (TEM) 

3. To compare the pattern of drainage of Aβ from the brain in the presence 

of apoE4 and to apoE3, using confocal microscopy. 

4. To define any morphological changes to the capillary cerebrovascular 

basement membrane (CVBM) in response to hypertension (HTN). 
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Chapter 2:   

Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 54   

2.1 In vivo methods 

All the protocols used in the preparation of this thesis were developed and 

optimised by myself for the purposes of conducting the present studies. 

2.1.1 Animals 

All animals were housed in groups of 4-10 in plastic cages under standard 

light (12 hr:12 hr light-dark cycle with light on at 07.00h) and temperature (19-

23˚C) regimes with wood chip bedding and a red plastic shelter as 

environmental enrichment. Animals were fed standard chow diets (RM1, SDS, 

UK) and water ad libitum. All procedures were performed in accordance with 

either the United Kingdom Home Office Licensing Inspectorate (project licence 

30/3095) after obtaining ethical approval from the University of Southampton, 

the Canadian Council on Animal Care after obtaining ethical approval from the 

University of Toronto or the Animal Care Committee of Sachsen Anhalt 

(reference number of license for animal testing 42502-2-943, July 2009, 

Magdeburg, Sachsen-Anhalt). 

The 10-week-old male C57BL/6 mice (approximate weight 25g) used in this 

thesis were bred at the Biomedical Research Facility (BRF), Southampton, UK. 

Brains from the 3-month-old transgenic CRND8 (TgCRND8) mice (approximate 

weight 25g) were obtained from Dr. Joanne McLaurin, Centre for Research in 

Neurodegenerative Diseases, University of Toronto. Brains from male Wistar 

Kyoto (WKY) rats (18-44 week-old; (approximate weight 300g) and SHRSP rats 

(18-44 week-old; (approximate weight 300g) (Charles River Laboratories 

International Inc., Wilmington, MA, USA) were obtained from Dr Stephanie 

Schreiber at the Klinik für Neurologie, Otto-von-Guericke Universität, 

Magdeburg, Germany. The numbers of animals used in each experiment are 

detailed in the experimental chapters. 

2.1.1.1 Transgenic CRND8 mouse 

TgCRND8 mice overexpress mutant human Swedish and Indiana APP at levels 

approximately 5-fold higher than endogenous murine APP (285). The ratio of 

human Aβ42 to Aβ40 within the brains of these mice increase with age. They 

develop thioflavin S-positive cerebral Aβ deposits at three months and dense-

cored plaques with neuritic pathology by five months. The severity of both of 
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these pathologies continues to increase with advancing age (285, 286). By 

three months of age TgCRND8 mice also show a variety of behavioural 

impairments including, early impairment in acquisition and learning reversal in 

the reference memory version of the Morris water maze (285). 

 

2.1.1.2 Spontaneously hypertensive stroke prone rat 

SHRSP rats are widely used as non-transgenic models of hypertension with 

stroke. With increasing age SHRSP rats develop hypertension, insulin 

resistance, hyperinsulinemia, hypertriglyceridemia, hypercholesterolemia and 

nephropathy (287). They are normotensive at birth and gradually develop 

hypertension in the first 2-4 months of life (287-289). By 6 months SHRSP rats 

have a blood pressure of approximately 240 mmHg (290). The average life-

span of an SHRSP rat is 96 weeks (291). More than 80% of the SHRSP 

population die of stroke (291). The strain was developed by the selective 

breeding male spontaneously hypertensive (SHR) rats and subsequent selective 

inbreeding of the offspring for the development of spontaneous infarcts (291-

294). SHRSP rats exhibit an over-activity of the renin-angiotensin-system (295), 

a detectability of renin within the vascular walls (296), an altered endothelin-

system (297, 298) and an increased sympathetic nerve activity potentiated by 

elevated levels of prostaglandins (299) in their sum leading to an early 

development of chronic severe arterial hypertension (293). 
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2.1.2 Intracerebral injections 

10-week-old C57BL/6 mice were anaesthetised with a 10% Ketaset (Fort Dodge 

Pharma, UK)/ 5% Xylazine (Bayer, UK) mixture in saline. Anaesthetics were 

administered by intraperitoneal (i.p.) injection at a dose of 10 μL/g of body 

weight. Intracerebral injections were performed using a fine-glass micropipette 

(Sigma-Aldrich, UK). Mice were placed into a stereotaxic frame (Kopf 

Instruments, Tujunga, CA, USA), a midline incision was made to expose the 

skull and Bregma was identified. A small burr was used to drill into the skull 

(Harvard Apparatus, UK) to expose dura. 0.5 µl of ice-cold 0.01 M phosphate-

buffered saline (PBS, pH 7.4) or compound of interest was injected into the left 

hippocampus according to the following co-ordinates (from Bregma; 

anterior/posterior = -2.0 mm, media/lateral= +1.5 mm, dorsal/ventral = -1.7 

mm, (300) Injection capillaries were left in situ for 2 minutes to prevent reflux 

along the capillary and mice were sacrificed 5 minutes post-injection to allow 

for adequate perivascular drainage while minimizing Aβ clearance across the 

BBB or via uptake by microglia or macrophages (5, 6, 61), details of each 

injectant are shown in table 2.1. 
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Table 2.1| Compounds used for intracerebral injections in chapters 3,4 and 5. All proteins were diluted in 

0.01M PBS 

Compound Details of Compound 
Catalogue 

Number 
Distributor 

Concentration 

Used 

Aβ40 HiLyte™ 

Fluor 555 

Human Aβ40, conjugated to HiLyte™ Fluor 

555.  

(4983.7 Daltons or ~1.1 nm)* 

60480-01 Anaspec, UK 10 µM 

Aβ40, Biotinylated  
Human Aβ40, conjugated to biotin.  

(4772.1 Daltons or ~1.1 nm)* 
23523-05 Anaspec, UK 100 µM  

Fluorescent 

Dextran 

10-kDa dextran, Alexa Fluor® 488,  

(10, 000 Daltons or ~1.42 nm)* 
D-22910 

Invitrogen, 

UK 
500 µM 

Low Density 

Lipoprotein (LDL) 

LDL- Alexa fluor 488 (Acetylated) (Source – 

Human Plasma) 

(Size of LDL in healthy individuals ~25.8 nm 

(301)) 

L-23380 
Invitrogen, 

UK 
500 µM 

Apolipoprotein E3 

(apoE3) 

Human recombinant apoE3 (source - 

Escherichia coli (E. coli), non lipidated), 

(34 000 Daltons or ~2.14 nm)* 

ab50242 Abcam, UK 500 µM 

Apolipoprotein E4 

(apoE4) 

Human recombinant apoE4 (source 

Escherichia coli (E. coli), non lipidated),  

(34000 Daltons or ~2.14 nm)* 

ab50243 Abcam, UK 500 µM 

*Assuming a partial specific volume of 𝑣! = 0.73  𝑐𝑚!/𝑔 it is possible to calculate the volume occupied 

by a protein of mass (M) in Dalton using the following equation; 

 𝑉 𝑛𝑚! =    (!.!"  !!
!/!)  ×(!"!"  !!!/!!!)

!.!"#  ×!"!"!"/!
  ×𝑀  (𝐷𝑎) 

= 1.212  ×10!!  (𝑛𝑚!/𝐷𝑎)  ×𝑀  (𝐷𝑎) 

Assuming that the protein has the simplest shape, a sphere, it is possible to calculate its radius (𝑅!"#) 

from 𝑉(𝑛𝑚!). The radius is referred to as 𝑅!"#, because it is the minimal radium of a sphere that 

could contain the given mass of protein. 

𝑅!"# = (3𝑉/4𝜋)!/! 

= 0.066𝑀!/!(𝑓𝑜𝑟  𝑀  𝑖𝑛  𝐷𝑎𝑙𝑡𝑜𝑛  𝑎𝑛𝑑  𝑅!"#  𝑖𝑛  𝑛𝑎𝑛𝑜𝑚𝑒𝑡𝑒𝑟). 

𝑅!"# for proteins of different mass; 

Protein M (kDa) 5 10 20 50 100 200 500 

𝑅!"# (nm) 1.1 1.42 1.78 2.4 3.05 3.84 5.21 

Equation from Erickson, H.P. (2009) (302) 
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2.1.2.1 Amyloid β peptide preparation and atomic force microscopy  

HiLyte FluorTM 488-labeled human Aβ40 (0.1 mg, Anapec, UK) was solubilized 

in 50 µL 1% NH
4
OH, vortexed for 30 seconds and made up to 100 mM with ice-

cold filtered 0.01M PBS. To determine the species of Aβ contained in this 

solution, freshly prepared Aβ or aliquots incubated in PBS for 24 hours at 37˚C 

were evaluated by atomic force microscopy (AFM). Aβ (5 µL) was spotted onto a 

freshly cleaved mica disc (Agar Scientific, Stansted, UK) and imaged in air with 

a digital multimode Nanoscope III AFM (Veeco, Mannheim, Germany) operating 

in tapping mode with uncoated silicon cantilevers (FM- W, Nanoworld 

Innovative Technologies, Switzerland, nominal spring constant 2.8 N/m) 

(figure 2.1). Biotinylated Aβ40 (0.1mg, Anaspec, UK) was also prepared using 

the protocol above. 
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Figure 2.1| AFM images of Aβ  preparations used for intracerebral injections. (A) 100 μM 

unconjugated Aβ40 formed oligomers. (B) 100 μM unconjugated Aβ40 after 24 hr incubation at 

37˚C was visualized as both oligomers but some of the Aβ had fibrilized by this time point. (C) 

100 μM HiLyte™ Fluor 555 Aβ40 forms mainly in soluble oligomers. 
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2.1.3 Tissue harvesting 

Mice and rats were given an overdose of sodium pentobarbital (Vibravet, UK) (1 

μl/g of body weight) before being intracardially perfused with 0.01M PBS (pH 

7.4, Sigma-Aldrich, UK), followed by 4% paraformaldehyde (Sigma-Aldrich, UK) 

dissolved in 0.01 M PBS, pH 7.4. Brains were removed from the skull and post-

fixed in 4% paraformaldehyde for 5 hrs. For immunohistochemistry, brains 

were placed into 30% sucrose until fully dehydrated. Once dehydrated, brains 

were sectioned using a cryostat (Leica CM1950 (Leica, UK)) to a thickness of 20 

µm and collected onto positively charged slides (VWR, UK) and stored at -20˚C 

until use.  

For electron microscopy, brains were sectioned using a vibratome (Leica 

VT1000S) (Leica, UK)) to a thickness of 100 μm and collected into a 24 well 

culture plate containing PBS pH 7.4 and stored at 4˚C until use.  

2.2 Histology 

2.2.1 Light microscopy 

2.2.1.1 Double labelling fluorescent immunohistochemisty 

Double labelling immunohistochemistry was performed to assess the pattern 

of drainage of Aβ from the brains of naïve mice in the presence and absence of 

apoE3 and apoE4. Antibody details are provided in tables 2.2 and 2.3. 

The brain tissue sections of mice injected with the compounds of interest were 

removed from the -20˚C freezer and were allowed to reach room temperature 

before being washed 3 x 5 mins in 0.01 M PBS, pH 7.4. Sections were blocked 

in 5% goat serum (Sigma-Aldrich, UK) with 0.1% triton (Sigma-Aldrich, UK) in 

0.01 M PBS, pH 7.4 for 1hr. Tissue sections were incubated with primary 

antibodies (table 2.2) diluted in 0.1% triton in 0.01 M PBS for 12 hrs at 4˚C. 

The sections were then washed 3 x 5 mins in 0.01 M PBS and incubated with 

secondary antibodies (table 2.3) diluted in 0.1% triton in PBS, for 2 hrs at room 

temperature. Following another 3 x 5 mins washing in PBS, the sections were 

coverslipped with Mowiol 4-88 anti-fade mounting medium (Sigma-Aldrich, 

UK). Slides were imaged using Leica SP5 Laser Scanning Confocal Microscope 
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(Leica, UK) at x20 and x63 magnification. Once collected, images were 

exported to ImageJ (NIH, Bethesda, USA) for analysis and Photoshop CS series 

for preparation of images. 

Table 2.2| Primary antibodies used for double labelling fluorescent 

immunohistochemistry experiments in chapters 3 and 5  

Primary 

Antibody 

Antibody 

Details 

Catalogue 

Number 
Distributor Concentration 

anti-laminin 
Rabbit pAb, 

anti-laminin 
L9393 

Sigma-Aldrich, 

UK 
1:500 

Anti-α smooth 

muscle actin 

Mouse mAb, 

anti-α-smooth 

muscle actin 

(FITC 488 

Conjugated) 

Ab8211 Abcam, UK 1:250 

 

Table 2.3| Secondary antibodies used for double labelling fluorescent 

immunohistochemistry experiments in chapters 3 and 5 

Secondary 

Antibody 

Antibody 

Details 

Catalogue 

Number 
Distributor concentration 

Serum 

used for 

blocking 

Rabbit IgG Goat pAb, 

anti-rabbit, 

AF633 

A21071 Invitrogen, 

UK 

1:200 Goat 

 

2.2.1.2 Enzyme-linked immunohistochemistry  

Enzyme-linked immunohistochemistry using 3,3'-Diaminobenzidine (DAB) 

(Sigma-Aldrich, UK) as chromogen was performed on Aβ40 HLF-555 injected 

tissues to assess whether the HLF-555 fluorophore detected by confocal 
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microscopy was conjugated to Aβ. Details of primary and secondary antibodies 

used are provided in tables 2.4 and 2.5. 

The 20 μm thick sections were removed from the -20˚C freezer and were 

allowed to sit at room temperature for 15 mins before being washed 3 x 5 

mins in 0.01M PBS, pH 7.4. Sections were incubated with 70% formic acid 

(Sigma-Aldrich) for 30 seconds. Sections were washed 3 x 5 mins in PBS before 

being treated with 3% hydrogen peroxide (Sigma-Aldrich, UK) for 30 mins. 

Sections were blocked in 5% goat serum (Sigma-Aldrich, UK) with 0.1% triton in 

0.01M PBS, pH 7.4 for 1 hr and incubated with anti-Ab17-24 (clone 4G8, 1:10, 

Covance, USA) for 12 hrs at 4˚C. The sections were washed 3 x 5 mins in PBS 

and incubated with anti-rabbit-HRP (1:400, Vector Labs, UK) diluted in 0.1% 

triton in PBS for 2 hrs at room temperature. After washing 3x 5mins with 0.01 

M PBS, pH 7.4 the sections were treated for 30 mins at room temperature with 

Vectastain™ ABC kit (1:200, Vector Labs, UK) and developed using glucose 

oxidase enhancement with DAB as chromogen. Slides were dehydrated through 

an alcohol series (50%, 75%, 90%, 2 x 100% 5 mins each), washed in xylene (2 x 

5 mins washes) and coverslipped using DPX mounting medium (Sigma-Aldrich, 

UK). Sections were imaged using a Nikon 80i brightfield microscope (Nikon, 

Japan) at x10 and x175 magnification. Images were then exported to 

Photoshop CS. 
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Table 2.4| Primary antibodies used for anti-Aβ 4G8 3,3'-Diaminobenzidine 

control experiment in chapter 4 

Primary 

Antibody 

Antibody 

Details 

Catalogue 

Number 
Distributor 

Optimal 

concentration 

Aβ, 17-24 

(4G8) 

Mouse mAb, 

anti-Aβ (AA 

residues 17-

24) 

SIG-39220 Covance, USA 1:10 

 

Table 2.5| Secondary antibodies used for anti-Aβ 4G8 3,3'-Diaminobenzidine 

control experiments in chapter 4 

Secondary 

Antibody 

Antibody 

Details 

Catalogue 

Number 
Distributor 

Optimal 

concentration 

Serum 

used for 

blocking 

Mouse IgG Goat pAb, 

biotinylated 

BA-9200 Vector Labs, 

UK 

1:200 Goat 

 

2.2.2 Transmission Electron microscopy 

2.2.2.1 Ultrastructural location of Aβ 

To identify the clearance pathway of Aβ from the brains of naïve mice at the 

ultrastructural level free-floating brain tissue sections from mice injected with 

biotinylated human Aβ40 were processed for enzyme-linked 

immunohistochemistry as above. Sections were washed 3 x 5 mins in PBS 

before being treated with 70% formic acid for 30 seconds. After washing for 3 

x 5 mins sections were treated with 3% hydrogen peroxide for 30 minutes. The 

sections were washed a further 3 x 5 mins in PBS. Following this, sections were 

treated for 1 hr at room temperature with Vectastain™ ABC kit and developed 

using glucose oxidase enhancement with DAB as chromagen. Some sections 
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were mounted onto frosted slides, dehydrated and coverslipped using DPX 

mounting medium. These sections were imaged using Nikon 80i brightfield 

microscope at x10 and x175 magnification and images were exported to 

Photoshop CS software for orientation.  

Sections for TEM were transferred into 0.1 M phosphate buffer (PB), pH 7.2 for 

3 x 5 mins washes before being post-fixed with 1% osmium tetroxide in 0.1 M 

PB, pH 7.2 for 1 hr at room temperature. After further 3 x 5 mins washes in PB, 

the sections were dehydrated through an alcohol series (30% - 2mins, 50% - 

2mins, 70% - 10 mins, 90% - 10 mins, 2 x 100% - 20 mins). Sections were then 

treated with acetonitrile for 10 mins before being left in a 50:50 mixture of 

acetonitrile and TAAB resin (TAAB laboratories, UK) for 12 hrs. Following resin 

infiltration, sections were placed into fresh TAAB resin for 6 hrs before being 

embedded in fresh TAAB resin and were polymerised at 60˚C for 48 hrs. 

Polymerised resin blocks were sectioned using a Reichurt Ultracut E 

ultramicrotome (Reichurt, Germany). Semi-thin sections (0.5 µm thick) were cut 

and stained with toluidine blue (Agar Scientific, UK). These sections were 

analysed using a Nikon 80i brightfield microscope at x10 and x175 

magnification to assess the quality of the tissue. Regions with good 

ultrastructural preservation were further microdissected. Ultra-thin sections (90 

nm thick) were cut from the microdissected block using a diatome diamond 

knife and floated on to TEM grids for visualisation. Images were captured using 

Hitachi H7000 TEM (Hitachi, Japan) using ITEM software before being exported 

to Photoshop CS software. 

To confirm that the detected biotin was that conjugated to Aβ, brain tissue 

sections were processed for enzyme-linked immunohistochemistry as above. 

Sections were blocked in 5% goat serum (Sigma-Aldrich, UK) and 5% avidin 

(Sigma-Aldrich, UK) diluted in 0.1% triton in PBS for 1 hr and sections were 

subsequently incubated with: anti-Ab17-24 (1:10), anti-Ab17-24 preincubated 

with human Aβ40 (100 µM) or PBS for 12 hrs at 4˚C The sections were 

incubated with anti-rabbit_HRP (1:400) for 2 hrs at room temperature and 

developed using glucose oxidase enhancement with DAB as chromagen as 

above.  
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To confirm that the pattern of distribution of injected biotinylated-Aβ was 

similar to that of endogenous Ab, brain tissue sections from TgCRND8 mice 

with established plaque pathology were processed for enzyme-linked 

immunohistochemistry as above. 

Tissue sections were incubated with anti-Ab17-24 (1:10), developed using 

glucose oxidase enhancement and imaged using Nikon 80i brightfield 

microscope or processed for TEM.  

For TEM, sections were post-fixed with 1% osmium tetroxide in 0.1M PB for 1 

hr at room temperature. After a further 3 x 5 mins washes in PB the sections 

were dehydrated, then treated with acetonitrile for 10 mins before being left in 

a 50:50 mixture of acetonitrile and araldite resin (Agar Scientific, UK) for 12 

hrs. Following resin infiltration, sections were placed into fresh araldite resin 

for 6 hrs before being carefully placed flat onto Aclar™ film (Agar, Scientific). A 

layer of fresh araldite resin was placed on top of the sections and a second 

sheet of Aclar™ film was used to enclose the sections. 2g weights were placed 

above the sections to help disperse the resin evenly and the resin was 

polymerised at 60˚C for 48 hrs. Once polymerised the sections were visualised 

at x85 magnification on an Olympus SZX9 Low Power Photomicroscope 

(Olympus, UK) so that areas with positive staining could be identified and 

microdissected. Microdissected areas from the hippocampus were glued onto 

pre-polymerised araldite resin blocks and were sectioned using a Reichurt 

Ultracut E ultramicrotome (Reichurt, Germany). Semi-thin sections (0.5 μm 

thick) were cut and stained with toluidine blue so that the exact location of any 

positive staining could be identified using a Nikon 80i brightfield microscope 

at x10 and x175 magnification. Regions with positive staining were further 

microdissected. Ultra-thin (90 nm thick) were cut from the microdissected 

block using a diatome diamond knife and floated on to TEM grids for 

visualisation. Images were captured using Hitachi H7000 TEM (Hitachi, Japan) 

before being exported to Photoshop CS software Control experiments for the 

detection of Aβ plaque visualisation by transmission electron microscopy 
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2.2.3 Ultrastructure of the cerebrovascular basement membrane in the 

SHRSP rat model of hypertension  

Brains from SHRSP and Wistar rats were sectioned sagitally using a vibratome 

(Leica VT1000S) (Leica, UK)) to a thickness of 100 µm. Tissue sections were 

stored in 0.01M PBS, pH 7.4 until being processed for TEM. Before processing 

the frontoparietal cortex, hippocampus, striatum and thalamus were 

microdissected. All subsequent processing steps were performed at room 

temperature. Brain sections were washed in 0.1M PB before being post-fixed in 

osmium tetroxide (1% in 0.1M PB at pH 7.2) for 1 hr and then dehydrated 

though an alcohol series (30% for 1hr, 50% for 10 mins, 70% (in 2% uranyl 

acetate) for 10 mins, 90% overnight and absolute for 2x 10 mins). The sections 

were then treated with neat acetonitrile for 10 mins before being immersed in 

a TAAB resin and acetonitrile mix (50:50) over night. The following day 

sections were treated with fresh neat TAAB resin for 6 hours before being 

placed in fresh TAAB resin for polymerization. The resin was then polymerised 

at 60°C for 18 hrs. Once polymerised, the tissue was sectioned using a Leica-

Reichert Ultracut E ultra-microtome. 0.5 μm thick sections were first cut using 

a glass knife, were mounted on frosted glass slides and were analysed on a 

Nikon 80i brightfield microscope at x75 magnification so that the location of 

any cerebral vessels could be identified. A region containing cerebral vessels 

was further microdissected. Once microdissected ultra-thin sections (90 nm 

thick sections) were sectioned using a Leica-Reichert Ultracut E ultra-microtome 

and a diatome diamond knife and floated on to copper/palladium TEM grids 

for visualisation. Images were captured using Hitachi H7000 TEM using ITEM 

software before being exported to Photoshop CS software. 

2.3 Analysis of colocalization of fluorophores 

Co-localization in the context of this study is defined as the spatial overlap of 

two fluorescent probes. Qualitative analysis of the degree of colocalization in 

the fluorescent micrographs was carried out using a plugin within ImageJ. 

Photomicrographs of vessels (n=3/vessels per animal) were collected at x60 

magnification 800 μm injection site. The brightness, contrast and noise levels 

were adjusted for each photomicrograph to optimise co-localization analysis. 

Images were split into separate channels (red=Aβ and blue=laminin or red=Aβ 
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and green=apoE or green=apoE and blue=laminin) and the vessel wall was 

selected as the region of interest (ROI) for analysis. The threshholded Manders' 

colocalization coefficients (MCC) were collected to compare the amount of 

colocalization. 

Costes’ P-value test was carried out on each photomicrograph used in the 

study. The test was set to conducted 1000 repetitions and only images with a 

Costes’ P-value of >95 were used. Costes’ P-value test provides a robust 

indicator that any positive co-localization is not artefactual. Thesholded MCC 

values were used as a measure of co-locolization. An MCC of below 0.5 

denotes no-colocalization between two proteins, an MCC of between 0.51 and 

0.59 suggests a small amount co-localization, an MCC of between 0.60 and 

0.69 suggests moderate amount of colocalization, and an MCC of above 0.80 

suggest very high amount of colocalization (303). 

2.4 Qualitative analysis of double labelling 

immunofluorosence 

Assessment of the pattern of drainage was carried for each micrograph in a 

qualitative fashion. Each section was imaged first at low power (x20 

magnification) and then at high power (x63 and x100 magnification). The low 

power photomicrographs were used to determine the overall spread of Aβ, 

apoE, dextran or LDL drainage and the high power photomicrographs were 

used to assess the pattern of drainage of Aβ, apoE, dextran or LDL at the 

vessel wall. 

2.5 Measurement of the thickness of the 

cerebrovascular basement membrane 

Rat cerebral capillaries have a diameter of 4.0-7.5 μm (304). Diameter of 

vessels was measured using a plugin within ITEM software (Olympus, UK). 

Vessels with a diameter outside of this range were not imaged. Cerebral 

capillary walls comprise of endothelial cells, which have an abluminal BM that 

encases pericytes and on the external side astrocytic end feet fuse to a fourth 

BM. Vessels without this architecture were not included in the study. 

Capillaries were chosen by scanning the entire TEM grid from top right to 
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bottom left making sure every grid square was inspected. Capillaries closest to 

the top right of the grid square were imaged and used in the study and only 1 

capillary per TEM grid square was used. Five capillaries in transverse 

orientation were imaged for each animal. The two thinnest part of the capillary 

wall were imaged at high magnification as the width of the thinnest portions of 

the vessel wall are unaltered by oblique sectioning, which is common place 

when studying the vasculature via TEM (figure 2.2). 

 

 

Figure 2.2| Diagram showing how the capillary CVBM was measured. (A) A capillary 

was chosen at random and imaged at x9000 magnification. The two thinnest points were 

selected and imaged at x50 000 magnification (B-C). The images were transferred to ITEM 

20 measurements were made along the CVBM of both high magnification images (D).  

2.6 Statistical analysis 

All data were analysed using GraphPad Prism Software (La Jolla, USA) with 

statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). All data were 

initially tested for normal distribution using D’ Agostino and Pearson omnibus 

normality test. Normally distributed data were analysed using parametric 

statistical tests including, the Student’s t-test, One-way analysis of variance 

(ANOVA) and Two-way ANOVA. When not normally distributed, data were 

transformed using the equation log (1+data) and tested for normality. 

Bonferroni correction for multiple-comparisons was performed. The tests used 

for each data set are specified in the results section of each chapter. All data 

are presented as mean ±SEM. 
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Chapter 3:   

The Cerebrovascular Basement 

Membrane as a Clearance Pathway 

for Amyloid β from the Brain – A 

Confocal Microscopy Study 
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3.1 Introduction 

The mechanisms that underlie the accumulation of Aβ in the brains of patients 

with AD are still unclear. However, it is hypothesised that a failure in the 

elimination of Aβ from the brain is a major factor in the origins of Aβ 

deposition (5, 305). The primary route of clearance of Aβ from the brain is 

fiercely debated (10, 60, 61, 160). Various lines of enquiry have lead to the 

discovery of three major clearance pathways from the brain; receptor mediated 

trafficking of Aβ across the BBB, removal of solutes within para-venous space 

and bulk flow of ISF along the CVBM (5, 10, 109). It is likely that these 

pathways act in synchronicity, with some pathways contributing more or less 

to Aβ clearance during disease progression.  

Observational studies support a failure of perivascular elimination in aetiology 

of CAA, but experimental work is yet to confirm this (306). Carare et al. and 

Hawkes et al. have previously highlighted the importance of the perivascular 

elimination pathway in the clearance of solutes, including Aβ, from the brain 

(5-7). However, these studies lacked an in-depth analysis of the clearance 

pathway of Aβ40 from the brains of naïve mice. Furthermore, in light of 

recently published data by Nedergaard et al., which suggests the major route 

of clearance for Aβ from the brain is a para-venous space (10) rather than the 

perivascular space, it is necessary to evaluate the precise role veins play in the 

perivascular elimination pathway. It is the aim of this study is to determine the 

route of elimination of exogenously-applied human Aβ40 from the 

hippocampus of naïve mice. 

3.2 Methods 

To ascertain whether the CVBM plays a role in the clearance of Aβ from the 

brain, fluorescently tagged human Aβ40 was injected into the hippocampi of 

10-week-old C57/BL6 mice (n=3). Laminin, a major CVBM protein, was labelled 

using immunohistochemistry to visualise the CVBM and its relationship to Aβ. 

Quantitative analysis of co-localization between Aβ and laminin was conducted 

using the ImageJ Coloc2 plugin. The thresholded Mander’s co-localization 

coefficient (MCC) was used as a measure of the proportion of Aβ that was co-

localized to laminin. MCC > 0.5 indicates co-localization between two 

fluorophores and the degree of colocalization is indicated by a higher MCC 
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value. Full co-localization between two channels of fluorescence is represented 

by an MCC of 1. Distribution of drainage of Aβ was assessed qualitatively from 

photomicrographs. 

 

3.3 Results 

3.3.1 Amyloid β enters the cerebrovascular basement membranes of 

cerebral blood vessels after intracerebral injection into the 

hippocampus 

After injection into the hjppocampus of adult naïve mice Aβ entered the CVBM 

of hippocampal arteries. As demonstrated in figure 3.1, Aβ was found to be 

present in the CVBM of hippocampal blood vessels within 5 minutes after 

intracerebral injection. The average MCC of co-localization of Aβ with laminin 

was MCC = 0.85, suggesting that Aβ was co-localised with laminin within the 

CVBM (Figure 3.1). 
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Figure 3.1| Distribution of human Aβ40 within the cerebral vasculature of 10 week old 

C57/BL6 mice. Photomicrographs of a hippocampal artery in a wildtype mouse (A-C), 

demonstrating the even distribution of intracerebrally injected Aβ (red; A) along laminin-positive 

(blue; B) CVBMs. 5 minutes after injection into the hippocampus Aβ was co-localised with laminin 

in cerebral blood vessels. Thresholded MCC = 0.85. x60 magnification. Scale bar 50 μm 
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3.3.2 Amyloid β enters the cerebrovascular basement membranes of 

cerebral arteries and capillaries but not veins after intracerebral 

injection into the hippocampus 

To determine if there were differences in Aβ clearance along different types of 

blood vessels, double labelling immunohistochemistry was performed to 

identify arteries, veins and capillaries (n=3). The CVBM was identified by 

laminin-positive staining and SMA was labelled to differentiate arteries and 

veins. Capillaries were defined as vessels with a luminal diameter of 4-9 µm 

(307), when measured using Leica software, that were devoid of SMA staining. 

The results suggest that 5 minutes after being injected into the hippocampus, 

Aβ enters the CVBM of arteries and capillaries but does not enter the CVMB of 

veins. Positive Aβ staining was only observed within vessels that contained SMA 

and vessels with a diameter of between 4-9 µm, suggesting that Aβ selectively 

enters the CVBM of arteries (Figure 3.2 and Figure 3.3) and capillaries (Figure 

3.4) but not veins (Figure 3.2). 
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Figure 3.2| Distribution of human Aβ40 within cerebral blood vessels of 10 week old 

C57/BL6 mice. (A-D) Low power photomicrograph of hippocampus (x20 magnification), 

demonstrating the distribution of intracerebrally injected Aβ (red; A) within the 

cerebrovasculature, Laminin (blue; B) CVBMs and SMA (green; C). 5 minutes after injection into 

the hippocampus Aβ was observed within SMA positive vessels only. Scale bar A-D 100 μm  
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Figure 3.3| Distribution of human Aβ40 within arteries of 10 week old C57/BL6 mice. (A-D) 
Distribution of Aβ within thelaminin positive CVBM of the arterial wall 5 minutes after injection 
into the hippocampus. Aβ (red; A) within the cerebrovasculature, laminin (blue; B) CVBMs and 

SMA (green; C). x60 magnification. Scale bar 50 μm.  
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Figure 3.4| Distribution of human Aβ40 within capillaries of 10 week old C57/BL6 mice. 

Photomicrographs of a hippocampal capillary in a wildtype mouse (A-D), demonstrating the even 

distribution of intracerebrally injected Aβ (red; A) along laminin-positive (blue; B) CVBMs of a 

capillary. 5 minutes after injection into the hippocampus Aβ was observed within the CVBM of 

cerebral capillaries. x100 magnification. Scale bar 5 μm 
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3.3.3 Within 5 minutes of injection into the hippocampus, amyloid β 

enters the cerebrovascular basement membrane of 

leptomeningeal arteries 

It is hypothesised that the perivascular elimination of ISF and Aβ from the brain 

occurs in the direction opposite to blood flow (5). To determine the direction 

of Aβ movement after intracerebral injection, brain sections were analysed for 

the presence of Aβ in the CVBM of cortical leptomeningeal arteries (n=3).ata 

indicated that Aβ reached the CVBM of leptomeningeal arteries within 5 

minutes of injection into the hippocampus. Aβ staining was observed in SMA-

positive vessels at the top of the sagittal fissure (Figure 3.5). These data 

suggest that the perivascular elimination pathway rapidly transports Aβ from 

hippocampal arteries and capillaries to the leptomeningeal arteries at the top 

of the brain. 
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Figure 3.5| Distribution of human Aβ40 within leptomeningeal arteries of 10 week old 

C57/BL6 mice. Photomicrographs of a leptomeningeal artery in a wildtype mouse (A-D), 

demonstrating the even distribution of intracerebrally injected Aβ (red; A) along laminin-positive 

(blue; B) CVBMs of a SMA positive (green; C) leptomeningeal arteries. 5 minutes after injection 

into the hippocampus Aβ was observed within the CVBM of leptomeningeal arteries at the top of 

the brain. x20 magnification. Scale bar 100 μm 
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3.4 Discussion 

The cerebrovasculature is involved in Aβ clearance in two distinct ways. One is 

active transport of Aβ across the BBB via LRP1 and LRP2 and another is along 

the walls of cerebral blood vessels, within both the CSF and the ISF (5, 60, 61, 

308).  

Receptor-mediated clearance of Aβ across the BBB has been proposed as the 

main pathway of clearance of Aβ from the brain (109). A significant proportion 

of Aβ is cleared across the BBB and it has been shown that the over expression 

of LRP1 in the mouse brain leads to an increased clearance of Aβ from the 

brain (309). Further to this, the expression of LRP1 is decreased in the AD 

brain (310), leading many groups to believe LRP1 is a major contributor to the 

pathogenesis of the disease. The bulk of clearance of Aβ via LRP1 and LRP2 has 

been suggested to occur in combination with the chaperone molecules apoE3, 

apoE3, apoJ and α2- macroglobulin (α2M) (9, 268, 311-314). The LDL receptor 

with which Aβ interacts for transport across the BBB depends on the chaperone 

molecule to which it is bound. When Aβ is free and unbound, or when it is 

bound to apoE2, apoE3 or α2M it is rapidly transported across the BBB via LRP1 

(61, 277, 315-323). Transport of Aβ via LRP1 is inhibited in the presence of 

apoE4, a process that increases Aβ retention (104). Further to this, binding of 

Aβ to apoE4 results in the redirection of Aβ clearance from LRP1 to VLDLR. 

VLDLR transports Aβ across the BBB at a significantly slower rate, which further 

increases the retention of Aβ within the parenchyma (61). Transport of Aβ-apoJ 

complexes across the BBB occurs rapidly via LRP2 (315). AD pathogenesis is 

most likely multifactorial and not driven by reductions in the expression or 

function of LRP1 alone.  

Results from the present study provide further experimental evidence that 

support perivascular drainage as a main pathway by which Aβ is eliminated 

from the brain (5, 160). In this model of Aβ clearance, Aβ enters the CVBMs of 

parenchymal vessels and drains, in the opposite direction to blood flow, out of 

the brain via the CVBM of leptomeningeal arteries (5). From there Aβ drains 

into the adventitia of arteries in the circle of Willis at the base of the brain and 

then moves from the artery walls into the cervical lymphatics (173, 222). The 

present study found that within 5 minutes after injection into the parenchyma, 
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Aβ had selectively entered the CVBM of arteries and capillaries in the 

hippocampus and was observed within the CVBM of leptomeningeal arteries.  

These observations are in contrast to the findings of Nedergaard et al. who 

reported that Aβ clearance occurs in the same direction as blood flow, 

principally along the walls of cerebral veins. The discrepancy could be due to 

anatomical and experimental differences between the two studies. Nedergaard 

et al. injected solutes into the CSF within the subarachnoid space (10, 308), 

whereas the current study, Aβ was injected into the ISF of the brain 

parenchyma. As Aβ is produced predominantly by the neurons (14) the 

relevance of tracing the route of Aβ from the subarachnoid space into the brain 

is unclear. Furthermore, there is extensive research suggesting the receptor 

for advanced glycation end products (RAGE) is the major transporter of Aβ 

influx into the brain, although RAGE transports Aβ from the blood into the 

brain and not from the CSF (324-328). 

The current data also support an important role for CVBMs in the clearance of 

Aβ via perivascular drainage. The mechanisms by which Aβ enters the CVBM 

are still undetermined. Aβ is produced in the brain parenchyma by neurons and 

is excreted into the extracellular space (329). A recently published paper 

provides evidence for a direct connection between the extracellular space and 

the CVBM (330), suggesting a direct anatomical pathway for movement of ISF 

and solutes from the parenchyma into the CVBM. However, due to the small 

size of the CVBM (estimated 50-100 nm thickness (186)), the exact route of 

elimination of Aβ as it moves through the ECM and into the CVBM cannot be 

identified using light microscopy.  

High-resolution microscopy, such as that provided by TEM is therefore 

necessary to determine the precise location of Aβ within the ECM and CVBM. 

Deciphering the exact location of Aβ as it is cleared from the brain will provide 

further insight into the pathogenesis of AD and CAA. 

 



 

 81   

 

Chapter 4:   

Using Transmission Electron 

Microscopy to Define the 

Ultrastructure of the Perivascular 

Elimination Pathway of Amyloid β 

from the Brain 
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4.1 Introduction 

As demonstrated in Chapter 3, exogenously injected Aβ co-localises with 

CVBMs of cerebral capillaries and arteries, supporting a role for CVBMs as one 

of the clearance pathways for Aβ from the brain (5, 6). However, several 

questions remain about the relationship between parenchymally-produced Aβ 

and its clearance along CVBMs:  

1) How does Aβ move from the parenchyma to the CVBMs of cerebral blood 

vessels? TEM studies have shown that narrow gaps separate parenchymal cells 

(330, 331). These gaps make up the ECM and are filled with ISF. It is 

hypothesised that extracellular solutes, including Aβ, move through the ECM to 

the cerebral blood vessels where they are cleared from the brain via 

transporters across the BBB, within the para-venous space or along the 

perivascular elimination pathway in the walls of cerebral capillaries and arteries 

(5, 159). However, the interconnectivity of the ECM between blood vessels 

remains undefined. Furthermore, it is unclear how the ECM communicates with 

CVBMs and/or if CVBMs are an extension of the ECM. 

2) Does Aβ enter CVBMs or is it located within the paravascular spaces of the 

brain? Data published in 2008 by Carare et al. demonstrate that after injection 

into the parenchyma solutes of a comparable size to Aβ enter the CVBM of 

arteries (5). In contrast to this, data published by Nedergaard et al. have shown 

that solutes injected into the CSF pass into the brain interstitium and are 

cleared from the brain via a para-venous space (10). 

3) Does Aβ localise to the CVBMs of all types of cerebral blood vessels? It has 

previously been shown that after injection into the parenchyma solutes enter 

the walls of cerebral arteries (5, 7). These data are in line with results 

presented in chapter 3 of this thesis, which demonstrate that Aβ preferentially 

enters the CVBMs of capillaries and arteries but not veins. However, Iliff et al. 

(10) have suggested that veins are the major route of elimination of Aβ from 

the brain.  

Due to the size of the CVBM (50-150 nm (234, 330)), the resolution of the light 

microscope is inadequate to effectively visualise the detail of CVBMs or 

differentiate between the CVBMs associated with astrocytic end feet, pericytes, 

smooth muscle cells and endothelial cells. The aim of the current chapter was 
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to describe the perivascular elimination pathway of Aβ from the brains of naïve 

mice at the ultrastructural level using TEM. 

4.2 Methods 

To investigate the ultrastructure of the ECM between cerebral capillaries, a 

series of images were taken between two capillaries in the hippocampi of 18-

week-old Wistar rats at x15 000 magnification on a TEM. To determine the 

relationship between the ECM and the CVBM of cerebral capillaries, the 

abluminal wall of hippocampal capillaries of 18-week-old Wistar rats was 

imaged at x50 000 magnification by TEM. To determine the ultrastructural 

location of soluble Aβ within the ISF as it moves from the parenchyma to the 

blood vessels, 10-week-old wildtype mice were injected into the hippocampus 

with biotinylated human Aβ40 (n=3) and their brains process for TEM. 

4.3 Results 

4.3.1 The extracellular space is continuous between capillaries 

Cerebral capillaries provide the largest surface area of vascularisation in the 

brain, with the intercapillary distance estimated at ~40 μm (332-334). Due to 

the high capillary density, it is likely that the first vessel parenchymal Aβ 

comes into contact with is a capillary. The hippocampus is one of the earliest 

regions of the brain to be affected in AD (70), thus, investigating how 

hippocampal blood vessels eliminate Aβ may provide an insight into the 

origins of the disease.  

The parenchymal tissue between the two capillaries consists of neuronal and 

glial cells, astrocyctic processes and astrocytic end feet (105). Osmium 

tetroxide staining of proteins and lipids (335) outlined the electron dense ECM 

from the wall of one capillary to the next. A direct connection was observed 

between two hippocampal capillaries via the ECM (Figure 4.1). 
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Figure 4.1| The extracellular matrix is continuous between hippocampal capillaries of Wistar 

rats. Serial photomicrographs between hippocampal capillaries in a Wistar rat demonstrate the 

continuity of the ECM through the parenchyma (demonstrated by line). The two lumina of each 

capillary are labelled Lu and a line highlights the continuity of the ECM between each capillary. a) 

Serial micrographs between hippocampal capillaries showing continuity of the ECM through the 

parenchyma (EM original magnification 12000x). 1.1, 2.1, 3.1, 4.1) Enlarged images of boxes 1, 

2, 3 & 4 seen in (a). The extracellular matrix has been false coloured. lu = lumen (EM original 

magnification 12000x).Scale bar 1000 nm. 
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4.3.2 There is continuity between the extracellular space and the 

cerebrovascular basement membrane of capillaries 

To determine the relationship between the ECM and the CVBM of cerebral 

capillaries, the abluminal wall of hippocampal capillaries of adult Wistar rats 

was imaged at x50 000 magnification by TEM. This gave an overview of the 

complete ultrastructure of the ECM and vessel wall connection. The CVBM was 

identified as the electron dense region that sits in between the dark-grey 

endothelial cells and the light-grey astrocytic end feet (Figure 4.2). The 

individual CVBMs of the astrocytes and endothelial cells could be identified, 

and appeared to encase pericytes (Figure 4.2A). A direct connection was 

observed between the ECM and the CVBM of the astrocytes (Figure 4.2C and 

D), suggesting that the CVBM may be an extension of the ECM or vice versa.  
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Figure 4.2| Micrographs showing the continuity between the extracellular matrix and 

the cerebrovascular basement membrane. (A and B) Wistar Kyoto rat cerebral capillary, 

TEM, x50 000 scale bar 500 nm. (C and D) Magnified insert highlighting continuity between 

the BM and extracellular matrix. The extracellular matrix is the electron dense area between 

the two arrowheads in (C and D). Ast – Astrocyte end foot, CVBM – Cerebrovascular 

basement membrane. 
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4.3.3 Amyloid β enters the cerebrovascular basement membrane of 

capillaries 5 minutes after injection into the hippocampus 

To determine the ultrastructural location of soluble Aβ within the ISF as it 

moves from the parenchyma to the blood vessels, adult wildtype mice were 

injected into the hippocampus with biotinylated human Aβ40 (n=3). 

Biotinylated Aβ was used to increase the sensitivity of the experiment as only a 

small amount of exogenous Aβ was injected. Incubation of the brain tissue 

sections with avidin-biotin complex detected a pattern of staining that was 

localised to the hippocampus.  

In chapter 3, fluorescently tagged Aβ was observed in the CVBM of capillaries 

and arteries, but not veins, suggesting that Aβ may have a preferential route of 

elimination. To determine if this observation was also seen at the ultrastuctural 

level, TEM images of capillaries and veins in the hippocampus were analysed 

for the localisation of Aβ. A capillary was defined as any vessel with a diameter 

of between 4-9 μm that lacked smooth muscle (336). Veins were considered to 

be any vessel with a thin wall and a luminal diameter grater than 15 μm that 

was lacking smooth muscle cells (119). The luminal diameter of all vessels was 

measured using iTEM before being analysed.  

TEM analysis outlined the route of elimination of Aβ as it was cleared from the 

brain. As demonstrated in figure 4.3, Aβ moved through the ECM (Figure 4.3 

A), passed along the ECM/CVBM connection (Figure 4.3 C) and entered the 

hippocampal CVBM (Figure 4.3 C). These data support the hypothesis 

presented by Carare et al. that the CVBM is an elimination pathway for Aβ from 

the brain (5).  

As shown in figure 4.3, Aβ entered the CVBM of hippocampal capillaries. The 

astrocytic/endothelial, astrocytic/pericytic and pericytic/endothelial CVBMs all 

showed positive staining for Aβ. In contrast to this, Aβ was not observed within 

the CVBM of hippocampal veins but was confined to the extracellular spaces 

connected to the CVBM (Figure 4.4). This observation is at odds with data 

presented by Nedegaard et al., which states that a para-venous space is the 

major clearance pathway for Aβ and other solutes from the brain (10). 

The specificity of Aβ staining was confirmed by pre-incubating biotinylated Aβ 

injected tissue sections with avidin to saturate the biotin sites bound the Aβ. 
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Following this the sections underwent 4G8 anti-Aβ immunohistochemistry 

using DAB as a chromagen. The pattern of staining between sections that were 

injected with biotinylated Aβ and pre-treated with avidin (Figure 4.5 B) and 

sections that underwent direct-conjugation to the biotin that was bound to Aβ 

(Figure 4.5 A) was similar. This suggests that biotin was successfully 

conjugated to the Aβ at the time of intracerebral injection. To check that the 

avidin saturation step completely saturated the biotin sites that had been 

injected some tissue sections were incubated solely with avidin after injection 

of biotin-conjugated Aβ. No anti-Aβ immunohistochemistry was performed on 

these sections and after development, using DAB as chromogen, no staining 

was visualised. This result confirmed that all biotin in the tissue has been 

saturated by the avidin pre-treatment. 
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Figure 4.3| Distribution of biotinylated human Aβ40 within the ECM and CVBM of hippocampal capillaries of C57/BL6 mice. (A) Phtomicrograph 

of the ECM in the hippocampus of a wildtype mouse after Aβ was injected intracerebrally. Aβ was observed within the ECM (Aβ is the dark 
staining hilighted by the arrow-heads). X12 000 magnification. Scale bar 1 μm. (B) Photomicrograph of a hippocampal capillary in a wildtype 

mouse. The CVBM is located at the tip of the arrow heads. The tissue was control tissue and so did not undergo anti-Aβ immunohistochemistry and 

thus the CVBM is free from Aβ. x50 000 magnification. Scale bar 500 nm. (B) Photomicrograph of a hippocampal capillaray of wildtype mouse that 

was injected with biotinylated human Aβ40, demonstrating the route of Aβ along the ECM/CVBM connection (*) and into the CVBM (located at the tip 

of the arrow heads) of the capillary. Aβ is observed as punctate, electron dense staining within the CVBM. x60 000 magnification. Scale bar 200 nm. 

Lu – Lumen, Ast – Astrocyte end foot and Enc – Endothelial cell. 
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Figure 4.4| Distribution of human Aβ40 within ECM surrounding a cerebral vein of a 

C57/BL6 mouse. Photomicrograph of a hippocampal vein in a wildtype mouse, demonstrating 

that Aβ does not enter the CVBM within 5 minutes of being intrecerebrally injected into the 

hippocampus. The CVBM is located at the tip of the arrow-heads. Aβ (highlighted by arrow) was 

observed within the ECM surrounding the CVBM of the vein but not within the CVBM 

(highlighted by arrow-head). Ast – Astrocyte, Enc – Endothelial cell, Pct – Pericyte (337) and Lu – 

Lumen. x50 000 magnification. Scale bar 500 nm. 
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Figure 4.5| Distribution of human Aβ after injection into left hippocampus of 10 week old C57/BL6 

mouse – control images. (A) C57/BL6 mouse hippocampus injected with soluble biotinylated Aβ and 

treated with horseradish peroxidase conjugated avidin and DAB. This method directly labels the biotin 

that is bound to the Aβ and allows for the identification of the pattern of drainage of Aβ. (B) C57/BL6 

mouse hippocampus injected with soluble biotinylated Aβ and treated with unconjugated avidin to 

saturate all Aβ bound biotin sites. Following this anti-Aβ immunohistochemistry with DAB as a chromagen 

was performed. The pattern of drainage closely matches that of direct the conjugation immune observed 

in (A), suggesting that the biotin is successfully bound to Aβ. (C) C57/BL6 mouse hippocampus injected 

with soluble biotinylated Aβ and treated with avidin to saturate all Aβ bound biotin sites. Following this 

the tissue was treated with the streptavidin conjugated anti-mouse secondary used in the anti-Aβ 

immunohistochemistry and DAB. This experiment was performed to test background levels. The results 

suggest that the biotin saturation step performed in (B) was successful. x4 magnification. Scale bars 5 

mm. 
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4.4 Discussion 

Determining the ultrastructural location of exogenously injected soluble Aβ 

requires the use of TEM. Advancements in TEM protocols in the 1960s made it 

possible to visualise the ultrastructural composition and location of 

neurofibrillary tangles and Aβ plaques in pathological tissues (338, 339). In the 

present study, using a newly developed TEM protocol that preserves protein 

antigenicity (see appendix 1), the pathway of elimination of soluble Aβ as it 

was cleared from the brain was visualised at the ultrastructure level. A direct 

connection between the CVBMs of hippocampal capillaries was found via the 

ECM. Further, results indicated that Aβ is removed from the brain via the CVBM 

of cerebral capillaries and not veins.  

When visualised via confocal microscopy, the arterial deposition of Aβ as CAA 

is confined to the tunica media (306). Previous TEM studies in human AD cases 

have confirmed that Aβ accumulates in the CVBM of the tunica media (154). 

The origins of the vascular deposits have been contested since the first TEM 

studies. It was initially thought that the vascular smooth muscle cells were 

producing the Aβ that was then accumulating in the CVBM (154). However, as 

our knowledge of Aβ clearance improved, it became clear that the pattern of 

deposition of Aβ in the arterial wall closely matched the route of ISF and 

associated solutes as they are eliminated from the brain (5, 7, 160, 228). In 

this chapter it was shown that there is a direct connection between Aβ-

producing neurons and the CVBM. Furthermore, Aβ injected into the 

parenchyma moves through the ECM and enters the CVBM of hippocampal 

capillaries. These data suggest that the Aβ that deposits in the vasculature 

originates from the parenchyma, aligned with the hypothesis presented by 

Carare et al. that CAA and AD are a consequence of a failure in elimination of 

parenchymal Aβ.  

The perivascular elimination pathway of solute clearance is hypothesized to 

occur in the opposite direction to blood flow – from capillaries to arteries (5, 

6). It is still unclear how the CVBM of capillaries communicates with the CVBM 

of arterioles and arteries so it is not yet possible to discern how Aβ enters the 

CVBM of the tunica media from the CVBM of capillaries. This is due in part to 

limitations in TEM tissue processing. When a tissue is processed for TEM it 
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must be dissected into 1 mm3 sections (335). These 1 mm3 sections are then 

further micro-dissected into 90 nm thick sections for visualisation on the TEM 

(335). Due to this, it is difficult to find an area where the CVBM of a capillary 

connects to the CVBM of an arteriole or artery. However, recent advancements 

in the field of electron microscopy have lead to the development of a scanning 

electron microscope (SEM) that is capable of sectioning tissue serially and 

imaging blocks of tissue within the microscope itself (340). This technique, 

know as 3view® microscopy, makes it possible to construct a three 

dimensional (3D) ultrastructural image of a tissue. A recently published study 

utilised this new technology to produce high-resolution 3D images of synaptic 

junctions in brain tissue (340). This study highlights the potential of this 

technology to investigate how the CVBMs of different vessels communicate.  

Electron micrographs from previous studies indicate that there is no direct 

communication between the CVBM of the tunica media and the parenchyma, as 

a layer of pia mater covers the abluminal aspect of leptomeningeal and 

penetrating arteries (111, 112, 330). This suggests that if Aβ was to enter the 

CVBM of the tunica media of leptomenigeal arteries directly from the 

parenchyma it would need to cross the pia mater and the para-arteriole space 

(10). Studies have shown that smaller molecules than Aβ (3 kDa) penetrate the 

pia mater but it is not yet clear if this is the same for Aβ (10). There is also no 

evidence to suggest that the ECM is in direct communication with the CVBM of 

deep penetrating arteries and arterioles; so further investigation is needed to 

fully understand this relationship.  

Data presented in Chapter 3 of this thesis showed that Aβ positively co-

localises with the CVBM of the tunica media in arteries as well a capillaries at 

the LM level. A limitation of this current study is that it only takes into account 

the endothelial CVBM and not the CVBM within tunica media. It would be of 

great interest to increase the scope of this research to include an investigation 

of the ultrastructural location of Aβ in the artery wall. Data collected by 

Nedergaard et al. describe a brain-wide clearance pathway. The pathway 

begins with the influx of CSF and associated solutes from the sub-arachnoid 

space into the brain via a para-arterial channel (10). Following this infusion of 

CSF into the brain, ISF, along with associated solutes, is eliminated within a 

para-venous space (10). Data were obtained in this chapter demonstrate that 5 

minutes after injection into the parenchyma Aβ does not enter the CVBM of 
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veins. One explanation for the variation in results could be due to differences 

in experimental methods. Nedergaard et al. infused mice with solutes for 30 

minutes into the CSF via the cisterna magna. In the current experiments mice 

were intracerebrally injected with Aβ into the hippocampus over 2 minutes 30 

seconds and were culled 5 minutes after injection. To test whether differences 

in experimental methods could yield different results TEM could be performed 

on tissue that has been injected with a 30 minutes infusion of biotinylated Aβ 

into the CSF. The route of Aβ through the brain could be traced and the CVBM 

of veins studied ultrastructurally. The para-arterial influx pathway described by 

Nedergaard et al. is located on the abluminal aspect of arteries. It could be 

hypothesised that there are two distinct pathways within the walls of cerebral 

arteries; one slower pathway for CSF influx and one rapid pathway for ISF 

elimination, but a full ultrastructural investigation would be needed to discern 

this. 

Further to the differences observed in elimination pathway of solutes, data 

were obtained in this chapter that demonstrate no visible para-venous space 

within the walls of veins (Figure 4.4). This could be due to an artefact of TEM 

processing. Before tissue can be prepared for visualisation by TEM it must be 

fully dehydrated (335). This processing step could result in the collapse of a 

fluid-filled para-venous space. To test this, hydrated brain sections 500 μm in 

thickness could be embedded in agarose before being processed for 

microscopy. The agarose may provide support for any para-vascular space and 

prevent any collapse the results from processing. 

There are biochemical differences between the CVBM of veins and capillaries, 

specifically in the laminin isoforms each CVBM contains (199). These 

compositional differences could explain why Aβ enters the CVBM of capillaries 

and not veins. Research has shown that the composition of the CVBM of 

different vessels changes in response to various factors such as age, 

inflammation and ischaemic injury (7, 209, 211, 341). These data suggest that 

CVBMs are not static structures but can be adapted by surrounding cells. 

Certain CVBM proteins have stronger binding affinities for Aβ than others. 

Laminins bind to Aβ with a high affinity and have been shown inhibit Aβ 

aggregation (342), whereas fibronectins do not bind to Aβ (343). These data 

suggest that efficient clearance of Aβ along the perivascular elimination 

pathway is dependent, in part, upon a physical interaction between the CVBM 
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and Aβ as well as the composition of CVBMs itself. Previous mathematical 

modelling has suggested that effective removal of Aβ along CVBMs against the 

direction of blood flow requires the involvement of a valve-like system (330, 

344). This valve-like system could be formed by a selective biochemical 

interaction between Aβ and the CVBMs of different cerebral blood vessels or by 

the concentration of proteoglycans within CVBMs. Further to this, the 

biochemical composition of CVBMs could have consequences on the physical 

properties of it too. It has been shown that the elasticity of CVBMs is controlled 

by the concentration of proteoglycans. A major part of CVBMs is water that is 

tightly bound to glycosaminoglycan (GAG) side chains of proteoglycans (178, 

345, 346). It has been shown that as the proteoglycan concentration within 

CVBMs decreases as does the water content, which leads to a reduction in the 

elasticity of the CVBM (178). Elasticity is thought to be an essential trait for 

efficient clearance of Aβ, as it is arterial pulsations that are hypothesised to be 

the driving force of perivascular elimination (228, 347). This means that 

biochemical alterations to CVBMs could have detrimental consequences on the 

efficiency of CVBMs to clear Aβ. 

CAA forms less abundantly in veins than it does in arteries and capillaries 

(348, 349), suggesting that veins could be protected somewhat against Aβ 

deposition. One explanation for this could be that veins offer the pathway of 

least resistance for Aβ from the brain. Further research is needed to elucidate 

whether biochemical differences in the composition of the CVBMs of veins and 

arteries are responsible for this. To test this hypothesis one would need to first 

ultrastructurally define the venous elimination pathway of Aβ from the brain. 

This could be achieved by conducting AFM on hydrated brain sections to 

address the ambiguity surrounding the locality of the para-venous space and 

by extending the TEM study to answer the question of whether Aβ enters the 

CVBM of veins and arteries as it is cleared from the brain. Further experiments 

could include an analysis of the concentration of proteoglycans within the 

CVBMs of capillaries, arteries and veins. Western blots could be performed on 

vessels micro-dissected from human brains. This would allow for a greater 

understanding of whether proteoglycan concentrations and thus the water 

binding potential differ between each CVBM. Western blots could also be used 

to investigate whether the concentrations of Aβ binding proteins differ within 

the CVBMs of capillaries, veins and arteries. For example, higher 
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concentrations of laminins in a CVBM could mean an increase in the binding 

potential of that CVBM for Aβ. 

Within 5 minutes of being intracerebrally injected in the hippocampi of naïve 

mice Aβ moves through the ECM and enters the CVBM of hippocampal 

capillaries but not veins. Further investigation is needed to understand the 

mechanisms behind this selectivity but data that were presented in this 

chapter provide an insight into the ultrastructural pathway of elimination of Aβ 

from the brain. 
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Chapter 5:   

Perivascular Elimination of 

Amyloid β in the Presence of 

Unlipidated Apolipoprotein E4 and 

Unlipidated Apolipoprotein E3 
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5.1 Introduction 

Possession of the APOE4 genotype is the strongest genetic risk factor for the 

development of sporadic AD. Although much work has been done to identify 

the cellular pathways that underlie this increased susceptibility, it is still 

unclear how apoE genotype influences the clearance of Aβ from the brain. 

Zlokovic and colleagues have proposed that apoE plays a role in chaperoning 

Aβ across the BBB. (61). They have reported that Aβ binds to all isoforms of 

apoE, with differences in affinity between isoforms (61). Furthermore, when Aβ 

binds apoE2 or apoE3 it is cleared rapidly across the BBB via LRP1 and when 

bound to apoE4 it was cleared at a significantly slower rate via the VLDLR (61, 

109). These data suggest that apoE4-positive individuals may develop more 

CAA because of a slower clearance rate of Aβ from the brain (61).  

Sakai et al. recently reported that following Aβ immunotherapy, plaque-

associated apoE was reduced and cerebral blood vessel wall-associated apoE 

increased (350). This immunotherapy-mediated translocation of apoE from 

plaques to the cerebral vasculature mirrors the changes in Aβ and is consistent 

with the proposed role for apoE as an important transporter of Aβ in the brain 

(350). Thal et al. reported that Aβ was colocalized with apoE in the perivascular 

elimination pathways of AD transgenic mice as well as in control and AD 

patients (281, 282). In addition, Hawkes et al. found that the perivascular 

elimination of Aβ was altered in the brains of mice expressing human apoE4 

(6). 

However, recently published findings show that there is a minimal physical 

interaction between Aβ and apoE in the CSF of human AD patients (60). It was 

demonstrated that the clearance of Aβ across the BBB was reduced in the 

presence of apoE4 compared to apoE2 and apoE3 despite minimal interaction 

between Aβ and apoE (60). Furthermore, Hawkes et al. found no co-localization 

between soluble human Aβ and endogenous apoE at the CVBM of arteries (8). 

These data have raised questions about the mechanisms behind how apoE4 

affects the clearance of Aβ from the brain.  

The purpose of these experiments was to establish the role apoE plays in the 

elimination of Aβ via CVBMs and whether there are any apoE genotype 

influences on the perivascular elimination of Aβ along CVBMs. 
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5.2 Methods 

To test the hypothesis that apoE4 disrupts the perivascular elimination of Aβ 

from the brain, Aβ that has been pre-incubated with apoE3 or apoE4 for 15 

minutes was injected into the hippocampi of 10-week-old male C57/BL6 mice 

(Aβ n=3 and apoE3/4 n=5). An MCC of below 0.5 denotes no-colocalization 

between two proteins, an MCC of between 0.51 and 0.59 suggests a small 

amount co-localization, an MCC of between 0.60 and 0.69 suggests moderate 

amount of colocalization, and an MCC of above 0.80 suggest very high amount 

of colocalization (303). Data were analysed using a one-way ANOVA with 

Bonferroni correction for multiple-comparisons. The MCC for laminin and Aβ 

colocalization when Aβ was injected alone was 0.94 (SE = 0.042). To 

investigate if the clearance of Aβ via the CVBM is disrupted in the presence of a 

biologically inert molecule, the degree of co-localization of Aβ with laminin was 

assessed in the presence of dextran. Aβ was pre-incubated with dextran for 15 

minutes and injected into the hippocampi of C57/BL6 mice (n=3/group). Data 

were analysed using Student’s t test. To assess whether the lipidation state of 

a co-injectant influences the clearance of Aβ via the CVBM, the degree of Aβ co-

localisation with laminin was assessed in the presence of plasma LDL 

(n=3/group). With a view to further understanding the relationship apoE plays 

in the clearance of Aβ via the CVBM a co-localization analysis was conducted of 

the association between Aβ and apoE3 and Aβ and apoE4 at the CVBM 

(n=5/group). Aβ was pre-incubated with apoE3 or apoE4 before being injected 

into the hippocampi of C57/BL6 mice. 

5.3 Results 

5.3.1 The degree of colocalisation between Aβ and the cerebrovascular 

basement membrane is decreased in the presence of apoE4  

When co-injected with apoE3, the MCC was equivalent to that of Aβ alone, 

suggesting that apoE3 had little effect on Aβ co-localization with laminin 

(Figure 5.1 and 5.2). By contrast, when co-injected with apoE4, there was a 

significant decrease in the amount of co-localization between Aβ and laminin 

(MCC = 0.73 (SE = 0.041)) compared to Aβ injected alone and Aβ injected in 

combination with apoE3 (MCC=0.94 (SE = 0.039), p < 0.05) (Figure 5.1 and 
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5.2). These data suggest that in the presence of apoE4, the interaction 

between Aβ and arterial CVBM was significantly decreased.  

 

Figure 5.1| The amount of colocalization of human Aβ40 with laminin in 
the CVBM of wildtype mice in the presence of apoE3 and apoE4. After 
injection into the hippocampus of wildtype mice there is a significant 
reduction in the amount of colocalization between Aβ and laminin in the 
presence of apoE4 when compared to apoE3 and Aβ alone. *p<0.05. 
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Figure 5.2| Distribution of human Aβ40, apoE3 and apoE4 within the hippocampal cerebrovasculature of 10-week-old 

C57BL/6 mice. (A-E) Photomicrographs demonstrating the distribution of intracerebrally-injected Aβ (red) along laminin-positive 

(blue) CVBMs. MCC for Aβ with laminin =0.94 (SE = 0.042). (F-J) Photomicrographs demonstrating the distribution of intracerebrally 

injected apoE3 (green) along laminin-positive (blue) CVBMs, MCC for apoE3 with laminin = 0.53 (SE = 0.045). (K-O) 

Photomicrographs demonstrating the distribution of intracerebrally injected apoE4 (green) along laminin-positive (blue) CVBMs, 

MCC for apoE4 with laminin= 0.56 (SE = 0.041). (P-T) Photomicrographs demonstrating the distribution of intracerebrally injected 

Aβ (red) and apoE3 (green) along laminin-positive (blue) CVBMs, MCC for Aβ with laminin in the presence of apoE3 =0.94 (SE = 

0.039), MCC for apoE3 with laminin 0.78 (SE = 0.052) (U-Y) Photomicrographs demonstrating the distribution of intracerebrally 

injected Aβ (red) and apoE4 (green) along laminin-positive (blue) CVBMs. MCC for Aβ with laminin =0.73 (SE = 0.041), MCC for 

apoE4 with laminin =0.77 (SE = 0.047). Scale bar: A,F,K,P,U = 50µm, B-Y = 25 µm) 
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5.3.2 Dextran does not alter the degree of co-localization of Aβ with 

the cerebrovascular basement membrane  

No significant change in the degree of co-localization between Aβ and laminin 

was observed when Aβ was injected in combination with dextran compared to 

Aβ alone (MCC Aβ alone = 0.94 (SE = 0.042) and MCC Aβ with dextran = 0.90 

(SE = 0.017); Figure 5.3). These data suggest that physical hindrance of the 

movement of Aβ is not enough to prevent Aβ from entering the CVBM and 

being cleared from the brain.  

 

Figure 5.3| The amount of colocalization of human Aβ40 with laminin in the CVBM 
of wildtype mice in the presence of dextran. When injected in combination with 
dextran there is no reduction in the amount of colocalization of Aβ with laminin, MCC 
Aβ alone = 0.94 (SE= 0.042) and MCC Aβ with dextran = 0.90 (0.017).   
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5.3.3 Low-density lipoproteins do not alter the degree of co-localization 

of Aβ with the cerebrovascular basement membrane  

After analysis by Student’s t test data were obtained that demonstrate the 

presence of LDL did not influence the degree of co-localization of Aβ with 

laminin (MCC Aβ alone = 0.94 (SE = 0.042) and MCC Aβ +LDL = 0.91 (0.049)) 

(Figure 5.4). 

 

Figure 5.4| The amount of colocalization of human Aβ40 with laminin in 
the CVBM of wildtype mice in the presence of human plasma low-density 
lipoproteins. When Aβ is injected into the hippocampus of wildtype mice in 
combination with LDL there is no alteration in the amount of colocalization 
between Aβ and laminin. 
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5.3.4 There is minimal amount of colocalization between Aβ and 

apolipoprotein E3 and a high amount of colocalization between 

Aβ and apolipoprotein E4 at the cerebrovascular basement 

membrane 5 minutes after co-inection into the hippocampus 

After analysis by Student’s t test, data were obtained that demonstrate a 

minimal association between apoE3 and Aβ at the CVBM 5 minutes after 

injection (MCC = 0.58 (SE = 0.053)) (Figure 5.5). However, when Aβ was 

injected in combination with apoE4, Aβ and apoE4 formed a significantly 

higher amount of colocalization (MCC = 0.78 (SE = 0.034)) at the CVBM 5 

minutes after injection (Figure 5.5). 
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Figure 5.5| There is a significantly greater amount of colocalization 

between human Aβ40 and apoE4 when compared to apoE3. 5 minutes 

after injection into the hippocampi of wildtype mice Aβ colocalizes 

weakly with apoE3 and moderately with apoE4 at the CVBM. 

5.4 Discussion 

It is widely accepted that the clearance of Aβ via the cerebrovasculature is 

disrupted in the presence of apoE4 compared to other apoE isoforms but the 

reason for this is not yet understood (60, 61). Data were obtained in this 

chapter that demonstrate that after injection into the parenchyma, Aβ rapidly 

diffuses away from the injection site and enters laminin positive CVBMs. 

Furthermore, the degree of co-localization between CVBMs and Aβ was 

significantly reduced in the presence of apoE4 when compared to apoE3 but 

Abet
a b

ound to
 A

poE3

Abet
a b

ound to
 A

poE4
0.0

0.2

0.4

0.6

0.8

1.0
M

C
C

*

Amount of co-localization between 
Aβ40 and apoE3/4



 

 106   

not in the presence of inert dextran. This supports an isoform specific 

influence of apoE on clearance of Aβ along the CVBM.  

Multiple pathways exist in the brain for Aβ clearance including cellular uptake, 

proteolytic degradation, BBB mediated clearance, para-venous elimination and 

perivascular elimination (7, 10, 61, 277, 309, 351). BBB mediated clearance is 

a receptor-mediated pathway which transports Aβ directly from the 

parenchyma into the blood (109). Research into this clearance pathway has 

generated competing theories as to how apoE4 disrupts Aβ clearance. Zlokovic 

et al. hypothesise that Aβ binds to apoE before being ‘chaperoned’ across the 

BBB in an isoform specific manner (61, 109). They have shown that Aβ is 

removed rapidly across the BBB via LRP1 in the presence of apoE2 and apoE3, 

whereas in the presence of apoE4 Aβ clearance is via the much less efficient 

VLDLR (61, 109). By contrast, experiments by Holtzman and colleagues 

demonstrated disrupted clearance of Aβ in the presence of apoE4 despite a 

negligible physical association between Aβ and apoE (60). They proposed that 

rather than chaperoning Aβ across the BBB, apoE competes with Aβ for 

transport via LRP1 and that clearance of Aβ is slower in the presence of apoE4 

than in the presence of apoE2 or apoE3 because clearance of apoE4 is less 

efficient and thus takes longer (60). 

Data presented in this study suggest that unlipidated apoE4 inhibits the 

movement of Aβ from the ECM into the CVBM. There was a significant 

reduction in the amount of colocalization of Aβ with laminin when Aβ was 

injected into the parenchyma in the presence of apoE4 when compared to 

apoE3. As a control Aβ was also injected in combination with inert dextran. 

The results from this experiment showed that Aβ colocalization with laminin 

positive CVBMs was not at all disrupted in the presence of dextran. These data 

suggest that there is an apoE isoform-specific disruption of Aβ clearance via 

the CVBM. Other studies published in this field have also found that in the 

clearance of Aβ from the brain via the cerebrovasculature is reduced in the 

presence of apoE4 (6, 60, 61). One such study also found a disruption in the 

perivascular clearance of Aβ in the presence of apoE4 in apoE transgenic mice 

(6). 

It is unclear whether the lipidation state of the co-injectant influences the 

clearance of Aβ via the CVBM. Data presented in this chapter suggest that Aβ 
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clearance along the CVBM is not disrupted in the presence of lipidated human 

plasma LDL (Figure 5.4). However, there are significant differences in 

peripheral lipids compared to central lipids. Human plasma LDL are lipidated 

predominantly by the liver (352), whereas cerebral HDL-like particles are 

lipidated with in CNS (353) and it is unknown how peripherally lipidated 

particles interact with CNS tissue. Furthermore, there is no data on how human 

LDL interact with murine parenchymal tissue. For these reasons it would be of 

great interest to repeat these experiments with lipidated apoE isoforms to 

remove any potential artefact. 

The concentrations of injected Aβ and apoE used in this study were not within 

physiological ranges. In the CSF of healthy individuals, apoE is found at 

concentrations of 150-300 nM (60, 354, 355) and Aβ is found at a 

concentration of 2-3 nM (60, 102). However, the physiological molar ratio of 

Aβ:apoE (1:50-75) in healthy brains (60, 102, 354, 355) was maintained in all 

experiments. As non-physiological concentrations of Aβ and apoE were used in 

the intracerebral injections data must be interpreted with this in mind. One 

problem that may arise from injecting solutes at physiologically irrelevant 

concentrations is that the clearance pathways may become overloaded, 

meaning that solutes may diffuse into areas that they would not go if the 

concentrations were within normal levels. If Aβ was injected at a physiologically 

relevant concentration there may have been significant reductions in the 

amount of Aβ that entered the perivascular elimination pathway, as the 

majority of Aβ may have been taken up by neuronal cells. As of yet no data 

exists on how the concentration of Aβ and apoE influence perivascular 

clearance. To further understand the dynamics of clearance of Aβ via the CVBM 

in the presence of apoE it would be of great interest to repeat these 

experiments with physiologically relevant concentrations of the two proteins. 

Limitations of the resolution of light microscopy prevent reliable detection of 

exogenous Aβ and apoE injected at those physiologically relevant 

concentrations. One method of combating this could be to use Aβ that is 

prelabelled with biotin and perform enzyme-linked immunohistochemistry with 

nanoparticles conjugated to streptavidin and an anti-apoE primary antibody 

along with an appropriate secondary antibody tagged with a different sized 

nanoparticles. This method would allow for the ultrastructural detection of 

lower concentrations of Aβ and apoE using TEM. 
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The orientation of both apoE3 and apoE4 after being injected alone suggests 

that each protein is within the CVBM (Figure 5.2, G and L). Further to this, The 

MCC of apoE3 and laminin (0.58 (SE=0.045) and apoE4 (0.62 (SE= 0.041) 

suggest both apoE3 and apoE4 are colocalized with laminin in hippocampal 

arteries after injection. In vitro studies have shown that apoE binds to laminin 

with high avidity (356). However, while it appears that apoE is localised within 

the CVBM in the present ex vitvo experiments, it is possible that apoE could 

actually be in close proximity to the arterial CVBM, such as within astrocytic 

endfeet or the ECM. Repeating the immunohistochemical experiments using a 

marker for astrocytes, such as an anti-glial fibrillary acid protein (GFAP) 

primary antibody, would allow for one to deduce whether apoE was within 

astrocytic end feet, within the ECM or within the arterial CVBM. 

After injection into the hippocampus of naïve mice apoE4 was observed to 

colocalize more strongly with Aβ than apoE3 (Figure 5.5). In vitro experiments 

have shown that Aβ forms more complexes with unlipidated apoE4 than apoE3 

(357). Further to this, it has been shown that the in vitro binding of apoE to Aβ 

promotes Aβ fibril formation in an isoform-specific manner, with apoE4 

promoting Aβ fibril formation more potently than apoE3 (358-360). Data were 

obtained in this chapter that that in the presence of apoE4 the colocalization of 

Aβ with laminin is reduced when compared to apoE3. This finding could be a 

result of the increased interaction between apoE4 and Aβ. For example, an 

increase in apoE4-Aβ complexes means a reduction in the amount of unbound 

monomeric Aβ that can freely enter the CVBM. 

Data presented in this chapter suggest there is an isoformic disruption of Aβ 

clearance from the ECM into the CVBM in the presence of apoE4 when 

compared to apoE3. More work needs to be conducted to fully understand the 

mechanisms behind why APOE4 individuals have an increased risk for AD but 

these data suggest that apoE4 has a detrimental effect on the clearance of Aβ 

along the perivascular elimination pathway. 
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Chapter 6:   

Hypertension results in changes to 

cerebrovascular basement 

membranes - Implications for the 

pathogenesis of Alzheimer’s 
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6.1 Introduction 

The previous chapter explored the impact of apoE genotype on the interaction 

of Aβ with the arterial CVBM and efficiency of perivascular clearance of Aβ from 

the brain. In addition to possession of apoE4, midlife hypertension (HTN) is 

also a major risk factor for the pathogenesis of AD, but the underlying 

mechanisms for this susceptibility are unknown (27). HTN is defined as an 

elevation of blood pressure above 140 mm Hg systolic or 90 mm Hg diastolic 

(28). 

HTN has been shown to increase the thickness of artery walls and has been 

linked to vascular stiffening (253). Thickening of artery walls leads to a 

reduction in luminal volume and the vascular stiffening reduces the vessels 

ability to expand and contract. It is hypothesized that the perivascular 

elimination pathway is driven by arterial pulsations (228). Therefore, HTN-

induced changes in vascular structure and function may have negative impact 

on the efficiency of Aβ clearance from the brain, contributing to increased risk 

of AD.  

The present study tested the hypothesis that HTN results in an age-related 

thickening of and morphological changes in the CVBM with a view to further 

understanding the mechanisms behind HTN as a risk factor for AD. 

6.2 Methods 

To investigate the effects of HTN on CVBM thickness, brains from 18-, 24-, 32- 

and 44-week old male Wistar and SHRSP rats were processed for TEM 

(n=3/group). The CVBM of cerebral capillaries were imaged and analysed using 

a plugin within iTEM. 

6.3 Results 

6.3.1 Age related thickening to cerebrovascular basement membrane in 

SHSPR rats beginning at 24 weeks of age. 

An age-related thickening of the CVBM of hippocampal (figure 6.1 (A)), striatal 

(figure 6.1 (B)), and thalamic (figure 6.1 (C)) capillaries was observed in 24-
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week old SHRSP rats compared to 18-week-old SHRSP animals. There was also 

an increase in CVBM thickness of SHRSP rats in these regions when compared 

to age-matched controls (figure 6. 

1 (A-C)). A statistically significant increase in CVBM thickness in cortical 

capillaries of 24-week-old SHRSP rats vs. controls was also observed (figure 6.1 

(D)). 

6.3.2 Age-related thickening to cerebrovascular basement membrane in 

spontaneously hypertensive stroke prone rats at 32 weeks. 

At 32 weeks of age, there was an age-related thickening of the CVBM of 

thalamic (figure 6.1 (C)) and striatal (figure 6.1 (B)) capillaries of SHRSP rats  

compared to 18-week-old SHRSP rats. In addition, CVBM thickening was 

observed in hippocampal (figure 6.1 (A)), thalamic (figure 6.1 (C)) and striatal 

(figure 6.1 (B)) capillaries of SHRSP rats at 32 weeks of age compared to Wistar 

controls.  

6.3.3 Age related reduction in the thickness of the cerebrovascular 

basement membrane in spontaneously hypertensive stroke prone 

rats at 44 weeks. 

At 44 weeks of age, a reduction in CVBM thickening was observed in 

hippocampal (figure 6.1 (A)), striatal (figure 6.1 (B)) and thalamic (figure 6.1 

(C)) capillaries, of SHRSP rats compared to 24-week-and 32-week-old controls. 

6.3.4 Ultrastuctural changes are observed in cerebral capillaries of 

spontaneously hypertensive-stroke prone rats  

Morphological examination of the SHRSP and Wistar rat brains identified 

ultrastructural changes in the SHRSP brains that were not present in the Wistar 

control brains. These changes included i) early stage periycitic degeneration 

(figure 6.3-(A)), ii) dissociation of astrocytic end feet from CVBM and ruffling 

to the edge of the CVBM (figure 6.3-(B)), iii) early stage endothelial and 

accumulation of lipofuscin in pericytes (figure 6.3-(C)) and accumulation of 

collagen fibres in the CVBM (figure 6.3-(D)), iv) swollen BM containing electron 

dense deposits (figure 6.3 (E)), v) an increase in pericytic and endothelial 

calveolae (figure 6.3 (F)) and vi) the folding of the tight junctions within the 
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walls of cerebral capillaries (figure 6.3 (G)). The changes were observed across 

all ages and were not defined to any particular region. 
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Figure 6.1| Graphs depicting the changes to the CVBM with age in WKY control and 

SHRSP rats. CVBM thickening was noted in all regions (A-D) at 24 weeks and in the 

hippocampus (A), caudoputamen (B) and thalamus (C) at 32 weeks compared to age 

matched controls. An age-related increase in CVBM thickness was also observed in 

hippocampal, striatal and thalamic capillaries of SHRSP rats at 24 and 32 weeks of age. At 44 

weeks of age the thickness of cortical, striatal and thalamic capillaries in the SHRSP brain 

were significantly reduced when compared to 24 and 32 week old SHRSP rats. 
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Figure 6.2| TEM micrographs 

(x50 000 magnification) 

showing the age related 

changes to the thickness of 

the CVBM in the thalamus 

(figure a.1 (C)) of SHRSP rats 

compared to age matched 

controls. The red bars within 

each image represent the 

thickness of the CVBM. The 

CVBM of capillaries in 24 and 

32 week old SHRSP rats are 

significantly thicker than age 

matched controls. Scale bar = 

250nm 
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Figure 6.3 | Ultrastructural 

changes in 18-32 week SHRSP 

brains (A) Accumulation of electron 

lucent lysosomes (black arrow head) 

18 week SHRSP, cortex. TEM, x9000 

(B) Dissociation of astrocytic end 

feet from BM and ruffling to the 

edge of the CVBM (highlighted by 

the two back arrow heads) 32 week, 

SHRSP, thalamus. TEM x50 000 (C) 

Accumulation of lipofuscin in 

pericytes (highlighted by the two 

black arrow-heads) 24 week SHRSP, 

cortex. TEM, x5000 (D) 

Accumulation of collagen fibres in 

the BM 32 week SHRSP, striatum. 

TEM, x50 000(highlighted by black 

arrow heads) (E) Swollen BM 

containing electron dense deposits 

(highlighted by black arrow head) 32 

week SHRSP, hippocampus, x9000 

(F) An increase in pericytic and 

endothelial calveolae (highlighted by 

black arrow head) 24 week SHRSP, 

cortex. TEM x7000 and the (G) 

Folding of the tight junctions 

(highlighted by black arrow head) 24 

week SHRSP, striatum. TEM x9000. 

All of these ultrastructural changes 

are associated with ischaemic 

damage (361). 
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6.4 Discussion 

CVBMs change and adapt during the life course (362). The current data provide 

insight into how HTN influences the structure of a CVBM over time and in 

different brain regions. The present study showed age-related thickening of 

the CVBMs of hippocampal, striatal and thalamic capillaries in 24- and 32-week 

old SHRSP rats vs. 18-week old SHRSP animals. The CVBMs of hippocampal, 

striatal and thalamic capillaries in the SHRSP rat brain were also significantly 

thicker than the CVBMs of aged matched controls at 24- and 32-weeks of age. 

The CVBMs of SHRSP cortical capillaries were significantly thicker than those of 

aged matched controls at 24 weeks of age. At 44 weeks however, the 

thickness of the CVBMs of hippocampal, striatal and thalamic capillaries in the 

SHRSP brain were significant thinner than those of 24- and 32-week old SHRSP 

rats. Finally there a number of abnormal ultrastructural changes were also 

observed in the brains of SHRSP rats that were not present in control brains. 

 

AD, CAA and stroke pathologies are localised to different regions of the brain. 

AD pathogenesis begins in the entorhinal cortex and advances to the 

hippocampus and posterior temporal and parietal cortex (70, 71). CAA most 

commonly occurs in the occipital and parietal cortices and less frequently in 

the hippocampus, cerebellum and basal ganglia (150). The deep central grey 

matter, subcortical white matter and brainstem are usually devoid of CAA 

(150). Stroke in humans occurs most commonly in the basil ganglia (363). 

Stroke pathogenesis in SHRSP rats occurs most frequently in the anteromedial 

and occipital cortices but there are still a high percentage of events in 

caudoputamen and less frequently in the thalamus (293, 364). Erythrocyte 

leakage from the small vessels into the hippocampal parenchyma in SHRSP rats 

has also been reported (256). Data presented in this chapter highlight regional 

specific thickening to CVBMs in response to HTN. The striatum, thalamus and 

hippocampus are all affected in a similar way with CVBM thickening occurring 

at 24 and 32 weeks of age. The cortex however undergoes CVBM thickening at 

24 weeks of age only. 

Changes to the cortical capillary CVBM did not follow a pattern similar to the 

other regions. This could be due to the fact that analysis was carried out on 

the frontoparietal cortex, an area that is not associated with stroke pathology 
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in SHRSP rats (293, 364). Significant CVBM thickening in SHRSP vs. control rats 

was observed at 24 weeks of age in the cortex. The reasons for this are 

unclear but it could be due to the limited number of rats in each group 

(n=3/group). If the study were extended to include more animals this finding 

may not be statistically significant. 

CVBM thickening is associated with many diseases, such as diabetes, AD and 

HTN (236, 365-367). Studies have documented an up-regulation in CVBM 

protein expression after an ischaemic incident (368, 369). The reasons for this 

up-regulation are unclear but it has been suggested that changes in expression 

levels of laminin and collagen IV following ischaemic stroke are initiated by an 

inflammatory response (369). It is unclear if increases in CVBM protein 

expression levels lead to CVBM thickening but it has been shown that 

ischaemic events in SHRSP brains result in an inflammatory response (370). 

This means that the observations of CVBM thickening reported in this chapter 

may be associated with ischemia-related inflammation. Furthermore, the 

ultrastructural disturbances observed in this study have been previously 

documented (361) and are synonymous with cerebral damage (256, 361, 371-

373), that could result in an inflammatory response. The CVBM thickening 

reported in this study plateaus between 24 and 32 weeks of age, which is 

within the time period during which SHRSP rats develop ischaemic lesions 

(361). Further work is needed to understand why the thickness of the CVBM of 

SHRSP rats is similar to that of WKY control rats at 44 weeks in the 

hippocampus, caudoputamen and thalamus. 

Data were obtained in this chapter that demonstrate age-related changes to 

the CVBMs of SHRSP rats. There is an age related thickening to the CVBMs of 

the hippocampus, striatum and thalamus between 18 and 24 weeks of age. 

Studies have shown that thickening of the CVBM can be caused by 

inflammation (369), meaning that the CVBM thickening observed at these ages 

could be a sign that the brains of the SHRSP rats are under stress. Further to 

this, there is an age-related thinning of the CVBM of the hippocampus, 

striatum and thalamus between 32 and 44 week old SHRSP rats. The cells of 

the BBB are responsible for producing CVBM proteins and the thinning 

observed between 32 and 44 weeks of age could be sign of cellular damage. It 

has been widely reported that SHRSP rats develop cerebral infarcts and 

microbleeds from 32 weeks of age (256) and the CVBM thinning could be a 
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sign that the BBB has been damaged by HTN. Further investigation using 50 

and 55-week-old SHRSP rats would provide further insight into this. 

These data may help explain why midlife HTN is a risk factor for AD and late-

life HTN is not. HTN has been shown to increase parenchymal Aβ plaque load 

(259) and lower plasma Aβ levels (28), a phenomenon that is associated with 

an increased risk for the development of AD (374). Further, studies have 

shown that in the absence of APOE4, subjects who had been taking peripheral 

ACE inhibitors had lower incidence of AD compared with those who had not 

been taking an ACE inhibitor (13% versus 27%) (252). Maintaining 

cerebrovascular health is paramount for efficient clearance of Aβ from the 

brain. If the changes to CVBMs documented in this study are suggestive of 

damage then they could be the trigger for the failure of elimination of Aβ and 

the increased plaque deposition seen in HTN. During late life these changes 

may not have the time to influence AD pathogenesis as remaining life span is 

limited and AD pathogenesis is predicted to occur over a long period of time 

(375), potentially as much as 15 years (28). However, if HTN related changes to 

CVBM initiate AD pathogenesis in midlife there would be ample time to 

develop AD. 

The rats used in this study were not ‘aged’ rats. The average lifespan of a rat is 

between 110–144 weeks; therefore this study provides an initial insight into 

the HTN related changes to CVBMs with age. A longer study, which includes a 

broader age range of animals, would provide further understanding of how 

HTN affects CVBMs with age. To further understand the HTN related structural 

changes that occur with age compositional studies of the CVBM at different 

ages need to be performed. These would help elucidate whether biochemical 

alterations in CVBM proteins are causing CVBM thickening. Furthermore, to 

fully define whether the removal of Aβ from the brain of SHRSP rats is 

disrupted when compared to WKY rats a series of intracerebral injections 

would need to be completed. Tracking the removal of Aβ from the brains of 

WKY and SHRSP rats would further improve our understanding of whether the 

perivascular elimination of solutes, including Aβ, is disrupted in the 

hypertensive brain. 

In conclusion, these data suggest that HTN results in changes to CVBMs with 

age, a phenomenon that has been reported both in aged and AD brains (7, 
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236, 366). Further investigation is required to fully understand the significance 

of the CVBM changes for the clearance of Aβ and how HTN increases the risk 

of developing AD. 
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Chapter 7:   

General Discussion 
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The four experimental chapters in this thesis describe four novel advances in 

the field of AD; 

1. In chapter 3 of this thesis a method developed by Carare and Hawkes et 

al. was used to investigate the clearance pathway of Aβ from the 

hippocampi of adult C57/BL6 mice. The rationale of this study was to 

further improve our understanding of the dynamics of the perivascular 

elimination pathway. Data were obtained that demonstrate that after 5 

minutes of injection into the hippocampus Aβ positively colocalizes with 

laminin in the CVBMs of arteries and capillaries but not veins. 

2. In Chapter 4, a novel protocol for the detection of exogenously applied 

Aβ by TEM was used to define the ultrastructural clearance pathway of 

Aβ from the hippocampus of adult C57/BL6 mice. These results showed 

that Aβ moves through the ECM from the injection site and selectively 

enters the CVBM of capillaries via a connection between the ECM and 

the CVBM. 

3. Chapter 5 described the disruption of clearance of Aβ from the 

hippocampus of adult C57/BL6 mice in the presence of apoE4 when 

compared to apoE2 and apoE3. These results showed then when 

intracerebrally injected into the hippocampus of adult C57/BL6 mice in 

the presence of apoE3 and apoE4 the movement of Aβ through the 

parenchyma was disrupted. Further to this, in the presence of apoE4 the 

movement of Aβ from the ECM into the CVBM of hippocampal arteries 

was disrupted. 

4. In chapter 6, a novel method of measuring the CVBMs by TEM was used 

to investigate regional age-related changes to the CVBM of capillaries in 

response to hypertension. In this study it was shown the CVBMs of 

capillaries in the hippocampus, thalamus and striatum of SHRSP rats 

undergo age-related thickening at 24 and 32 weeks of age and the 

capillary CVBM was the cortex is thicker in SHRSP rats than that of 

Wistar control rats at 24 weeks of age. 

It is hypothesised that the accumulation of Aβ observed in AD results from an 

imbalance between its production and clearance (88, 376). Evidence has 

demonstrated that EOAD presenilin mutation carriers demonstrate both 

increased Aβ production and decreased Aβ clearance (88, 377). However, there 

is little evidence for overproduction of Aβ in the more common LOAD, which is 
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also known as sporadic AD (306). Various lines of evidence now suggest that 

the accumulation of Aβ in the brain and in the cerebral blood vessel walls in 

LOAD is caused principally by a failure in elimination of Aβ (306, 376). The 

removal of Aβ from the brain occurs via a system of interconnected pathways, 

including parenchymal degradation, transport across the BBB, ISF bulk flow and 

CSF absorption (5, 10, 104, 317, 378, 379). As the failure in clearance of Aβ 

has been implemented in the pathogenesis of LOAD, it is critical to fully 

understand the pathways involved in removal of Aβ from the brain.  

7.1 The perivascular elimination of amyloid β 

The amount of cognitive decline correlates better with levels of soluble Aβ in 

the cerebral cortex and the severity of CAA than with the number of insoluble 

plaques of Aβ in the brain parenchyma (100, 380, 381). Three of the five main 

mechanisms that mediate the clearance of Aβ from the brain involve the 

cerebrovasculature. These include transport across the BBB via LRP, drainage 

along the para-venous space and movement along the CVBMs of capillaries and 

arteries (10, 160, 261, 382). As such, maintenance of the health of the 

cerebrovasculature is imperative to ensure continued efficient clearance of Aβ.  

The purpose of this thesis was to improve our understanding of the dynamics 

of Aβ clearance in health and disease, with a specific focus on the perivascular 

elimination pathway. Data presented in this thesis show that after injection 

into the hippocampus of naïve mice Aβ enters the CVBM of hippocampal 

capillaries and colocalizes with laminin in the CVBMs of hippocampal and 

leptomeningeal arteries. Further to this, within 5 minutes of injection Aβ had 

entered the walls of leptomeningeal arteries, suggesting that the perivascular 

elimination pathway is rapid and occurs in the direction opposite to blood 

flow, as previously hypothesized (160). No Aβ was observed in cortical or 

leptomeningeal veins, suggesting that veins are not a major route of 

elimination of soluble Aβ from the parenchyma. Further, the route of entry of 

Aβ into the CVBM of capillaries occurs along direct extensions of the 

extracellular matrix. 

The importance of the perivascular drainage system of Aβ clearance has been 

recently highlighted by anti-Aβ immunization experiments. Initial trials actively 

immunized AD patients with synthetic Aβ42 (383, 384). Plaque burden was 
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reduced in some immunized AD patients, but the severity of CAA in 

cerebrocortical and leptomenigeal arteries increased (139). As these vascular 

Aβ deposits were formed predominantly of Aβ42, it was hypothesised that the 

antibodies induced the solubilization of parenchymal Aβ plaques. Soluble Aβ42 

contained within the ISF then moved into CVBMs and bound to pre-existing 

vascular Aβ deposits, exacerbating the degree of CAA (139). Recent research 

has also identified a number of magnetic resonance imaging (MRI) 

abnormalities, known as amyloid related imaging abnormalities (ARIA), that are 

associated with the anti-Aβ immunization of AD patients (385). The underlying 

reasons for ARIA are still contested but it has been suggested that they may 

represent oedema resulting from vascular leakiness (385, 386). Support for 

this theory comes from animal model studies, which indicate that anti-Aβ 

immunization removes cerebral amyloid deposits but with a corresponding 

compromise of the integrity of the vascular wall (387). 

Further investigation is needed into the significance of the perivascular 

elimination pathway in the aetiology of AD and CAA. In particular, there is little 

information about how risk factors for AD affect the perivascular elimination 

pathway. One common morphological change that is observed in response to 

AD risk factors is CVBM thickening. Studies have shown that ageing, diabetes 

and high cholesterol all result in thickening of CVBMs (7, 388, 389). Other 

studies have found that the composition of CVBMs is altered in APOE4 mice (6). 

Due to a lack of research it is unclear whether the compositional changes to 

CVBMs highlighted in the aforementioned studies reduced the ability of CVBMs 

to clear Aβ but it would be of great interest to probe this question further. 

Research has also shown that the concentration of proteoglycans within ocular 

BMs is significantly reduced in diabetes (390). The elasticity of a BM, an 

essential element for efficient perivascular transport (228), is disrupted by 

decreases in the concentration of proteoglycans within a BM (391). The reason 

for this is that proteoglycans are the primary water retaining protein of BMs as 

they contain charged glycosaminoglycan (GAG) side chains, which form 

hydrogen bonds with water (391). Research has already linked reductions in 

cerebrovascular water transport with reductions in the clearance of Aβ via the 

para-vascular space (308) but as of yet there has not been a study 

investigating how reducing the proteoglycan concentration of CVBMs affects 

the perivascular clearance of Aβ. Future studies could include studying the 
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dynamics of perivascular elimination in a mouse model for type 2 diabetes; 

such as C57/BL6 mice fed on a high fat diet (392). The brains of these mice 

could be tested further by Western blot analysis to assess the levels of 

proteoglycans within the CVBM. 

Further investigation is also needed to determine the time course of Aβ 

clearance from the brain via CVBMs. Future work could include using a mouse 

strain that is deficient of LRP, such as LRPflox/flox mutant mice (393), and 

increasing the number of time points to 10, 15, 30 and 60 minutes. This would 

make it possible to conclude how long the ‘pool’ of Aβ remains within the 

brain parenchyma after injection. Further to this, it would be possible to 

determine whether Aβ enters the veins after an increased amount of time, as 

hypothesised by Nedergaard et al. (10). Using mice deficient of LRP1 and LRP2 

would allow for a conclusive study of the ability of the CVBM to eliminate Aβ 

from the brain, as minimal Aβ would be transferred across the BBB. 

The present experiments were conducted using oligomeric Aβ40, a major 

component of vascular amyloid plaques (107, 394). However, it has been 

suggested that Aβ42 may initiate vascular amyloid plaque deposition (97, 395). 

It would be of great interest to compare the perivascular clearance of Aβ40 to 

Aβ42 with a view to understanding the dynamics of drainage of different 

species of Aβ. Further to this, it is not yet clear whether the perivascular 

clearance of Aβ differs between all brain regions. Previous studies have 

predominantly focussed on the perivascular elimination of Aβ from the 

hippocampus (6). Although, it has been shown there are age-related regional 

differences in the perivascular clearance of Aβ (7), there is a need for a 

focussed study on the ultrastructural regional differences in the perivascular 

clearance of Aβ from the brains of naïve mice that utilises TEM. 

7.2 Apolipoprotein E4 and the disruption of clearance of 

amyloid β from the brain 

There is substantial evidence linking the possession of APOE4 allele to the 

pathogenesis of AD and CAA (2, 396). The reasons for this susceptibility are 

still unclear but it is thought that an isoform-specific interaction between 

soluble apoE4 and Aβ influences the rate at which Aβ is cleared (8, 61, 357, 

397). It has been shown that in the presence of apoE4 the clearance of Aβ via 
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LRP1 is disrupted (60, 61) but the mechanism underlying this disruption is 

contested (60, 61).  

One hypothesis is that apoE and Aβ compete for clearance via LRP1 and that 

the interaction between Aβ and apoE in vivo is minimal (60). In these 

experiments the presence of all apoE isoforms disrupted the clearance of Aβ 

but in the presence of apoE4 Aβ was clearance was significantly reduced when 

compared to apoE2 and apoE3 (60). However, levels of apoE in the parenchyma 

and CSF are reportedly reduced in the AD brain (271-273). It has been argued 

that if apoE and Aβ are competing for clearance via LRP1 then decreased 

expression of apoE should increase clearance of Aβ. Although, it has also been 

shown that LRP1 expression is also reduced in the AD brain, so a drop in apoE 

levels could be matched by a drop in LRP1 expression, which may result in 

both effects cancelling the other out (108). Pathological and biochemical 

studies, however, suggest this is not the case as Aβ accumulates as senile 

plaques and CAA in AD brains (3) and the level of soluble Aβ increases in AD 

patients, a phenomenon that is also linked to cognitive dysfunction (100, 101). 

This evidence adds weight to the hypothesis that Aβ clearance is apoE-Aβ 

complex mediated (61). Further support for this comes from experiments that 

have unequivocally shown that apoE is able to form a complex with Aβ (8, 9, 

262, 265, 270). In addition, pathological studies show colocalization of apoE 

with Aβ in senile plaques and CAA (398). An argument against an apoE-Aβ 

complex is presented by an in vivo study that assessed the amount of 

complexes in human CSF. It was reported that only 5% of Aβ was bound to 

apoE (60). However, a similar in vivo experiment found conflicting results and 

documented 100% co-elution of apoE and Aβ from human CSF (8).  

One possibility for the discrepancy in the apoE-Aβ binding data could be due to 

differences in the source of the experimental apoE. Evidence has shown that 

apoE from different sources (e.g. from CSF or cultured astrocytes) have 

different lipidation states and this has consequences for how apoE interacts 

with Aβ (357). For example, unlipidated apoE4 binds Aβ with a higher affinity 

than unlipidated apoE3 (263, 264, 357). However, this affinity is reversed when 

using lipidated apoE; levels of apoE3-Aβ complex are significantly greater than 

apoE4-Aβ complex (9, 357). There is also evidence showing that lipidated apoE-

Aβ complexes are cleared across the BBB at a slower rate than lipid poor apoE-

Aβ complexes (61). Experiments conducted in this thesis used 
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immunohistochemical and confocal microscopy techniques to examine the 

interaction of unlipidated apoE3 and apoE4 with Aβ. Data were obtained in this 

chapter that suggest there is a significant increase in the amount of 

colocalization between Aβ an unlipidated apoE4 compared to unlipidated 

apoE3. The significance of this result is yet to be elucidated but if apoE4 

colocalizes to a greater degree with Aβ than apoE3 it could, in part, explain 

why Aβ clearance from the brain is disrupted in the presence of apoE4 as it has 

been shown the apoE-Aβ complex is cleared from the brain at a slower rate 

than monomeric Aβ (60, 61). 

Much less is known about the putative influence of apoE genotype on clearance 

of Aβ along CVBMs. Experiments conducted by Holtzman et al. measured Aβ 

levels in the ISF using dialysis and found that the concentration of Aβ differed 

between apoE3 vs apoE4 mice, in the absence of increased Aβ production. 

These data suggest that the clearance of Aβ may be slower from the brains of 

apoE4 mice (399). Further to this, experiments presented in chapter 5 of this 

thesis examined the isoform-specific effects of unlipidated apoE on 

perivascular clearance of Aβ. Data were obtained that suggest the clearance of 

Aβ along the CVBM is disrupted in the presence of apoE4 compared to apoE3. 

There were however limitations to these experiments. For example, unlipidated 

recombinant apoE was used in the experimental model of perivascular 

drainage. In the brain apoE is found within the densely packed micelle 

membrane of HDL like particles that are discoidal in shape (399). It is possible 

that the results reported may not be physiologically relevant (5). Future studies 

would include examining the effect of lipidation state of apoE on its interaction 

with Aβ at the CVBM.  

To date, the effect of apoE genotype on the structure of the neurovascular unit 

has not been comprehensively investigated. One animal study using transgenic 

mice expressing human isoforms of apoE reported a difference in the pattern 

of drainage in the presence of apoE4 compared to apoE3 as well as 

biochemical changes to the CVBM (6). The results of this study are significant 

as the APOE4 genotype could be influencing the environment of the 

perivascular elimination pathway, resulting in the failure of elimination of Aβ. 

Possession of the APOE4 allele has also been linked to increased BBB 

breakdown and increased capillary CAA (52) suggesting that the architecture 

of the neurovascular unit could be altered by possession of the APOE4 allele. If 
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so, the increased risk of developing AD seen in APOE4 individuals may occur 

independently to a physical interaction between apoE and Aβ. This is supported 

by findings that levels of collagen IV and laminin, two proteins that are known 

to inhibit Aβ aggregation, are lower in aged human apoE4 expressing 

transgenic mice when compared to age matched controls and apoE3 mice (6). 

7.3 Midlife-hypertension, the cerebrovascular basement 

membrane and Alzheimer’s disease 

HTN is associated with numerous structural changes to the cerebrovasculature, 

such as thickening of the arterial walls, stiffening of arterial walls and 

increased risk of hemorrhage (ICH) (260, 400). Diseases, such as HTN, that 

alter the structure of the cerebrovasculature also increase the risk of AD (401). 

The exact pathological mechanism behind this increased susceptibility are 

unclear but recent evidence has linked elevated blood pressure with an 

increase in cerebral amyloid deposition (259). As of yet it is unclear whether 

the rise in Aβ deposition is caused by an increase in production of Aβ in the 

hypertensive brain or whether there is a failure in elimination of Aβ. In this 

thesis it has been shown that hypertension leads to a thickening of the CVBM. 

It has previously been shown that BM thickening results in an increase in the 

BM stiffness, a trait that is hypothesized to reduce the efficiency of 

perivascular clearance (228, 391). Data provide an insight into how HTN alters 

the perivascular elimination pathway and further investigation will show how 

the HTN-associated CVBM thickening affects the ability of the CVBM to clear Aβ 

from the brain. It has previously been demonstrated that age-related CVBM 

thickening leads to a reduction in Aβ clearance via the perivascular elimination 

pathway (7), a phenomenon that may contribute to the increase in cerebral 

soluble Aβ levels observed in LOAD.  

Preventing or minimizing the impact of modifiable risk factors such as 

hypertension may help to promote efficient clearance of Aβ. Moreover, as 

indicated by findings from the anti-Aβ immunization trials, the success of Aβ-

based therapies is strongly dependent on the robustness of cerebral blood 

vessels, something that must be taken into consideration in the design of new 

therapeutics for the treatment of AD. 
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7.4 Limitations and future directions 

The present experiments were conducted within the time frame allowed for a 

Ph.D. thesis. There were a number of limitations that were identified during 

the planning stage and where possible steps were taken to ensure the limiting 

factors did not impact on the research. For example, it was not possible during 

the time frame to produce and intracerebrally injected lipidated apoE 

lipoproteins. It has been shown that the lipidation state of apoE directly 

influences function (357) and for this reason it is necessary to repeat the 

experiments conducted in chapters 3 and 5 but with lipidated apoE isoforms. 

Appendix II describes a protocol that was developed by me whilst conducting 

the Ph.D. studies that can be implemented to produce physiologically relevant 

lipidated apoE particles. Time constraints resulted in it not being possible to 

inject the lipidated apoE particles but it is a realistic experiment that could 

been conducted in the near future if the more time was available. A second 

necessary experiment that could have been conducted immediately if more 

time was available involves intracerebrally injecting oligomeric Aβ42. The 

intracerebral injections conducted in chapter 3, 4 and 5 were conducted using 

oligomeric Aβ40, which is a major component of vascular amyloid plaques 

(107, 394). However, it has been suggested that Aβ42 may initiate vascular 

amyloid plaque deposition (97, 395). It would be of great interest to compare 

the perivascular clearance of Aβ40 to Aβ42 with a view to understanding the 

dynamics of drainage of different species of Aβ. Further to this, it is not yet 

clear whether the perivascular clearance of Aβ differs between all brain regions. 

Previous studies have predominantly focussed on the perivascular elimination 

of Aβ from the hippocampus (6). Although, it has been shown there are age-

related regional differences in the perivascular clearance of Aβ (7), there is a 

need for a focussed study on the ultrastructural regional differences in the 

perivascular clearance of Aβ from the brains of naïve mice that utilises TEM. 

It is still not clear whether peripheral diseases such as HTN, diabetes or 

hypercholesterolemia disrupt the perivascular elimination of Aβ from the brain. 

Chapter 6 of this thesis investigated the effect of HTN on the CVBM. A 

limitation of this experiment was that it was not possible within the time frame 

of the Ph.D. studies to complete a series of intracerebral injections of Aβ in the 

SHRSP rats. This leaves the question of whether the HTN related changes 
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observed in chapter 6 alter the pathway of elimination of Aβ from the brain. 

Although it was not possible to complete this experiment within the time 

frame of this Ph.D. thesis it is an experiment that could have been completed 

as I had all the necessary skills required. Future experiments would also 

include studying the dynamics of perivascular elimination in a mouse model 

for type 2 diabetes; such as C57/BL6 mice fed on a high fat diet (392). The 

brains of these mice could be tested further by Western blot analysis to assess 

the levels of proteoglycans within the CVBM. This would provide further insight 

into how peripheral diseases effect the perivascular elimination of Aβ. 

Finally, further investigation is needed to understand the time course of Aβ 

clearance from the brain via CVBMs. Limited time and resources prevented this 

experiment from being completed during the Ph.D. studies but completion of 

the experiments was feasible. Increasing the number of time points after 

injection to include 10, 15, 30 and 60 minutes would make it possible to 

conclude how long the ‘pool’ of Aβ remains within the brain parenchyma after 

injection. Further to this, it would be possible to determine whether Aβ enters 

the veins after an increased amount of time, as hypothesised by Nedergaard et 

al. (10).  

7.5 Concluding remarks 

This Ph.D. thesis describes a number of novel advancements in the filed of AD. 

In chapter 3 data were obtained that demonstrate that after 5 minutes of 

injection into the hippocampus Aβ positively colocalizes with laminin in the 

CVBMs of arteries and capillaries but not veins. In Chapter 4, a novel protocol 

for the detection of exogenously applied Aβ by TEM was used to define the 

ultrastructural clearance pathway of Aβ from the hippocampus of adult 

C57/BL6 mice. These results showed that Aβ moves through the ECM from the 

injection site and selectively enters the CVBM of capillaries via a connection 

between the ECM and the CVBM. Chapter 5 described the disruption of 

clearance of Aβ from the hippocampus of adult C57/BL6 mice in the presence 

of apoE4 when compared to apoE2 and apoE3. These results showed then 

when intracerebrally injected into the hippocampus of adult C57/BL6 mice in 

the presence of apoE3 and apoE4 the movement of Aβ through the 

parenchyma was disrupted. Further to this, in the presence of apoE4 the 
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movement of Aβ from the ECM into the CVBM of hippocampal arteries was 

disrupted. Finally, in chapter 6, a novel method of measuring the CVBMs by 

TEM was used to investigate regional age-related changes to the CVBM of 

capillaries in response to hypertension. In this study it was shown the CVBMs 

of capillaries in the hippocampus, thalamus and striatum of SHRSP rats 

undergo age-related thickening at 24 and 32 weeks of age and the capillary 

CVBM was the cortex is thicker in SHRSP rats than that of Wistar control rats at 

24 weeks of age. 

Although the results presented in this thesis are significant and improve our 

understanding of the biological mechanisms at play in AD and CAA there were 

limitations to the experimental procedures that could not be overcome within 

the time frame of the Ph.D. studies. I am hopeful that the work is expanded 

upon in the future and that the limitations are addressed so as that our 

knowledge of AD and CAA can continue to improve. 
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Appendices I and II 
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Appendix I: Development of a 

Protocol for the Detection of 

Amyloid β by Transmission 

Electron Microscopy 
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7.6 Rationale 

This study was designed to develop a novel protocol for the detection of Aβ 

using DAB as a chromagen, The results will formulate part of a larger study 

investigating the ultrastructural definition of the clearance pathway of Aβ from 

the brain.  

7.7 Introduction 

Since Alois Alzheimer described the first case of Alzheimer’s disease (AD) in 

1907 immunohistochemistry has been an invaluable tool in further 

understanding the disease. Alzheimer’s original paper described for the first 

time, ‘intraneuronal filamentous inclusions within the perikaryal region of 

pyramidal neuron,’ and senile plaques in the neuropil (13). The name given to 

his observations in modern pathology are neurofibrillary tangles (NFTs) and 

senile plaques of Aβ respectively and both are characteristic of the disease 

(338, 339).  

Light microscope (LM) studies are still used routinely in the diagnosis and 

research of AD. Official diagnosis of AD is based on the LM identification of the 

morphological abnormalities, NFTs and senile plaques, which characterise the 

disease (69). The NFTs, which are composed of aggregated 

hyperphosphorylated tau protein and acetylated tau, are detectable after silver 

impregnation staining. Both senile plaques (composed predominantly of 

fibrillar Aβ42) and vascular Aβ deposits as CAA (composed predominantly of 

Aβ40) can be visualised by chromogenic and fluorescent 

immunohistochemistry (242, 398, 402, 403). In addition, LM has been used to 

study the mechanisms by which Aβ is normally removed from the brain and the 

pathological consequences following the failure of these pathways (5-7, 305). 

To that end, analysis of the distribution of exogenously injected Aβ using LM 

has highlighted cerebrovascular basement membranes (CVBM) in the walls of 

cerebral capillaries and arteries as one of the potential clearance pathway for 

solutes, including Aβ, from the brain (5, 6).  

However, due to the size of the CVBM (50-150 nm (234, 330)), the resolution 

of the LM is not high enough to effectively visualise the CVBM or differentiate 

between the CVBM associated with astrocytic end feet, pericytes, smooth 
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muscle cells and endothelial cells. Therefore, the use of ultramicroscopy 

techniques is required to define the exact perivascular elimination pathway of 

Aβ from the brain parenchyma. Advancements in transmission electron 

microscope (TEM) protocols in the 1960s made it possible to visualise the 

ultrastructural composition and location of NFT and Aβ plaques in pathological 

tissues (338, 339). However, the use of TEM to identify the clearance pathways 

of Aβ from the brain has been hindered by various factors, including;    

i. Aβ is cleared from the brain in soluble form, which, until recently, 

proved notoriously difficult to label with antibodies (404). Furthermore, 

a high degree of homology exists between mouse and human Aβ (405, 

406), which increases the possibility of detecting endogenous mouse Aβ 

when staining for injected human Aβ. 

 

ii. TEM processing protocols take advantage of harsh fixation and 

dehydration methods that can potentially reduce the antigenicity of the 

proteins of interest (407). This means that to achieve sufficient labelling 

for detection of a protein on the TEM, protocols need to be adapted to 

ensure that the tissue is sufficiently fixed but that antigenicity of protein 

of interest is maintained. 

 

iii. Obtaining thin sections for TEM processing is difficult. Sectioning of 

tissues using a cryostat, which is capable of cutting tissue as thin as 

4µm, has typically been avoided in TEM studies, as formation of ice 

crystals during freezing can disrupt tissue architecture by damaging 

cellular structure. Furthermore, cutting brain tissue to a thickness of 4-

20µm can cause cellular tearing that may not be visible on the LM but is 

very obvious on the TEM (335). Tissues are usually sectioned for TEM 

using a vibratome at thicknesses of 50-500 µm. The increased thickness 

reduces tearing but also reduces the total surface area of useable tissue 

as fewer sections are harvested when compared to cryosectioning, 

which commonly yields tissue sections 4-20 µm in thickness. Thick 

vibratomed sections (50-500 µm) also exhibit a reduced antigenicity 

when compared to cryosectioned tissue, as antibody penetration is 

markedly decreased in thicker tissue sections. 

 



   

 135   

iv. The optimal size of tissue for TEM processing is 1 mm3, from which only 

90 nm is sectioned on the microtome for visualization on the TEM (335). 

This results in a, ‘needle in a haystack,’ approach to finding injected 

solutes. To overcome this problem, a protocol that can utilise both the 

low power magnification of the LM, to identify the area that injected 

exogenous Aβ is located, and the high resolution of the TEM, to 

ultrastructurally define the clearance pathway of Aβ needs to be 

developed.  

This chapter describes the development of a protocol that uses chromogenic 

immunohistochemistry and a combined approach of using traditional LM with 

TEM to identify the ultrastructural location of Aβ in the mouse brain.  

7.8 Methods 

7.8.1 Animals 

Brains from 4-month-old TgCRND8 mice harbouring the Swedish and Indiana 

human amyloid precursor protein mutations were obtained from Dr. Joanne 

McLaurin (Centre for Research in Neurodegenerative Diseases, University of 

Toronto) (285). Mice were kept on a standard 12-hr light/ dark cycle and 

allowed food and water ad libitum. All experiments were carried out in 

accordance with animal care guidelines stipulated by the Animal Care and Use 

Committee at the University of Southampton and the Home Office (PPL 

30/3095). 

7.8.2 Enzyme-linked immunohistochemistry for visualization of senile 

plaque 

Mouse brains were dehydrated in 30% sucrose, sectioned (20 µm thickness) 

using a cryostat and collected in a free-floating manner. Tissue sections were 

stored in antifreeze solution at -20°C until use. Brain sections were washed in 

0.01M phosphate buffered saline (PBS), treated with hydrogen peroxide for 30 

minutes and formic acid for 30 seconds before being treated goat blocking 

serum (1:20) contain 0.1% triton in 0.01M PBS at room temperature for 15 

mins and then overnight at 4°C with 4G8 anti-Aβ17-24 antibody (mouse, 1:10, 

Covance, USA) in 0.01M PBS containing 0.1% triton. After washing with 0.01M 
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PBS the sections were then treated at room temperature for 2 hrs with a 

streptavidin conjugated anti-mouse secondary (1:400, Vector Labs, 

Peterborough, UK) and then were treated for 30 mins at room temperature 

with Vectastain™ ABC kit and developed using glucose oxidase enhancement 

with 3,3’-Diaminobenzidine (DAB) as chromogen.  

7.8.3 Light Microscopy 

Stained brain sections were mounted onto frosted slides before being 

dehydrated through an ethanol series (50% for 5 mins, 75% for 5 mins, 95% for 

5 mins and 2x absolute for 5 mins). The slides were then incubated in 2x 

xylene washes for 5 mins each. Immediately after being removed from the 

second xylene bath the slides were mounted with DPX cover slipped. Images 

were captured using Nikon 80i brightfield microscope at x10 and x175 and 

were exported to Photoshop CS software. 

7.8.4 Transmission electron microscopy 

All subsequent processing steps were performed at room temperature. Stained 

brain sections were washed in 0.01M phosphate buffer (PB) before being post-

fixed in osmium tetroxide (1% osmium tetroxide in 0.1M PB) for 1 hr and then 

dehydrated though an alcohol series (30% for 1hr, 50% for 10 mins, 70% (in 2% 

uranyl acetate) for 5 mins, 90% for 10 mins and absolute for 2x 10 mins). The 

sections were then treated with neat acetonitrile for 10 mins before being 

immersed in Araldite resin and acetonitrile mix (50:50) over night. The 

following day sections were treated with neat Araldite resin for 6 hours before 

being placed flat on Aclar™ film along with fresh resin. A second sheet of 

Aclar™ film was placed on top of the sections to sandwich them in the middle 

and a weight (2 g) was placed above the sections to help disperse the resin. 

The resin was then polymerised at 60°C for 48 hrs. Once polymerised the 

sections were visualised at x85 magnification on a Olympus SZX9 Low Power 

Photomicroscope (Olympus, UK) so that areas with positive staining could be 

identified and microdissected. Microdissected areas from the hippocampus 

were super-glued onto pre-polymerised resin blocks and were sectioned using 

a Reichurt Ultracut E ultramicrotome (Reichurt, Germany). Semi-thin sections 

(0.5 µm thick) were cut initially so that exact location of any positive staining 

could be identified and that region could be further microdissected. Once 
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microdissected ultra-thin sections (90 nm thick) were sectioned using a 

diatome diamond knife and floated on to TEM grids for visualisation. Images 

were captured using Hitachi H7000 TEM (Hitachi, Japan) at x5000, x10 000, 

x15 000, x25 000, x30 000 and x50 000 magnification before being exported 

to Photoshop CS software. 

7.9 Results 

7.9.1 Electron Microscopic Localisation of 3,3’-Diaminobenzidine 

Stained Senile Plaques in 4 month old TgCRND8 Mice 

To investigate the potential of using 3,3’-DAB immunohistochemistry to detect 

soluble Aβ40 by TEM, the protocol was first optimised to detect fibrillar Aβ 

using brain sections from TgCRND8 mice that develop senile plaques and CAA 

at 3 months (285). Senile plaques were detected histochemically throughout 

the cortex and the hippocampus of TgCRND8 mice (Figure 8.1). 

Vascular Aβ also observed in cortical leptomeninges. A heavily stained 

leptomeningeal artery was identified at the LM level and was then 

microdissected and microtomed for visualization on the TEM. The Aβ plaques 

were located in the abluminal region of the vessel wall (Figure 8.2), which is 

expected in the leptomeningeal vessels of mice at this age (408, 409) 
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Figure 8.1| Senile plaque in the cortex of a tgCRND8 mouse. (A)  Toluidine blue stain of CRND8 brain 

which has been prepared for TEM. The senile plaque (highlighted by black arrowhead) was microdiseccted 

for visualization on TEM, x100 magnification, scale bar 2 mm. (B) Processing stained tissues for TEM 

confirmed that 4G8-positive plaques identified by DAB staining were visible in semi-thin sections stained 

for toluene blue. TEM micrograph of amyloid plaque magnification x15 000 magnification, scale bar 2 µm 

(C) High magnification TEM micrograph of amyloid plaque, x50 000 magnigication, scale bar 1 µm 
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Figure 8.2| TgCRND8 leptomeningeal vessel containing Aβ fibrils in the 

abluminal region of the vessel wall. (A)  TEM micrograph of Aβ (highlighted by 

black arrowhead) in the abluminal region of a leptomeningeal artery of CRND8 

mouse, magnification 1000x, scale bar 2000 nm. (B)  High magnification 

micrograph of β in the ablumal region of tgCRND8 leptomeningeal artery. 

Individual fibrils can be seen, x30 000 magnification, scale bar 1000 nm. 
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7.9.2 Discussion 

Localisation of exogenously injected soluble Aβ along CVBMs requires the use 

of TEM, but this is hampered by technical issues. To address these issues 

tissues were processed using a protocol that preserves antigenicity, allows for 

direct staining of injected Aβ using DAB as chromogen and facilitates the 

visualisation of sections on both LM and TEM. Results indicate that Aβ is 

removed from the brain via the BM of cerebral blood vessels.  

Numerous studies have previously used TEM to visualise the ultrastructure of 

Aβ plaques in AD brains (154, 338, 408, 410). However, these studies 

identified fibrillar Aβ using gold-conjugated antibodies after the tissue has 

been fully processed for microscopy, a methodology which was shown in the 

early stages of this research to not be viable for studying the clearance of 

pathway of soluble Aβ from the mouse brain as antigenicity was severely 

disrupted. 

Processing the tissue sections for Aβ staining using immunohistochemistry 

before TEM prevents potential disruption of antigenicity that is associated with 

TEM processing (335). The brain tissue is also fully dehydrated in 30% sucrose 

prior to sectioning which makes it possible to use a cryostat to cut thinner 

sections. This allows for collection of more sections from each brain, which 

enables greater spatial fidelity. In addition, the immunohistochemical protocol 

is carried out using free-floating whole brain sections. This method not only 

reduces any potential processing effect on antigenicity by minimizing the 

degree of tissue manipulation, but allows for increased signal detection as 

both sides of the tissue available for antibody binding. Using DAB, an electron 

dense benzidine (411), as chromogen provides maximum flexibility as it can 

be visualized on both LM and TEM. This allows for evaluation of Aβ distribution 

throughout a whole sagittal or coronal brain section and for accurate 

microdissection of areas of interest for further processing by TEM. This makes 

the task of identifying the injected Aβ on the TEM much easier. 

The protocol described above has been developed to enable detection of 

injected soluble Aβ 40 in a mouse brain with the view to track its route of 

clearance at the ultrastructural level. Data were obtained that highlight the 

potential application of this protocol to determine the effect of different 
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isoforms of apolipoprotein E on the clearance of Aβ within the perivascular 

drainage pathway. 

 



   

 142   

 

Appendix II: Production of 

Lipidated Apolipoprotein E for the 

Use in Intracerebral Injections to 

Study the Clearance of Amyloid β 
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7.10 Rationale 

This study was designed to develop a protocol for the production of lipidated 

apolipoprotein isoforms for the use in intracerebral injections. The methods 

used in this appendix have been adapted from techniques developed by 

Holtzman et al. (60). 

7.11 Introduction 

It is widely regarded that Aβ clearance from the brain is disrupted in the 

presence of apoE4 (60). The main focus of research in recent years has 

cantered around how the different apoE isoforms influence the clearance of Aβ 

across the BBB (60, 61). These experiments have provided valuable insight into 

how apoE4 disrupts the clearance of Aβ via LRP1, but what is not yet clear is 

how lipidated apoE isoforms interact with Aβ in the perivascular elimination 

pathway. Data presented in chapter 5 of this thesis suggests that in the 

presence of unlipidated apoE4 the clearance of Aβ via the CVBM is disrupted. 

However, apoE isoforms are found in both a lipidated and unlipidated state, 

with the majority bound within dense HDL like structures (44). Furthermore, 

the activity of apoE and how it interacts with Aβ is determined by its lipidation 

state (357). For this reason there is a real need for a through investigation into 

how lipidated apoE isoforms influence the perivascular elimination of Aβ. 

The present study presents a viable method for producing lipidated 

apolipoprotein isoforms for use in intracerebral injections. 

7.12 Methods 

7.12.1 Cell culture 

Cell culture techniques were developed with a view to producing lipidated 

apoE2, E3 and E4. Two cell lines were cultured, WJE astrocyte cell line and WU 

E-4 hybridoma: B lymphocyte cell line. The WJE astrocyte cell line is a human 

apoE isoform-expressing (apoE2, apoE3 and apoE4) cell line developed by 

Holtzmann D. et al. (60). The WU E-4 hybridoma: B lymphocyte cell line 

produces anti-human apoE mono clonal antibodies. 
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7.12.2 WJE astrocyte cell line 

Lipidated apoE2, apoE3 and apoE4 producing WJE astrocyte cells were obtained 

from Dr. David Holztmann, Department of Neurology, Washington University, 

St Louis, USA. Culturing protocols are adapted from Verghese, P. et al. (2013) 

(60). All culturing procedures were conducted under sterile conditions, using 

70% ethanol as a disinfectant. 

7.12.2.1 Culturing WJE astrocyte cell line 

Cells were maintained at 37˚C under humidified atmosphere with 5% CO
2 
in 

culture growth medium comprising Advanced Dulbeccco’s modified Eagle’s 

medium (DMEM; Life Technologies, UK) supplemented with 10% foetal bovine 

serum (FBS; Life Technologies, UK), 1% 100 mM sodium pyruvate (Life 

Technologies, UK) and 0.4% 50 mg/mL geneticin (Life Technologies, UK). The 

cells were used at passages 5 to 30 and were maintained in coated tissue 

culture flasks (Corning, UK). Growth media was changed twice a week. When 

confluent, cells were passaged by trypsinisation. 

7.12.2.2 Seeding WJE astrocyte cell line from liquid nitrogen 

2 mL of growth medium, which had been warmed to 37˚C, was added to a 50 

mL centrifuge tube. One coated T75 flask (Life Technologies, UK) was filled 

with 15 mL of growth medium for each cryovial thawed and added to the an 

incubator (37˚C under humidified atmosphere with 5% CO
2
) to equilibrate for 

15 mins. Cells were thawed by gentle agitation in a 37˚C water bath and 

added to the 50 mL centrifuge tube containing warmed media. This cell 

suspension was then added to the T75 flask containing equilibrated and 

warmed media. Cells were checked for confluency 24 hrs after seeding. If at 

75-85% confluent cells were passaged, if not media was changed. Cells were 

initially seeded at a density of 1x106 cells/mL of growth medium.  

7.12.2.3 Changing of WJE astrocyte cell line media 

Fresh media was warmed to 37˚C in a centrifuge tube. Cells were washed with 

0.01 M PBS (Sigma-Aldrich, UK) and immediately after aspirating 0.01 M PBS 

fresh media was added to cells. Once fully coated in fresh media cell culture 

flask, containing cells and fresh media, was returned to the incubator. 
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7.12.2.4 Trypsinisation of WJE astrocyte cell line 

Growth media was aspirated from the cell culture flask and cells were 

immediately washed with 0.01 M PBS (Sigma-Aldrich, UK). Following this 0.25% 

trypsin/Ethylenediaminetetraacetic acid (EDTA; Life Technologies, UK) was 

added to cells and the flask was returned to the incubator for 3-5 mins or until 

cells were 80-90% detached from culturing flak surface. The detachment of 

cells was followed by observing the cells in the flask under a light microscope 

every 2 mins. Once the cells were detached from the flask fresh growth media 

was added to the flask to neutralise the trypsin. Cells were split at a ratio of 

1:3 (culturing flask: culturing flask).  

7.12.2.5 Production of lipidated apolipoprotein E2, E3 and E4 from WJE 

astrocyte cell line 

Once the cells were at 75-85% confluency growth medium was removed and 

cells were rinsed 2-3 times with 5 mL sterile 0.01 M PBS (Sigma-Aldrich, UK). 

Once rinsed serum-free media comprising of advanced DMEM (Life 

Technologies, UK), 1% 100 mM sodium pyruvate (Life Technologies, UK), 1% 

100x N2 neuronal cell supplement (Life Technologies, UK) and 0.03% 10 mM 

25-hydroxycholesterol, which helps increase production of apoE, was added to 

cells. After 40-44 hrs serum-free media was removed from cells and 

centrifuged at 1000 revolutions per minute (RPM) to pellet any residual cells. 

Media was then frozen at -20˚C until use.  

7.12.3 WU E-4 hybridoma: B lymphocyte cell line 

WU E-4 [1506 A1.4] (American Tissue Culture Collection® CRL-2247TM) (WU E-4) 

hybridoma cells were obtained from the American Tissue Culture Collection 

(ATCC, USA). Cells originate from mouse B cells and produce IgG1 anti-apoE 

monoclonal antibodies. All culturing procedures were conducted under sterile 

conditions, using 70% ethanol as a disinfectant. 

7.12.3.1 Culturing WU E-4 cell line 

Cells were maintained at 37˚C under humidified atmosphere with 5% CO
2 
in 

culture full growth medium comprising high glucose (4.5 g/L) DMEM (ATCC, 

USA) supplemented with 5% FBS (Life Technologies, UK), 10% horse serum (Life 
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Technologies, UK) 85% 1 mM sodium pyruvate (ATCC, USA) and 1% 10 mM non-

essential amino acids (ATCC, USA). Once cells were at passage 2 the full 

growth medium was replaced with low-serum growth medium comprising of 

high glucose (4.5 g/L) DMEM (ATCC, USA) supplemented with 5% FBS (Life 

Technologies, UK), 1% 1 mM sodium pyruvate (ATCC, USA), 1% 2 mM glutamine 

(ATCC, USA) and 1.8 µL per 500 mL media mecaptoethanol (Sigma-Aldrich, UK). 

The cells were used at passages 3 to 30 and were maintained in non-coated 

tissue culture flasks (Corning, UK). Growth media was changed three a week. 

When confluent, cells were passaged into fresh growth medium. 

7.12.3.2 Seeding WU E-4 cell line from liquid nitrogen 

2 mL of growth medium, which had been warmed to 37˚C, was added to a 15 

mL centrifuge tube. One uncoated T25 flask (Life Technologies, UK) was filled 

with 7 mL of growth medium for each cryovial thawed and added to the an 

incubator (37˚C under humidified atmosphere with 5% CO
2
) to equilibrate for 

15 mins. Cells were thawed by gentle agitation in a 37˚C water bath and 

added to the 15 mL centrifuge tube containing warmed media. This cell 

suspension was then added to the T25 flask containing equilibrated and 

warmed media. A cell count was conducted 48 hrs after seeding to check 

confluency. If at 7.5x106 cells/mL cells were passaged, if not media was 

changed. Cells were initially seeded at a density of 1x106 cells/mL of growth 

medium. 

7.12.3.3 Changing of WU E-4 cell line media 

Fresh media was warmed to 37˚C in a centrifuge tube and warmed fresh 

media was added to a clean non-coated cell culture flask (Life Technologies, 

UK), which was subsequently added to an incubator to equilibrate. Cells were 

aspirated from culturing flask and placed into a fresh centrifuge tube. The 

centrifuge tube was spun at 3700 RPM for 10 mins to pellet cells. Old media 

was aspirated from centrifuge tube and cells were re-suspended in fresh 

warmed media. Cells were added to a fresh culturing flask containing fresh 

equilibrated media and returned to the incubator. 
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7.12.3.4 Passaging WU E-4 cell line 

Once cells reached a density of approximately 17x106 cells/mL of media cells 

were passaged at a seeding density of 7.5x106 cells/mL growth medium. Fresh 

media was warmed to 37˚C in a centrifuge tube and warmed fresh media was 

added to a clean non-coated cell culture flask (Life Technologies, UK), which 

was subsequently added to an incubator to equilibrate. Cells were aspirated 

from culturing flask and placed into fresh centrifuge tubes. Centrifuge tubes 

were spun at 3700 RPM for 10 mins to pellet cells. Old media was aspirated 

from centrifuge tube and cells were re-suspended in fresh warmed media. Cells 

were added to culturing flask containing fresh equilibrated media and returned 

to the incubator. 

7.12.3.5 Collection anti-apolipoprotein E monoclonal antibody from WU E-

4 cell line 

Once the cells were at a density of 20x106 cells/mL growth media, media was 

aspirated from cell culture flask centrifuged at 3700 RPM for 10 mins and 

frozen at -20˚C until use. 

7.12.4 Preparation of lipidated apolipoprotein E 

Affinity chromatography was used to separate human lipidated apoE from WJE 

astrocyte cell line media. Affinity chromatography is a specialised method of 

separating biochemical mixtures based on interactions between antigens and 

respective antibodies. All buffers in the following protocols were made under 

sterile conditions. 

7.12.4.1 Preparation of anti-apoE monoclonal antibody from WU E-4 cells 

Once 1 L of media was collected from WU E-4 cells it was centrifuged at 4,000 

RPM to remove any cellular debris. The resulting solution was then 

concentrated x10 in an Amicon ultra centrifugal filter (Merkmillipore, UK). The 

resulting solution was then centrifuged again at 6,000 RPM before being 

filtered using a vacuum unit (Merkmillipore, UK). 1/5th the total volume of 

concentrated supernatant of 0.1 M Tris-HCl buffer, pH 8.0 (Sigma-Aldrich, UK) 

was added to the concentrated supernatant. Before adding protein A (Life 

Technologies, UK) to the column the a 10 mL protein A column was flushed 
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through with 0.5 M NaOH (Sigma-Aldrich, UK) for 30 mins and then washed 

with water until the resulting pH was 8. Protein A (Life Technologies, UK) was 

added to the column and the column was washed with 0.1 M Tris-HCl buffer, 

pH 8.0 (Sigma-Aldrich, UK) for 10 mins. Following the wash the column was 

loaded with half the volume of 0.1 M glycine, pH 3 (Sigma-Aldrich, UK) and 

then washed through with 0.1 M Tris-HCl buffer, pH 8.0 (Sigma-Aldrich, UK) 

until the pH returned to pH 8. The culture supernatant was loaded onto the 

column and the unbound fraction was collected in a sterile plastic container. 

Once all of the supernatant was loaded onto the column the column was 

washed through with 0.1 M Tris-HCl buffer, pH 8.0 (Sigma-Aldrich, UK). The 

column was then revere eluted with half the column volume of 0.1 M glycine, 

pH 3 (Sigma-Aldrich, UK). The peak that eluted from the column was collected 

into a serile container containing 1 mL of unbuffered 2 M Tris-HCl buffer, pH 

8.0 (Sigma-Aldrich, UK). The only protein contained within this elution was the 

anti-apoE mouse monoclonal IgG1. Electrophoresis was carried out on the 

eluted supernatant and the peak column elution to ensure that all of the IgG 

had been removed from the supernatant and that the IgG that had been 

removed from the column was pure.  

The resulting antibody was dialyzed in coupling buffer, pH 8.3 (0.1 M NaHCO
3
 

(Sigma-Aldrich, UK), 0.5 M NaCl (Sigma-Aldrich, UK)) four times. After being 

dialyzed the antibody concentration was quantitated using a NanoDrop 2000c 

(Thermo Scientific, UK). The antibody was stored at 4˚C until use. 

7.12.4.2 Coupling anti-apoE monoclonal antibody from WU E-4 cells to 

cyanogen bromide-activated sepharose beads 

Cyanogen bromide-activated sepharose beads (CNBr-activated sepharose 

beads; Life Technologies, UK) were weighed out (1.4 g of CNBr-activated 

sepharose beads/ 50 mg/mL of antibody for a 5 mL column). Beads were 

added to a siliconized sinter glass funnel and washed and swollen with 1 mM 

hydrochloric acid (HCL; Sigma-Aldrich, UK) (200 mL of HCL/g CNBr-activated 

sepharose beads) by gravity flow. Once swollen beads were washed with 50 mL 

of coupling buffer and were transferred to a 15 mL centrifuge tube and spun 

down at 1000 RPM for 5 mins. Once centrifuged buffer was removed from the 

centrifuge tube and antibody was added (50 mg/mL of antibody for a 5 mL 

column). The antibody and CNBr-activated sepharose beads were rotated for 2-
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3 hrs at 4˚C. Once rotation was completed, the beads were spun down and the 

percent of antibody coupling was determined. The beads were washed in 1 L of 

coupling buffer and any remaining active groups on the CNBr-activated 

sepharose beads were blocked using 1 M ethanolamine, pH 8.0 (Sigma-Aldrich, 

UK) for 2 hours at room temperature. Beads were transferred to a siliconized 

sinter glass funnel and washed first with 3x 1 L 0.1 M acetate buffer, pH 4.0 

(Sigma-Aldrich, UK) containing 0.5 M NaCl (Sigma-Aldrich, UK), followed by 3x 

1 L 0.1 M Tris-HCl buffer, pH 8.0 (Sigma-Aldrich, UK) containing 0.5 M NaCl 

(Sigma-Aldrich, UK). Finally beads were rinsed several times with column buffer 

(sterile filtered PBS (Life Technologies, UK) with 0.02 % azide (Sigma-Aldrich, 

UK), pH 7.4). 

7.12.4.3 Preparation of affinity chromatography column 

A 5 mL column was prepared for collection of apoE from WJE astrocyte media. 

A slurry of anti-apoE monoclonal antibody coupled CNBr-activated sepharose 

beads in column buffer at a ratio of 75:25 (beads:buffer) was prepared. All 

materials and solutions were equilibrated to 4˚C. Air was eliminated from the 

column dead spaces by flushing the end pieces with buffer. Once all the air 

was eliminated from the column the slurry of coupled CNBr-activated 

sepharose beads and column buffer was poured into the column. The 

remainder of the column was immediately filled with column buffer and the 

column adapter was slid down to rest just above the beads. The column was 

flushed with column buffer at a rate of 1 mL/min for at least 10 column 

volumes before the rate was dropped to 0.7 mL/min for a further 10 column 

volumes. The column was rinsed and stored at 4˚C in column buffer. 

7.12.4.4 Apolipoprotein E affinity chromatography column 

Once 2 L of WJE astrocyte cell line media was collected it was spun down at 

4000 RPM to remove any cellular debris and concentrated x10 in an Amicon 

ultra centrifugal filter (Merkmillipore, UK). The resulting solution was then 

centrifuged again at 6,000 RPM. A prepared 5 mL affinity chromatography 

column containing the WU E-4 coupled CNBr-activated sepharose beads was 

washed with 50 mLs of column buffer. Following this the column was looped 

with the conditioned WJE astrocyte cell line media for 36 hrs. Once the 36 hrs 

had finished the column was washed with 50 mL of column buffer before being 



   

 150   

wash with 3 M NaSCN (Sigma-Aldrich, UK) for 15 mins – the elution peak 

during this was collected in a sterile plastic container.  

7.12.4.5 Gel electrophoresis for the detection of apolipoprotein E 

To test whether the elution from the apoE affinity chromatography column 

contained gel electrophoresis was performed on the column elution. 

100 ml of the following 6 samples were concentrated x100 in an Amicon ultra 

centrifugal filter (Merkmillipore, UK);  

1. WJE astrocyte cell line (apoE3) untainted media 

2. WJE astrocyte cell line (apoE4) untainted media 

3. ApoE affinity column run through (apoE3) 

4. ApoE affinity column run though (apoE4) 

5. ApoE affinity column elution (apoE3) 

6. ApoE affinity column elution (apoE4) 

A Hamilton syringe was used to load the wells of a pre-prepared 1 mm thick 

stacking gel (4% gel comprising of 6.1 mL double distilled water, 1.3 mL 30% 

degassed acrylamide/bis (Sigma-Aldrich, UK), 2.5 mL of stacking gel buffer 

(0.5 M Tris-HCL, pH 6.8) and 0.1 mL 10% w/v sodium dodecyl sulphate (SDS)) 

with the 6 samples detailed above along with a dual colour Precision Plus 

Protein™ Prestained Standard ladder (Bio-Rad, UK). The 1 mm thick resolving 

gel (12%) was comprised of 3.4 mL double distilled water, 4.0 mL 30% 

degassed acrylamind/bis, 2.5 mL of resolving gel buffer (0.5 M Tris-HCL, pH 

6.8) and 0.1 mL 10% w/v SDS. The gel was loaded into a mini-PROTEAN® 

electrophoresis system (Bio-Rad, UK) and run for 45 mins at 200 volts 

containing running buffer (1.5 M Tric-HCL, pH 8.8). After the 45 mins running 

time the gel was removed and placed into Coomassie stain (1 g Coomassie 

R250 (Bio-Rad, UK), 100 mL glacial acetic acid (Sigma-Aldrich, UK), 400 mL 

methanol (Sigma-Aldrich, UK) and 500 mL double distilled water) and rocked 

on a bench top rocker for 2 hrs. Following 2 hrs in the Coomassie stain the gel 

was placed into Coomassie de-stain solution (200 mL methanol, 100 mL glacial 

acetic acid and 700 mL double distilled water) rocked overnight on a benchtop 

rocker. The following day the used Coomassie de-stain was replaced with fresh 

Coomassie de-stain and the gel was rocked for a further 1 hr. Once de-staining 

was complete the gel was placed on a light box and imaged using a Nikon 
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Coolpix camera (Nikon, Japan) and images were transferred to Photoshop CS 

series for orientation. 

7.13 Results 

7.13.1 Immortalized astrocytes can be used to produce lipidated 

apolipoproteins for use in intracerebral injections 

Hydrated lipidated apoE has a size of approximately ~250-300 kDa (399), 

although the size in the brain does vary depending on the amount of lipidation 

as well as hydration (9, 60, 277, 278). After analysis by gel electrophoresis the 

wells (well 5 and well 6) that contained the immunoaffinity column elution for 

apoE3 and apoE4 both contained a band in the region of 250-300 kDa and no 

other bands (Figure 9.1). Wells (1-4) will have all contained proteins of various 

sizes in high concentrations, such as proteins from culture medium as well as 

other cellular proteins. These proteins will not have been collected in the 

immunoaffinity column and so will show up as dark bands on the gel. Wells 3 

and 4 have the darkest staining. This is probably due to the fact they these 

wells contained concentrated media taken directly off the cells, which had not 

been filtered like all of the other wells, meaning that there could have been 

lots of cellular debris in these wells as well. It is unclear if the immunoaffinity 

column collected all of the apoE from the medium as it passed through so 

wells 1-4 may also contain some lipidated apoE. 



   

 152   

 

 1 2 3 4  5 6 7 

Figure 9.1| Coomassie blue stain of lipidated apolipoprotein gel 

electrophoresis. Well 1 = apoE3 immunoaffinity column run off. Well 2 = 

apoE4 immuno affinity column run off. Well 3 = untainted apoE3 media. Well 

4 = untainted apoE4 media. Well 5 = apoE3 column elution. Well 6 = apoE4 

column elution. Well 7 = ladder (*25 kDa, **37 kDa ***100 kDa **** 250 kDa) 

 

7.14 Discussion 

Human apoE isoform-expressing (apoE2, apoE3, and apoE4) immortalized 

astrocytes have previously been used to produce lipidated apoE isoforms for 

use in Aβ clearance studies, but only in studies focused on the clearance of Aβ 

across the BBB (60). By adapting a protocol developed by Holtzmann and 

colleagues it is now possible to produce lipidated apoE isoforms for use in 

intracerebral injections. The main limitation of production was that under 

normal conditions the astrocytes do not produce the levels of apoE needed for 

in vivo studies. With a view to increasing the yield of apoE the cells were 
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cultured with 25-hydroxycholesterol. The media was then run through an 

immunoaffinity chromatography column containing an anti-apoE antibody and 

the column elution was analysed using a non-denaturing gel electrophoresis 

technique developed by Cheung et al. (412). 

Non-denaturing gel electrophoresis only gives a vague idea of the size of the 

molecules the samples contain so it is not a conclusive test. For this reason it 

is not yet possible to fully conclude that the immortalised astrocyte cell line is 

in fact producing lipidated apoE. The next stage of experiments would need to 

involve a Western blot with an anti-apoE antibody to fully elucidate if apoE is 

present in the samples eluted from the immunoaffinity column. However, there 

is a protein of a similar size to lipidated apoE within both the wells that contain 

a column elution (wells 3 and 4). This suggests that there could possibly be 

lipidated apoE present within the samples. 
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