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IV. Abstract 

Pericytes, brain microvascular endothelial cells, and astrocytes form the neurovascular unit 

(NVU). Breakdown of the NVU and dysfunction of the blood-brain-barrier (BBB) are early 

ōƛƻƳŀǊƪŜǊǎ ƻŦ ŘŜƳŜƴǘƛŀΣ ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (AD). The strongest genetic risk factor for 

AD, Apolipoprotein E4 (ApoE4), has particular importance in BBB dysfunction compared to the 

ApoE3 variant. Pericyte dysfunction occurs in AD, resulting in enhanced capillary contraction and 

cell death. However, the role of pericytes in health and disease remains poorly understood, 

partially due to a lack of adequate models that can recapitulate the complexity of the multi-

cellular NVU. The aim of this work was to investigate the effect of different ApoE genotypes 

(ApoE3 and ApoE4) on the function of human induced pluripotent stem cell (iPSC)-derived 

pericytes in vitro.  

iPSCs from donors diagnosed with (ApoE4 carrier, UKA iPSC line) and without (ApoE3 carrier, BNA 

iPSC line) AD and respective isogenic controls (UKA3 and BNA4) were differentiated into pericytes. 

Success of differentiation was assessed by pericyte marker expression and support of endothelial 

cell barrier function. Differences between ApoE3- and ApoE4-pericytes were evaluated by RNA 

sequencing, angiogenesis assays, Fluo4-AM calcium tracing, and collagen hydrogel contraction 

studies. The secretion of pro-inflammatory mediators after exposure to the environmental 

pollutant PM2.5 was measured by an antibody binding assay. 

iPSC-derived ApoE3- and ApoE4-pericytes labelled positively for NG2, PDGFR-ʲΣ /5моΣ /5мпсΣ ʰ-

SMA, Calponin-1, Desmin, and SM22. RNA sequencing ǊŜǾŜŀƭŜŘ ƘƛƎƘŜǊ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰ-SMA 

in ApoE4-pericytes compared to ApoE3-pericytes. BNA4-pericytes expressed more extracellular 

matrix components. All ApoE-pericytes supported endothelial cell tube formation, but BNA4-

pericytes to a lesser extent. Differences in calcium release after treatment with two known 

vasoconstrictors Endothelin-1 (ET-1) and U46619 (U4) were donor-dependent. Collagen hydrogel 

contraction studies revealed increased contractile ability of ET-1-treated BNA4-pericytes 

compared to BNA-pericytes. Contraction was successfully inhibited by blocking the ET-1 receptor. 

Similarly, contraction of U4-treated UKA3-pericytes was inhibited by blocking the U4 receptor. 

Finally, IL-6 secretion of UKA3-pericytes increased after exposure to PM2.5 and BNA4-pericytes 

secreted less IL-8 than BNA-pericytes. These results suggest that these in vitro models can be used 

to evaluate key functions of iPSC-pericytes, and highlighted genetic and functional differences 

related to ApoE genotype.  
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1 Introduction 

1.1 The neurovascular unit 

The brain consumes a large amount of energy, but has no ability to store it for later times. 

Therefore, the brain relies on its blood supply, which primarily delivers oxygen and glucose. 

Insufficient blood supply for the energy demands of the brain can lead to tissue damage as well 

as cognitive impairment due to chronic brain injury. When cerebral blood flow (CBF) is completely 

stopped, for example during stroke or cardiac arrest, the brain tissue can only survive for a few 

minutes before the lack of blood supply causes irreversible brain damage and death [1].  

The total area of the barrier between the brain and the cerebral vascular system is comprised of 

about 95% microvessels, also called capillaries [2]. The majority of the metabolic transport 

between the brain and the blood occurs in these capillaries [2]. This interface, the structure 

between the capillaries and the neuronal compartment, is referred to as the neurovascular unit 

(NVU). Its function is to maintain neuronal activity and health by delivering the energy supply to 

the neurons while clearing by-products of metabolism [3]. 

Throughout the 18th and 19th centuries, systemic circulation was assumed to control cerebral 

blood perfusion and that the brain had no influence on the blood supply [4]. Even though research 

at the end of the 19th century indicated that brain activity led to changes in CBF (in animals in 

1890 [5] and in humans in 1880 [6]), it was not until the 20th century that research advances took 

place. 

Until the first Stroke Progress Review Group meeting of the National Institute of Neurological 

Disorders and Stroke of the National Institute of Health (July 2001; 

https:// www.ninds.nih.gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/Stroke-

Progress-Review-Group, accessed June 2023) brain cells and cerebral blood vessels were 

considered distinct entities. In addition, neurodegenerative diseases, ŜΦƎΦ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

(AD), and cerebrovascular diseases, such as stroke, were considered to be two distinct diseases. 

During the Stroke Progress Review Group meeting, the concept of the NVU was established which 

described the mutual influence of brain cells and cerebral blood vessels [3]. 

http://www.ninds.nih.gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/Stroke-Progress-Review-Group
http://www.ninds.nih.gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/Stroke-Progress-Review-Group


18 
 

1.1.1 Structural diversity throughout the brain 

Cerebral blood vessels and their interface with neurons vary significantly depending on the 

location within the brain. Pial arteries and arterioles branch off the Circle of Willis at the bottom 

of the brain and proceed along the brain surface where they are surrounded by cerebrospinal 

fluid  (Figure 1.1A) [7], [8]. At this level, an elastic lamina covers the pial arterioles which are 

further wrapped by multiple layers of vascular smooth muscle cells (vSMCs) (Figure 1.1B) [9]. Pial 

vessels are not directly in contact with brain cells, but with ganglia nerve fibres [10], which 

produce various neurotransmitters and neuropeptides [11]. As pial arterioles penetrate into the 

brain, the vSMC layer thins until it eventually becomes a monolayer [9], [12]. Penetrating even 

deeper into the brain, the border of the perivascular space is marked by the fusion of the glial 

membrane and the vascular basement membrane [13], [14]. Also in this area, the arteriole surface 

is covered more by astrocytic endfeet rather than vSMCs, and lacks perivascular nerves [9]. 

Finally, arterioles branch into capillaries where pericytes take the place of vSMCs [12], [15], [16]. 
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A 

Figure 1.1: Cerebrovascular tree and the NVU. (A) Anatomy of the brain vasculature starts at the 
internal carotid artery (ICA) which merges with branches of the Circle of Willis. The middle cerebral 
artery (MCA) splits off from the Circle of Willis and gives rise to pial arteries and arterioles. (B) The 
different types of cells on the vascular tree at the (b) penetrating artery, (c) arteriole, or (d) capillary. 
Pericytes are only present at capillaries, whereas vSMCs are found on larger arteries. vSMC, vascular 
smooth muscle cell. Figure adapted from [3] and [261]. 
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1.1.2 Cell types of the NVU 

In the brain, the interface between blood vessels and neurons is composed of three cell types: 

mural cells, glial cells, and neurons, as shown in Figure 1.2. Mural cells comprise endothelial cells 

and pericytes. Cerebral blood vessels are known for their low permeability, allowing only less than 

2% of small molecules (which are lipid soluble and have a maximum molecular weight of 400 

Dalton) and a very low number of drugs to perfuse from the blood into the brain [17]. 

 

Brain microvascular endothelial cells (BMECs) line the lumen of the cerebral blood vessels. Their 

tight junctions are responsible for the physical barrier of the blood-brain barrier (BBB). Tight 

junctions, made of Claudin and Occludin proteins, need junctional adhesion molecules and tight 

junction adapter proteins, including Zonula occludens-1 (ZO-1, also known as Tight junction 

protein-1), to function. Another hallmark of BMECs, besides tight junctions, is their reduced 

transcytosis allowing only highly selective transport of ions and molecules. BMECs are exposed to 

shear stress from the blood flow (approx. 5ς20 dyne cmҍ2 in capillaries [18]ς[20]; one dyne 

converts to 10-5 Newton and can be described as the force required to accelerate a mass of one 

gram at a rate of one centimetre per second squared) which has been shown to influence gene 

expression, proliferation, migration, and inflammation in vitro [20]ς[22]. vSMCs are found around 

arteries and arterioles [3]. Pericytes reside around capillaries outside of the endothelial lumen. 

Astrocyte endfoot 

BMEC 

Pericyte 

Neuron 

ECM 

Figure 1.2: The NVU with its cellular and structural components. Brain microvascular endothelial cells 
(BMECs, red) are linked by junctional protein complexes and share the same basement membrane 
with pericytes (green). Astrocytes (blue) are in contact with endothelial cells and pericytes as well as 
with neurons (yellow). Microglia (not shown) reside in an inactive state within the brain. The NVU is 
supported by extracellular matrix (ECM; orange-yellow) proteins. 
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They share a common basement membrane with the endothelial cells and their processes encircle 

the blood vessels [23], [24]. Pericytes will be discussed in more detail in Section 1.2. 

Another cellular group of the NVU are glial cells, including astrocytes, microglia, and 

oligodendrocytes. Astrocytes are the mediator between neurons and BMECs. Astrocyte end-feet 

cover the microvessels and capillaries in the brain [25]. Astrocytes can regulate the blood flow in 

response to neural activity [26], enhance tight junction formation, polarise transporters, and 

promote specialized enzymes to induce BBB function [27], [28]. Even though microglia are not a 

structural part of the BBB, they have a significant influence on BBB function during injury and 

disease. Microglia reside in an inactivated state in the brain, when activated they serve as antigen-

presenting cells [29], [30]. 

The distance between a neuron and the nearest capillary is usually not further than 10 to 20 µm 

[31]. Neurons communicate with other neurons and glial cells through synapses. At synapses, 

neurotransmitters are released upon an electrical action potential. The release of glutamate, an 

example of a neurotransmitter, triggers neurovascular interactions, including a change in blood 

flow in response to neural activity [26], see Section 1.1.4 for neurovascular coupling and control 

of CBF. The cells of the NVU are highly coordinated and their proper communication is required 

to maintain an effective central nervous system (CNS) homeostasis. Malfunctioning and 

miscommunication of one or more cell types of the NVU usually play a role in neurological 

diseases, including AD [32]ς[35]. 

1.1.3 Extracellular matrix of the NVU 

The extracellular matrix (ECM) is a network of proteins, glycosaminoglycans, proteoglycans, and 

fibrous glycoproteins that provides structural support and cues for cell signalling. It can be found 

throughout the body and varies depending on the type of tissue it surrounds [36]. A unique 

feature of the brain is its relatively large proportion (17-20%) of ECM [37]. Furthermore, the brain 

has a very low elastic modulus of around 0.1 to 1 kPa, making it a very soft tissue [38], [39]. The 

practical absence of collagen type I and fibronectin and the large amount of proteoglycans, 

collagen type IV, hyaluronan, and lecticans are distinct features of the brain ECM when compared 

to other tissues [40], [41]. 

The ECM of the brain is unique as it has a neural cell-specific and a vascular-specific ECM which 

can be divided into three major compartments with distinct compositions: basement membrane, 

perineuronal nets, and neural interstitial matrix (Figure 1.3). The basement membrane (basal 
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lamina) surrounds cerebral vessels and separates the endothelial cells from the parenchyma [42], 

[43]. Pericytes reside outside capillary vessels, within the basement membrane [23], [24]. The 

primary composition of the basement membrane is a network of collagen type IV and laminin-

nidogen (entactin). Integrated within this network are fibronectin and heparan sulphate 

proteoglycans, such as perlecan and agrin [42], [44]. The basement membrane plays an important 

role in supporting the function of the BBB [34]. Perineuronal nets are a condensed matrix around 

the cell bodies and dendrites of neurons. They are mainly composed of hyaluronan, chondroitin 

sulphate proteoglycans, tenascin R, and link proteins. Perineuronal nets are essential in 

maintaining synapse plasticity [42], [43]. The neural interstitial matrix makes up the parenchyma, 

but it is not tightly associated with cell bodies like the perineuronal nets. The neural interstitial 

matrix has a similar composition to perineuronal nets, but in addition to hyaluronan, chondroitin 

Figure 1.3: The three ECM groups of the brain and their components. The ECM of the brain varies 
depending on the location within the brain and can be roughly divided into three groups: basement 
membrane, perineuronal nets, and neural interstitial matrix. The basement membrane surrounds the 
blood vessels and is rich in laminin, fibronectin, and collagen type IV. Perineuronal nets form a tight 
network around neural cell bodies and are mainly composed of hyaluronan, chondroitin sulphate 
proteoglycans, and tenascin R. Neuronal interstitial matrix forms the ECM between cells of the 
parenchyma and also contains small amounts of laminin, fibronectin, and collagen type IV compared 
to perineuronal nets. Figure adapted from [43]. 
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sulphate proteoglycans, tenascin R, and link proteins, there are also smaller amounts of collagen 

type IV and elastin (both are fibrous proteins), as well as laminins and fibronectin (both are 

adhesive glycoproteins). The neural interstitial matrix keeps the tissue hydrated and crosslinks 

the matrix [42], [43]. 

1.1.4 Neurovascular coupling and control of cerebral blood flow 

Neurovascular coupling is the process by which the amount of the CBF is adjusted in order to 

cover the energy demand of a specific brain region at that moment. Thus, neuronal activity leads 

to an increase in CBF in the area of activity. It is not entirely clear whether neural or vascular 

activity drives the increase in CBF, but two main models have been suggested, the feedback and 

feedforward models [3], [45]ς[47].  

In the feedback model, the neuronal metabolic activity of neurons leads to a depletion of oxygen 

and glucose, due to the lack of energy reserves in the brain. Thus, the CBF is increased to supply 

this brain region with oxygen and glucose, while at the same time clearing potentially toxic by-

products of brain activity, such as lactate, carbon dioxide, Amyloid-  ̡(! )̡, and tau. Some of these 

metabolic by-products, e.g. adenosine, carbon dioxide, H+, and lactate, are potent vasodilators 

and could potentially initiate the increase in CBF [3].  

The hypothesis of the feedforward model is based on evidence that CBF is not related to the 

metabolic state of the tissue and that it can increase even when levels of oxygen and glucose are 

sufficiently high. This suggests that the CBF is not driven by the need for energy and waste 

clearance of the tissue. The feedforward model proposes that CBF is regulated by synaptic 

activity, which generates vasoactive by-products such as nitric oxide, K+, and prostanoids [3].  

Combining all findings, the feedforward and feedback mechanisms may not be independent but 

rather interact with each other. During synaptic activity glutamate is released followed by a post-

synaptic activation of Ca2+-dependent signalling pathways leading to the release of vasoactive 

factors, and thus dilation of arterioles and capillaries through a feedforward mechanism. 

Simultaneously, synaptic activity leads to a decrease in oxygen levels and accumulation of 

vasoactive by-products potentially driving the metabolism-dependent feedback mechanism [3]. 
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1.1.5 NVU and the blood-brain barrier 

Within the NVU tight connections between endothelial cells are mainly responsible for the BBB. 

The BBB is an almost impermeable barrier and protects neurons from potentially neurotoxic 

plasma components, blood cells, and pathogens [48]. Transport of nutrients, energy metabolites, 

and other essential molecules from the blood into the brain, as well as the transport of metabolic 

waste products from the interstitial fluid (ISF) into the bloodstream, are controlled by 

transporters expressed on endothelial cell membranes [49], [50]. During physiological conditions, 

only oxygen and carbon dioxide can diffuse freely from the blood to the brain or vice versa, which 

also regulates the pH in the ISF. Other than that only small lipophilic molecules and drugs, with 

less than eight hydrogen bonds and a molecular weight below 400 Dalton, can pass the BBB [17]. 

Tight junctions and adherens junctions play a major part in the BBB. Tight junction protein 

mutations and loss have been associated with BBB breakdown and neurological diseases [51] [34]. 

Tight junction proteins, like Occludin and Claudin-5, are linked to ZO-1, ZO-2, and ZO-3 [52]. In 

some neurological disorders, such as AD ŀƴŘ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΣ Occludin, Claudin-5, and ZO-1 

expression is reduced leading to disruption of tight junctions [53].  

In addition to a tight barrier between neighbouring cells, endothelial cells also express multiple 

ATP-binding cassette (ABC) proteins on their luminal, blood-facing membrane. These ABC 

proteins function as pumps, which actively pump xenobiotics and endogenous metabolites out of 

the cell. Central nervous system pharmaco-resistance can be largely ascribed to ABC proteins. In 

patients with AD ŀƴŘ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ !./ proteins were found to have a decreased expression 

or functional activity, showing again that BBB breakdown is involved in neurological diseases [54]. 

1.2 Pericytes 

Pericytes were first described by Eberth in 1871 [55]. However, in 1873 Rouget described a 

population of cells with contractile abilities surrounding endothelial cells and is mostly 

acknowledged for the discovery of pericytes [56]. At ŦƛǊǎǘΣ ǘƘŜǎŜ ŎŜƭƭǎ ǿŜǊŜ ƴŀƳŜŘ ΨRouget cellsΩ 

by Zimmermann, who later termed them ΨpericytesΩ, because of their close location to endothelial 

cells [57]. 
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1.2.1 Pericyte development and anatomy 

During embryonic development pericytes either originate from the mesoderm or the neural crest. 

The neural crest originates from the ectoderm germ layer and gives rise to pericytes in the 

forebrain, whereas pericytes from the spinal cord, brainstem, mid-brain, and peripheral organs 

originate from the mesoderm [58]ς[60]. Until early postnatal age, pericyte expansion takes place 

by proliferation [61], [62], but it is unknown if in adults pericytes expand through proliferation or 

are derived from progenitor cells. However, there is evidence that bone marrow-derived 

progenitor cells could be a source of adult CNS pericytes after ischemia [63]ς[65].  

Pericytes reside in the same basement membrane as endothelial cells, positioning them between 

the vascular network and neurons. The basement membrane provides proteins to which pericytes 

and endothelial cells attach via integrins [23], [24], shown in Figure 1.4. Where there is no 

basement membrane present, peg-and-socket contacts are formed between pericytes and 

endothelial cells. Within these contacts, endothelial invaginations provide pockets (sockets) for 

pericyte cytoplasmic fingers (pegs). They include N-cadherin [66], [67] and connexion-43 (CX43) 

hemichannels [68], allowing the transfer of molecules between the two cell types. Another 

adhesion molecule is the Occludin protein which possibly is involved in anchoring the cells and is 

found at the edge of pericyte processes. Adhesion plaques containing fibronectin link pericytes 

and endothelial cells potentially through N-cadherin-based connections [69]. 

Figure 1.4: Structural and molecular connections within the NVU. (A) Pericytes (green) and 
endothelial cells (purple) connect through gaps in the basement membrane (yellow) via peg and socket 
contacts. (B) Pericytes and endothelial cells attach to the same basement membrane. Endothelial cell-
cell junctions are established by different types of tight and adherens junctions. Astrocytes connect via 
connexion-43 (CX43) to endothelial cells and neurons. Figure adapted from [48]. 

A B 
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Pericyte to endothelial cell ratio is much higher in the CNS [70], [71] compared to peripheral 

tissues [72]. Numbers in the literature vary, but the pericyte-to-endothelial cell ratio is usually 

considered to lie between 1:1 to 1:3 and pericytes are thought to cover about 30% of the blood 

vessel surface in the CNS [25], [73], [74]. In other tissues, pericytes cover an estimated area of 

10% to 70% of the blood vessel surface with a pericyte-to-endothelial ratio of 1:1 to 1:10 [74]. 

The morphology of pericytes differs depending on their location on the capillary (Figure 1.5). 

Terminology for pericytes is not standardised, but the following terms are commonly used to 

describe the subtypes of ǇŜǊƛŎȅǘŜǎΦ Ψ9ƴǎƘŜŀǘƘƛƴƎ ǇŜǊƛŎȅǘŜǎΩ όŀƭǎƻ ŎŀƭƭŜŘ ǘǊŀƴǎƛǘƛƻƴŀƭ ǇŜǊƛŎȅǘŜǎ ƻǊ 

pre-capillary pericytes) can be found on pre-capillary arterioles. They are shorter in length and 

cover more of the vessel surface compared to Ψcapillary pericytesΩ ǿƘƛŎƘ ŀǊŜ ŦƻǳƴŘ in the middle 

of the capillary bed. Capillary pericytes are sometimes also referred to as mid-capillary pericytes 

or thin-strand pericytesΣ ŀƴŘ ƘŀǾŜ ǇǊƻƳƛƴŜƴǘ ƻǾƻƛŘ ŎŜƭƭ ōƻŘƛŜǎΣ ǿƘƛŎƘ ǊŜǎŜƳōƭŜ ƭƛǘǘƭŜ ΨōƭƻōǎΩ ƻƴ 

the vascular wall. Their long, thin processes reach around the vessel lumen forming a chain-like 

network. Towards the venule side of the capillary, the processes of pericytes adopt a mesh-like 

ŀǇǇŜŀǊŀƴŎŜ ŀƴŘ ŎƻǾŜǊ ƳƻǊŜ ƻŦ ǘƘŜ ǾŜǎǎŜƭ ǎǳǊŦŀŎŜΣ ǘƘǳǎ ǘƘŜǎŜ ǇŜǊƛŎȅǘŜǎ ŀǊŜ ƴŀƳŜŘ ΨƳŜǎƘ 

pericytesΩ [75], [76]. Similar to ensheathing pericytes on pre-capillary arterioles, mesh pericytes, 

Figure 1.5: Different pericyte subtypes along the capillary. Pre-capillary arterioles are occupied by 
ensheathing pericytes, which are bigger than capillary pericytes (thin-stranded), but are similar to 
mesh-like pericytes. Adapted from [241]. 
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also sometimes referred to as stellate pericytes, have a mesh-like appearance and are shorter 

than capillary pericytes [75]. Interestingly, rather than overlapping with neighbouring cells, 

pericytes have defined territory [77]. It is not known whether these pericyte subtypes have 

different functions, but capillary pericytes are considered to express less of the contractile protein 

-hSMA compared to pericytes at the arteriole [78]. 

1.2.2 Functions of pericytes 

Pericytes have multiple functions including supporting BBB function, CBF, and the immune 

response, which will be the focus of this thesis. Pericytes influence the maturation and 

maintenance of the BBB [70], [71], [79]. In transgenic mice with deficiency in brain pericytes, BBB 

leakage increased with increasing pericyte deficiency, leading to the accumulation of albumin in 

the brain parenchyma. Interestingly, the lack of pericytes did not change the expression of 

adherens (VE-cadherin) and tight (ZO-1 and Claudin-5) junction markers of endothelial cells, but 

increased the formation of endothelial caveolae which are needed for endothelial transcytosis 

[70]. Noticeably, two-photon thermal ablation of a single pericyte led to an increased diameter of 

the capillary wall where the pericyte had been, but did not change the capillary architecture or 

the BBB integrity. Only when processes from neighbouring pericytes grew into the area, did this 

dilation return to basal levels [77].  

Under normal physiological conditions, pericytes are involved in CBF regulation by increasing the 

blood flow according to the energy need of neurons. Capillary pericytes in vivo contract in 

response to noradrenaline (potentially released from locus coeruleus axons) which is revoked by 

glutamate released from neurons [80]. In mice, pericytes located at capillary junctions individually 

contract or dilate their processes around different capillary branches in order to change the blood 

flow to one branch or the other. This shows that pericytes regulate the CBF to very specific areas 

in the capillary network. Furthermore, these junctional pericytes have been shown to dilate the 

capillary diameter after being exposed to K+-dependent hyperpolarising signals (K+ is a byproduct 

of neuronal activity) [81]. Thus, pericytes are able to detect an increase in metabolic activity in 

neurons, to which pericytes react by dilating capillaries to increase blood flow to serve the energy 

demand in those areas.  
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Pericyte contraction is thought to be similar to vSMC contraction and is controlled by changes in 

Ca2+ concentration within the cytoplasm. Changes in Ca2+ concentration can be initiated by several 

vasoconstrictors including ATP, norepinephrine, angiotensin II, and Endothelin-1 (ET-1). The ET-1 

signalling pathway is explained in more detail in this section (Figure 1.6) and will be studied in 

Chapter 4. There are two mammalian ET-1 receptors, type A (ETA) and type B (ETB). On pericytes 

and vSMCs ET-1 binds to ETA, a G-protein-coupled receptor on the cellular membrane. This 

activates phospholipase C (PLC) which hydrolyses phosphatidylinositol-4,5-bisphosphate to yield 

inositol-1,4,5-triphosphate (IP3). IP3 then binds to the IP3 receptor (IP3R) on the endoplasmic 

reticulum (or sarcoplasmic reticulum in the case of vSMC) which in turn release Ca2+ from the 

internal stores. Ca2+ binds Calmodulin (CaM) to form the Ca2+/CaM complex. This Ca2+/CaM 

complex activates the myosin light-chain kinase (MLCK) which catalyses myosin phosphorylation 

and initiates myofilament contraction [82]. The increased levels of intracellular Ca2+ activate the 

ryanodine receptors (RyR), which are also located at the membrane of the endoplasmic reticulum, 

like the IP3R. RyR opens and releases more Ca2+ into the cytoplasm (not shown in Figure 1.6), 

leading to an additional Ca2+ release event [83]. In addition to IP3, ET-1 also triggers the ERK1/2 

Figure 1.6: Endothelin-1 (ET-1) signalling pathway associated with vasoconstriction. In vSMCs and 
pericytes, ET-1 binds the ET-1 receptor A (ETA), a G protein coupled receptor, which generates soluble 
inositol-1,4,5- triphosphate (IP3) by activated phospholipase C (PLC). IP3 binds the IP3 receptor on the 
sarcoplasmic reticulum causing it to release Ca2+ into the cytoplasm. The increased levels of Ca2+ initiate 
calmodulin (CaM)-dependent myosin light-chain kinase (MLCK) vasoconstriction. Figure adapted from 
[82]. 
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pathway which controls pro-inflammatory regulators, like MCP-1, TNF-ʰΣ ŀƴŘ Interleukin (IL)-6, 

amongst others [82].  

Besides the commonly known role of pericytes in BBB support and control of CBF, healthy 

pericytes are also involved in neuroinflammation. Their main immune functions are the 

recruitment of leukocytes, response to inflammatory stimuli, polarisation of microglia, adaptive 

immunity, endocytosis, and BBB disruption. Pericytes recruit leukocytes by secreting chemokines 

into the bloodstream. Leukocytes then migrate towards the site of inflammation with the high 

chemokine gradient, which is guided by intercellular adhesion molecule-1 (ICAM-1) and vascular 

cell adhesion molecule-1 (VCAM-1) dependent leukocyte crawling. Pericytes respond to 

inflammatory stimuli by releasing pro-inflammatory cytokines. Inflammatory stimuli can either 

directly come from pathogens or pro-inflammatory mediators (e.g. IL-м  ̡and LCbʴύ ǎŜŎǊŜǘŜŘ ōȅ 

reactive microglia or leukocytes. Secretion of pro-inflammatory (IL-6) or anti-inflammatory 

(CXCL1, IL-33) cytokines polarise microglia to a pro- or anti-inflammatory phenotype, respectively. 

Pericytes are involved in adaptive immunity by internalising antigens and presenting them to 

naïve or primed CD4+ T-cells. Pericytes also clear their environment of waste products, aggregated 

proteins, or dying cells, by endocytosis or phagocytosis. Finally, unlike mentioned above, not only 

diseased pericytes, but also healthy pericytes can disrupt the BBB after pro-inflammatory stimuli 

to enable leukocytes to infiltrate the area. This disruption can happen in multiple ways. First, 

pericytes are able to release two main family members of the matrix metalloproteinases (MMPs), 

MMP2 and MMP9, which cleave basement membrane substrates including collagen type IV, 

laminin, and fibronectin. This weakens the basement membrane and enhances endothelial 

permeability. MMP2 and MMP9 also increase BBB permeability by activating vascular endothelial 

growth factor (VEGF) and rearranging tight junctions by cleaving ZO-1 and Occludin. Pro-

inflammatory cytokines, such as IL-1  ̡ and TNFh Σ ŘŜŎǊŜŀǎŜ t5DCw-ʲ όƴŜŜŘŜŘ ŦƻǊ ǇŜǊƛŎyte 

function), fibronectin 1 (component for basement membrane), and CX43 (gap junction 

formation). The immune response is a fine balance and enhanced inflammatory responses of 

pericytes and other cell types of the brain are present in many neurological diseases including AD 

[84].  

1.2.3 Pericyte identification 

Pericytes are frequently confused with vSMCs. As there is not an exclusively unique molecular 

marker for pericyte identification, a combination of various criteria is commonly used, including 
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location, morphology, and gene or protein expression pattern [15]. Table 1.1 summarises 

commonly used pericyte markers, which are often used in combination. It has to be noted that 

ǎƻƳŜ ǎǘǳŘƛŜǎ ŦƻǳƴŘ ʰ-SMA expressed in capillary pericytes [85], [86], but others did not [87].  

Table 1.1: Commonly used pericyte markers. Table adapted from [15]. 

Pericyte Marker 
Gene 

Symbol 
Remarks 

Examples of Other Cell 
Types Expressing the 

Marker 
References 

PDGFR-ʲ (platelet-
derived growth 
factor receptor-
beta) 

PDGFRB Receptor tyrosine kinase; 
functionally involved in 
pericyte recruitment 
during angiogenesis; 
brain pericyte marker 

Interstitial mesenchymal cells 
during development; smooth 
muscle; in the CNS certain 
neurons and neuronal 
progenitors; myofibroblasts; 
mesenchymal stem cells 

[88], [89] 

NG2 (Neuron-glial 
antigen 2) 

CSPG4 Integral membrane 
chondroitin sulphate 
proteoglycan; involved in 
pericyte recruitment to 
tumour vasculature 

Developing cartilage, bone 
muscle; early postnatal skin; 
adult skin stem cells; 
adipocytes; vSMCs; neuronal 
progenitors; oligodendrocyte 
progenitors 

[90], [91]  

CD13 (alanyl 
(membrane) 
Aminopeptidase) 

ANPEP Type II membrane zinc-
dependent 
metalloprotease; useful 
brain pericyte marker 

vSMCs, inflamed and tumour 
endothelium; myeloid cells; 
epithelial cells in the kidney, 
gut 

[92] 

-hSMA (alpha-
smooth muscle 
actin) 

ACTA2 Structural protein; not all 
types of pericytes 
express it; expression in 
pericytes is commonly 
upregulated in tumours 
and inflammation 

Smooth muscle; 
myofibroblasts; 
myoepithelium 

 

[85], [86], [93] 

Desmin DES Structural protein; useful 
pericyte marker outside 
skeletal muscle and heart 

Skeletal, cardiac, smooth 
muscle 

[94] 

 

1.3 !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

Dementia affected 50 million people worldwide in 2010 which will more than double by 2050 

[95]. It is estimated that dementia brings a worldwide economic burden of over US$1 trillion per 

year and is predicted to increase to US$2 trillion per year by 2030 [96], [97]. 

AD is the most common form of dementia, although its epidemiology overlaps with that of other 

types of dementia. It is characterised by progressing cognitive decline which can be accompanied 

by impairment in spatial cognition, language, and executive function to variable degrees. AD was 

ƻǊƛƎƛƴŀƭƭȅ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŜȄǘǊŀŎŜƭƭǳƭŀǊ !ʲ ǇƭŀǉǳŜǎ ŀƴŘ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ƘȅǇŜǊǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ǘŀǳ 
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protein which forms neurofibrillary tangles (NFTs) [95]. Meanwhile, research also showed 

degeneration of the cerebral vasculature many years prior to ǘƘŜ !ʲ ŀƴŘ ǘŀǳ ǇŀǘƘƻƭƻƎȅ [98] and 

an impaired BBB has been linked to cognitive decline [99], [100]. Diagnosis of AD by mental status 

tests can be confirmed by biomarkers in the cerebral spinal fluid (CSF)Σ ǎǳŎƘ ŀǎ ƭŜǾŜƭǎ ƻŦ !ʲ ŀƴŘ 

ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ǘŀǳΣ ƻǊ !ʲ-positron emission tomography (PET) scans or tau-PET scans, as well as 

magnetic resonance imaging (MRI) to exclude other causes of cognitive impairment and 

assessment of brain tissue loss [95]. 

Although AD has been studied for over 110 years since its discovery by Alois Alzheimer [101], only 

two disease-modifying drugs (aducanumab, lecanemab) have shown clinical success in reducing 

cognitive decline and were approved under the Food and Drug Administration (FDA)Ωǎ ŀŎŎŜƭŜǊŀǘŜŘ 

ŀǇǇǊƻǾŀƭ ǇŀǘƘǿŀȅ ƛƴ ǘƘŜ ƭŀǎǘ ǘƘǊŜŜ ȅŜŀǊǎΦ Lƴ aŀȅ нлноΣ ŀƴƻǘƘŜǊ !ʲ ǘŀǊƎŜǘƛƴƎ ŘǊǳƎΣ donanemab, 

successfully finished Phase 3 Study and its application for FDA approval is planned to be 

completed in July 2023. Donanemab slowed cognitive and functional decline by 35% in 

participants with early AD compared to the placebo control group. All three drugs target and 

ǊŜŘǳŎŜ !ʲ ǇƭŀǉǳŜǎΣ ōǳǘ ƴƻƴŜ ƻŦ ǘƘŜƳ ŀǊŜ ǿƛǘƘƻǳǘ ŎƻƴǘǊƻǾŜǊǎƛŜǎΣ ŀǎ ǘƘŜȅ ŀǊŜ ƻƴƭȅ ǎǳƛǘŀōƭŜ ŦƻǊ the 

treatment of a subgroup of AD patients who are at an early stage of the disease and they pose a 

high risk of severe side effects like brain bleeds and swelling [102], [103]. 

1.3.1 5ƛǎŜŀǎŜ ƳŜŎƘŀƴƛǎƳǎ ƻŦ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

Aʲ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ŎƭŜŀǾŀƎŜ ǇǊƻŘǳŎǘǎ ŦǊƻƳ amyloid precursor protein (APP). There are two most 

important APP cleavage pathways, the non-!ʲ ǇŀǘƘǿŀȅ ŀƴŘ ǘƘŜ amyloidogenic pathway (Figure 

1.7). For the first one, the non-amyloidogenic pathway, !tt ƛǎ ŎƭŜŀǾŜŘ ōȅ ʰ-secretase to generate 

ǘƘŜ ǎƻƭǳōƭŜ ŦǊŀƎƳŜƴǘ ǎ!ttʰ όŀƭǎƻ !ttǎʰύ ŀƴŘ ǘƘŜ ʰ/¢CΣ ǿƘƛŎƘ ǎǘŀȅǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ŎŜƭƭǳƭŀǊ 

membrane (Figure 1.7AύΦ ʰ/¢C ƛǎ ǘƘŜƴ ŎƭŜŀǾŜŘ ōȅ -ɹsecretase into p3 and AICD. In the 

ŀƳȅƭƻƛŘƻƎŜƴƛŎ ǇŀǘƘǿŀȅ ʲ-ǎŜŎǊŜǘŀǎŜ ƛƴǎǘŜŀŘ ƻŦ ʰ-secretase cleaves the APP protein producing 

ǎ!ttʲ όŀƭǎƻ !ttǎʲύ ŀƴŘ ʲ/¢C όFigure 1.7B). ¢ƘŜƴΣ ŎƭŜŀǾŀƎŜ ƻŦ ʲ/¢C ōȅ ʴ-secretase leads to the 

ŦƻǊƳŀǘƛƻƴ ƻŦ !ʲ ŀƴŘ !L/5Φ ʲ/¢C ƛǎ ŎƭŜŀǾŜŘ ōȅ ʴ-ǎŜŎǊŜǘŀǎŜ ŀǘ ǾŀǊƛƻǳǎ ǎƛǘŜǎΣ ǇǊƻŘǳŎƛƴƎ !ʲ ŦǊŀƎƳŜƴǘǎ 

of different lengths, most abundantly 27-по ŀƳƛƴƻ ŀŎƛŘǎ ƛƴ ƭŜƴƎǘƘΦ !ʲ ŦǊŀƎƳŜƴǘǎ ŀǊŜ ǇǊƛƳŀǊƛƭȅ 

produced by synaptic activity and secreted into the extracellular space as a monomer, but due to 

their ǇǊƻǇŜǊǘƛŜǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƻŦ !ʲ42, start to aggregate into oligomers, protofibrils, fibrils, and 

then ultimately into plaques. These plaques are found throughout the cerebral cortex in AD [95]. 
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Tau is a microtubule-associated protein needed for microtubule stabilisation. It is normally found 

in the cytoplasm of axons, but also in presynaptic and postsynaptic compartments. Tau can be 

hyperphosphorylated, which causes tau to aggregate in cell bodies and dendrites. These tau 

aggregates are termed NFTs and occur initially in the medial temporal lobe όΨƳŜŘƛŀƭ ǘŜƳǇƻǊŀƭ 

ǘŀǳƻǇŀǘƘȅΩύ, followed by the isocortical regions of the temporal, parietal and frontal lobes. Medial 

temporal tauopathy can be independeƴǘ ƻŦ !ʲ ǇŀǘƘƻƭƻƎȅΣ ōǳǘ Ƙƻǿ !ʲ ŀƴŘ ǘŀǳ ƛƴǘŜǊŀŎǘ ƛǎ ƴƻǘ ǿŜƭƭ 

understood [95]. 

1.3.2 Familial !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

Early-onset AD, also called familial AD (FAD), is caused by mutations linked to the amyloid cascade. 

There are three main mutations causing FAD, which are rare dominantly inherited mutations in 

APP, presenilin 1 (PSEN1), and presenilin 2 (PSEN2). APP is the protein of which one cleavage 

product can be !ʲΣ see Section 1.3.1 for a more detailed description. Mutations in the APP gene 

are often located at the secretase cleavage sites or the APP transmembrane domain leading to a 

ŎƘŀƴƎŜ ƛƴ !ʲ42 ƭŜǾŜƭǎ ǊŜƭŀǘƛǾŜ ǘƻ ƻǘƘŜǊ ƛǎƻǘȅǇŜǎ ƻŦ !ʲΦ t{9bм ŦƻǊƳǎ ǘƘŜ ŎŀǘŀƭȅǘƛŎ ŎƻǊŜ ƻŦ ǘƘŜ ʴ-

ǎŜŎǊŜǘŀǎŜ ŎƻƳǇƭŜȄΣ ǿƘƛŎƘ ŎƭŜŀǾŜǎ ʲCTF ƛƴǘƻ !ʲΣ ǎŜŜ Section 1.3.1. PSEN1 mutations change the 

ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ŎƭŜŀǾŀƎŜ ŀŎǘƛǾƛǘȅ ƻŦ ʴ-ǎŜŎǊŜǘŀǎŜ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ƘƛƎƘŜǊ !ʲ42 ǘƻ !ʲ40 ratio. Like PSEN1, 

t{9bн ƛǎ ŀƭǎƻ ŀ ǎǳōǳƴƛǘ ƻŦ ǘƘŜ ǇǊƻǘŜŀǎŜ ŎƻƳǇƭŜȄ ʴ-secretase and its mutation leads to an increased 

Figure 1.7: The two main APP cleavage pathways. (A) In the non-!ʲ ǇŀǘƘǿŀȅ !tt ƛǎ ŎƭŜŀǾŜŘ ōȅ ʰ-
ǎŜŎǊŜǘŀǎŜ ƛƴǘƻ ǎ!ttʰ όŀƭǎƻ !ttǎʰύ ŀƴŘ ʰ/¢CΣ ǿƘƛŎƘ ǘƘŜƴ ƛǎ ŎƭŜŀǾŜŘ ōȅ ʴ-secretase producing the 
extracellular peptide p3 and the intracellular fragment AICD. (B) TƘŜ ΨŀƳȅƭƻƛŘƻƎŜƴƛŎΩ ǇŀǘƘǿŀȅ leads to 
ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ !ʲΣ ōȅ ŎƭŜŀǾŀƎŜ ƻŦ !tt ōȅ ʲ-ǎŜŎǊŜǘŀǎŜ ȅƛŜƭŘƛƴƎ ǎ!ttʲ όŀƭǎƻ !ttǎʲύ ŀƴŘ ʲ/¢CΦ !ʲ ƛǎ 
ǇǊƻŘǳŎŜŘ ōȅ ʴ-ǎŜŎǊŜǘŀǎŜ ŎƭŜŀǾŀƎŜ ȅƛŜƭŘƛƴƎ ōƻǘƘ !ʲ ŀƴŘ !L/5 ŦǊŀƎƳŜƴǘǎΦ CƛƎǳǊŜ ŀŘŀǇǘŜŘ from [95]. 

A B 
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! 4̡2/40 ratio, however, mutations in PSEN2 are much rarer and lead to later onset of AD, at 50 

years of age compared to 20 years with mutations in PSEN1. Amongst these three genes, 

mutations in PSEN1 are the most detrimental and common, followed by mutations in APP, and 

then in PSEN2. Individuals carrying at least one of these three causative mutations develop 

symptoms at an early age (<65 years) compared to late-onset AD [104], but disease-causing 

mutations account for the minority of AD cases (about 10% of all AD patients) [105], [106]. 

1.3.3 {ǇƻǊŀŘƛŎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

The majority of AD cases account for late-onset AD, also called sporadic AD (SAD), symptoms for 

which usually start at 60 or 65 years [104]. There are more than 30 genes known to be risk factors 

for SAD (Figure 1.8), however, in the interest of this thesis, the focus will be on Apolipoprotein E 

(ApoE), as this will be further studied in Chapter 3 and 4. 

An isotype, not a mutation, of the ApoE alleles is recognised as the highest genetic risk factor for 

AD [107]. ApoE contains 299 amino acids and exists in three isotypes: ApoE- 2ʁ (ApoE2), ApoE-ʶо 

Figure 1.8: Mutations for FAD and genetic risk factors for SAD. APP, PSEN1, and PSEN2 are causative 
Ƴǳǘŀǘƛƻƴǎ ǿƘƛŎƘ ŀǊŜ ŘƻƳƛƴŀƴǘƭȅ ƛƴƘŜǊƛǘŜŘ ŀƴŘ ƛƴŦƭǳŜƴŎŜ !ʲ ŀŎŎǳƳǳƭŀǘƛƻƴΦ ¢ƘŜ Ǌƛǎƪ ƻŦ ŘŜǾŜƭƻǇƛƴƎ {!5 
is increased by genetic risk factors, such as APOE4, which affects the cholesterol metabolism, immune 
system, and endocytosis amongst other factors. C!5Σ ŦŀƳƛƭƛŀƭ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΤ {!5Σ ǎǇƻǊŀŘƛŎ 
!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΦ Figure adapted from [262]. 
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(ApoE3), and ApoE-ʶп ό!Ǉƻ9пύΦ ¢ƘŜ ƛǎƻǘȅǇŜǎ ŘƛŦŦŜǊ ƛƴ ǘǿƻ ǎƛƴƎƭŜ ƴǳŎƭŜƻǘƛŘŜ ǇƻƭȅƳƻǊǇƘƛǎƳǎ ƛƴ 

codons for Cysteine (Cys) or Arginine (Arg) at positions 112 and 158, respectively. ApoE2, the 

rarest form of ApoE, is characterised by the presence of Cys112 and Cys158 [108] and is 

considered neuroprotective, whereas ApoE3 is the most common form, has neither a positive nor 

negative effect on neurons and accounts for about 77% of ApoE carriers [108]. In ApoE3 the amino 

acid is changed from Cys to Arg in position 158. About 15% of the population carries the ApoE4 

allele and have a higher chance of developing late-onset AD, about 2-fold if they are heterozygotic 

ό3ʁ/ 4ʁ) or 8-fold if they are homozygotic carriers (ʁ4/ 4ʁ) compared to ApoE3 carriers [107], [108]. 

ApoE4 isoform is characterised by the presence of Arg in positions 112 and 158 [108]. 

ApoE mainly functions as a lipid transporter for lipoprotein homeostasis in the CBF and plasma 

[109], [110]. ApoE assembles into lipoprotein complexes in which cholesterol and various lipids 

are transported to neurons. These ApoE complexes bind to lipoprotein receptors, such as low-

density lipoprotein receptor (LDLR), low-density lipoprotein receptor-related protein (LRP) 

families, and heparan sulfate proteoglycans. In the CNS ApoE is mainly expressed by astrocytes, 

but also the neurovasculature, microglia, and neurons [107]. ApoE4 genotype can both influence 

! -̡ŘŜǇŜƴŘŜƴǘ ŀǎ ǿŜƭƭ ŀǎ !ʲ-ƛƴŘŜǇŜƴŘŜƴǘ ǇŀǘƘƻƭƻƎƛŜǎΦ CƻǊ ƛƴǎǘŀƴŎŜΣ !Ǉƻ9п ǎǘƛƳǳƭŀǘŜ !ʲ 

ŀƎƎǊŜƎŀǘƛƻƴ ŀƴŘ ǘŀǳ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴΣ ǿƘƛƭŜ ŘŜŎǊŜŀǎƛƴƎ !ʲ ŎƭŜŀǊŀƴŎŜΦ !Ǉƻ9п ŀƭǎƻ ŜƴƘŀƴŎŜǎ 

memory deficits, impairs neuronal plasticity (e.g. synaptogenesis and neurite extension), and 

disrupts cytoskeletal structure (e.g. [108], [111]ς[113]). 

There is growing evidence that ApoE4 contributes to neurovascular dysfunction, which is a key 

feature of AD progression and will be further discussed in Section 1.3.4. Transgenic ApoE4 mice 

show a linear degeneration of the BBB across their lifespan, which precedes neuronal damage 

[114]ς[116]. This decreased BBB function may be caused by loss of tight junction and basement 

membrane proteins needed to maintain BBB integrity [116], [117]. Furthermore, ApoE4 has been 

linked to increased expression of pro-inflammatory cyclophilin A (CypA) in pericytes leading to 

activation of MMP9 which degrades BBB tight junction proteins (ZO-1 and Occludin) causing 

leakage of blood-derived toxic proteins [114], [116]. Levels of CypA, MMP9, and sPDGFR-ʲ όŀ 

marker for pericyte injury in the CSF of living APOE4 carriers) are elevated, which suggests 

activation of the CypA-MMP9 pathway also in humans [100]. ApoE4 also influences CBF, another 

key function of the NVU. It seems that reduced capillary length, an indication of microvascular 

loss, and reduced CBF are correlated in ApoE4 ƳƛŎŜΣ ōǳǘ ŀǊŜ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ !ʲ ŘŜǇƻǎƛǘƛƻƴ [116]. 
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Increased BBB permeability and loss of pericytes (assessed by sPDGFR-  ̡levels in the CSF) have 

also been linked to cognitive decline in humans carrying APOE4 [100]. 

1.3.4 Cerebral ǾŀǎŎǳƭŀǊ ŘȅǎŦǳƴŎǘƛƻƴ ƛƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀse 

Besides the main hallmarks of AD, !ʲ plaques and NFTs, alterations of cerebral blood vessels have 

been gaining the interest of researchers. Notably, AD and cerebrovascular diseases have many 

risk factors in common, including ApoE4 [118], [119], diabetes mellitus [120], hypertension [121], 

and age [122]. Capillaries in the brain of AD patients are thinner and more tortuous and the 

basement membrane thickens [123], showing that alterations in the vasculature affect even the 

smallest compartments of the vasculature, and have been estimated to contribute partially or 

fully to approximately 40% of all dementias worldwide, including AD [124], [125]. 

Neurovascular dysfunction is often linked to BBB breakdown and subsequent leaky blood vessels. 

In a transgenic mouse model with a chronic BBB breakdown, an accumulation of blood-derived 

neurotoxic proteins was found in the CNS, particularly in neurons. These blood proteins included 

fibrinogen, thrombin, and red-blood-cell-derived haemoglobin, amongst others. All of which can 

initiate and/or contribute to neurodegeneration [70], [71], [79], [114], [126]. Blood-derived 

proteins were also found post-mortem in the hippocampus and cortex of AD patients, suggesting 

BBB damage in AD [127]ς[130]. Microbleeds and accumulation of iron were found in the brains 

of patients even before they showed clinical symptoms of AD [131], [132]. Early brain capillary 

damage and BBB breakdown in humans were suggested as an early biomarker for cognitive 

decline [99]. Besides AD, vascular contributions have also been shown in other neurodegenerative 

diseases, including vascular dementia [133], Amyotrophic lateral sclerosis [134]Σ tŀǊƪƛƴǎƻƴΩǎ 

disease [135]Σ ŀƴŘ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜ [136].  

There is fast-ƎǊƻǿƛƴƎ ŜǾƛŘŜƴŎŜ ǘƘŀǘ !ʲ Ƙŀǎ ƴƻǘ ƻƴƭȅ ƴeurotoxic but also vasoactive and 

vasculotoxic effects. For instance, transgenic mice expressing the APP Swedish mutation, thus 

ƘŀǾƛƴƎ ŀ ƘƛƎƘŜǊ !ʲ ǇǊƻŘǳŎǘƛƻƴΣ ƘŀŘ ŀ ǊŜŘǳŎŜŘ ŀŎŜǘȅƭŎƘƻƭƛƴŜΆmediated endotheliumΆdependent 

ǾŀǎƻŘƛƭŀǘƛƻƴ ǿƘƛŎƘ Ƴŀȅ ōŜ ƭƛƴƪŜŘ ǘƻ !ʲ [137]. In addition to reduced reactivity to vasodilators, 

other APP Swedish mutation expressing mice (Tg2576) had an increased response to 

vasoconstrictors acting directly on vSMCs [138] and had altered neurovascular coupling [139]. 

aƻǊŜƻǾŜǊΣ !ʲ-mediated generation of ET-1 reduces CBF in mice [140], [141] and post-mortem 

human brain slices [141]. The common free radical producing b!5tI ƻȄƛŘŀǎŜ ƛǎ ǊŜƭŜŀǎŜŘ ōȅ !ʲ 

activation and leads to neurovascular dysfunction [142]. CD36 is a receptor binding a variety of 
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ƭƛƎŀƴŘǎΣ ƛƴŎƭǳŘƛƴƎ !ʲΣ and leads ǘƻ ǊŜŘǳŎŜŘ ƴŜǳǊƻǾŀǎŎǳƭŀǊ ŎƻǳǇƭƛƴƎ ŘǳŜ ǘƻ !ʲ-mediated oxidative 

stress in cerebral blood vessels [143]. When Dutch and Iowa mutant mice, in which ƭŜǾŜƭǎ ƻŦ !ʲ 

are increased, were crossed with the APP {ǿŜŘƛǎƘ Ƴǳǘŀƴǘ ƳƛŎŜΣ Ǿ{a/ǎ ƘŀŘ ŀ ŘƛƳƛƴƛǎƘŜŘ !ʲ 

ŎƭŜŀǊŀƴŎŜΦ ¢ƘǳǎΣ !ʲ ŀŎŎǳƳǳƭŀǘŜŘ ƛƴ ǘƘŜ ōƭƻƻŘ ǾŜǎǎŜƭ ǿŀƭƭǎ ŀƴŘ ƭŜŘ to cerebral amyloid angiopathy 

and impaired vascular reactivity [144]. 

1.3.5 The role of pericytes in AƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

Pericyte loss has been linked to AD. For example, some post-mortem samples of the cortex, 

hippocampus and white matter of AD patients showed a loss of pericytes compared to age-

matched controls [145]ς[148]Φ CǳǊǘƘŜǊƳƻǊŜΣ !ʲ ƛǎ ǘƻȄƛŎ ǘƻ ǇŜǊƛŎȅǘŜǎΣ ǿƘƛŎƘ Ƴŀȅ ŀǘǘŜƳǇǘ ǘƻ 

transport it across the BBB and internalize the protein [149], [150]. It has to be noted, that the 

ƳƻƴƻƳŜǊ ŦƻǊƳ ƻŦ !ʲ40 may have a rescuing effect, whereas, the fibrils induce toxicity in pericytes 

[148]. High levels of soluble PDGFR-ʲΣ ǿƘƛŎƘ ƛǎ ǎƘŜŘ ŦǊƻƳ ǇŜǊƛŎȅǘŜǎ undergoing cellular stress, in 

the CSF indicate pericyte injury and are used as a measure of BBB breakdown and early indication 

of AD [99], [151], [152]. Capillaries in the brains of people with AD showed irregular focal 

constrictions which were in close proximity to pericytes [153] and CBF is reduced in early AD [154]. 

More recently, !ʲ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ŎƻƴǎǘǊƛŎǘ ŎŀǇƛƭƭŀǊȅ ǇŜǊƛŎȅǘŜǎ ƛƴ ƘǳƳŀƴ ōǊŀƛƴ ǎƭƛŎŜǎ ŀƴŘ ŀƴƛƳŀƭ 

models through the generation of reactive oxygen species and the release of ET-1. Subsequently, 

this constriction reduced the diameter of capillary vessels at the pericyte location and led to a 

reduction of CBF by 30% [141]. Even though the underlying mechanisms are not fully understood 

yet, all these data indicate that brain capillary pericytes start to malfunction leading to impaired 

... ŀƴŘ /.CΣ ǿƘƛŎƘ ǇƻǘŜƴǘƛŀƭƭȅ ŜƴƘŀƴŎŜǎ όƻǊ ƛƴƛǘƛŀǘŜǎύ !ʲ ŀƴŘ ǘŀǳ ǇŀǘƘƻƭƻƎȅΦ  

1.3.6 Environmental pollution ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

Lifestyle and demographics can increase the risk of developing dementia and AD. Also, patients 

with hypertension or diabetes have a 1.6 times higher risk for developing dementia [155]. This 

thesis will focus on another demographic risk factor, namely environmental pollution, but 

primarily on particulate matter. Particulate matter is a heterogeneous mixture of particles that 

can be derived from human-made and natural sources and is classified according to its size as 

ultrafine (PM0.1ΣғлΦм ˃Ƴ in diameter), fine (PM2.5ΣғлΦнр ˃ƳύΣ ŀƴŘ ŎƻŀǊǎŜ όta10Σғмл ˃Ƴύ. Human-

derived particulate matter is generated by transportation, industrial activities, such as fossil fuel 

combustion, construction, agriculture, and household activities, such as cooking and burning fires. 
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Transportation sources of particulate matter result from fuel combustion, and wheel and brake 

abrasion. Construction generates particulate matter by grinding, cutting, and welding materials, 

and fuel combustion of machinery. Agriculture creates particulate matter by aerosolising 

fertilisers and pesticides, fuel combustion, and harvesting crops. Particulate matter enters the 

brain through two proposed routes. In the first route, particulate matter reaches the brain directly 

from the nose into the olfactory nerve and the olfactory bulb. The second, indirect route suggests 

particulate matter is first inhaled into the lungs from where it enters with pro-inflammatory 

cytokines into the bloodstream. Particulate matter and pro-inflammatory cytokines are circulated 

to cerebral capillaries from where, due to systemic inflammation, they pass across the 

compromised BBB into the brain [156].  

There is an indication that prolonged particulate matter exposure contributes to the development 

and progression of AD. Residents of highly PM2.5-polluted cities are at greater likelihood of 

increased cognitive impairments [157]Σ !ʲ ŘŜǇƻǎƛǘǎ ŀƴŘ phosphorylated tau [158]. Interestingly, 

ApoE4 seems to exacerbate the negative effect of particulate matter, as ApoE4 heterozygous 

female children showed severe cognitive deficits [159]Φ !Ǉƻ9п ŀƭǎƻ ƛƴŎǊŜŀǎŜŘ ƭŜǾŜƭǎ ƻŦ !ʲ ƛƴ ōƻǘƘ 

AD-transgenic mice and a mouse neuroblastoma cell line transfected with APPswe (N2a-APP/swe) 

mutation and exposed to particulate matter [160]Φ .ŜǎƛŘŜǎ ŎƻƎƴƛǘƛǾŜ ƛƳǇŀƛǊƳŜƴǘ ŀƴŘ !ʲ 

pathology, in AD-transgenic mice particulate matter exposure lead to activated microglia which 

ŀǊŜ ƻŦǘŜƴ ŦƻǳƴŘ ŀǊƻǳƴŘ !ʲ ǇƭŀǉǳŜǎΣ Ƙƻwever, this may only be seen as an early response to clear 

!ʲ ǇƭŀǉǳŜǎ [161]ς[163]. Furthermore, significantly more oxidative stress, due to increased 

cytokine levels and elevated mitochondrial superoxide dismutase, was observed among mice 

exposed to PM0.1 [164], [165]. 

1.4 In vitro NVU models: Considerations and examples 

The majority of animal models for neurological diseases, including AD, have failed to translate to 

human pathology and treatment, which may be due to differences in species-specific BBB. 

Advances in in vitro models of the BBB and NVU allow the recapitulation of three-dimensional 

(3D) cell spatial cell organisation, marker expression and permeability properties similar to in vivo 

studies. Furthermore, the use of induced pluripotent stem cells (iPSCs) and gene editing allows to 

incorporate disease-specific mutations [166]. When developing an in vitro NVU model several 

points need to be considered, including cell source, static or dynamic devices, and materials. 

Hydrogel matrices in which cells are cultured can be designed with various physiological 
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parameters, such as stiffness and type of cell adhesion molecules. Studies have shown that the 

native tissue should be mimicked in the physical stiffness of its ECM, thus environments of ~1 kPa 

(elastic modulus) should be designed for neural and vascular tissues [38], [167]ς[169]. Some of 

the considerations which have to be made when designing an NVU model are described below, 

including what cell source may be used, how the BBB function can be assessed, and different 

examples of in vitro NVU models which have already been developed. 

1.4.1 Cell source for NVU models 

The main cell types of the NVU are BMECs, pericytes, and astrocytes, which are in close contact 

with neurons [170]. Each cell type requires particular cell culture settings and poses different 

challenges in sourcing the cell type. Various cell sources have been used to model BBB and NVU 

function in vitro, including primary, immortalised, and iPSC-derived.  

Commonly, primary pericytes from human brain tissue have been used in BBB in vitro models. 

They express PDGFR-  ̡amongst other markers and stabilise tube formation and barrier functions 

of endothelial cells. However, their proliferation is usually limited to 10 to 15 passages in cell 

culture (e.g. [171]ς[173]). 

Human umbilical vein endothelial cells (HUVECs) are commonly used for vascular network studies 

and BBB models [174], [175], however, they are not brain-specific. Primary BMEC lines from 

various species (e.g. human, mouse, porcine) have been frequently used in BBB in vitro models, 

as they closely mimic the cellular and molecular mechanisms present in vivo. However, difficult 

purification, low yield, batch-to-batch variability, and loss of phenotype limit primary cells as a 

good, reproducible cell source [176], [177]. Similar limitations may be encountered for primary 

cell lines of the other NVU cell types [178].  

iPSCs offer multiple advantages when compared to primary cell lines. They offer unlimited self-

renewal and the potential to differentiate into cells of all somatic lineages. Generation of iPSCs is 

achieved by reprogramming somatic cells into a pluripotent state [179]. Once generated, isogenic 

iPSC lines can be created with the use of gene editing tools like CRISPR, which allows the study of 

disease or mutation-specific mechanisms. iPSC lines and their isogenic controls are widely 

commercially available. Despite their advantages, differentiation of iPSCs to specific cell types 

remains challenging, as differentiation protocols are often complex and costly and may generate 

off-target cell types. 
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Nevertheless, the use of human iPSCs has been proven to be a good alternative to primary 

pericytes [180]ς[182], as well as immortalised BMECs, as they provide an unlimited, self-

renewable, and scalable source of cells [180], [181]. Moreover, the same source of iPSCs can be 

used to generate all the other cells of the NVU, including astrocytes [183], [184], allowing the 

generation of a fully human and syngeneic NVU model [185].  

Human iPSC-derived brain-specific pericytes have been obtained by differentiating iPSCs into a 

neural crest cell population by Wnt activation with CHIR99021 (CHIR) and subsequent pericyte 

maturation using fetal bovine serum. These iPSC-derived pericytes have been shown to express 

NG2, PDGFRB, and ANPEP (CD13) amongst other pericyte markers, as well as brain-specific 

markers like FOXF2 at similar levels to primary human brain pericytes. They also improve tube 

formation and barrier function of endothelial cells [174], [182].  

Human iPSC-derived BMECs have been obtained by differentiating iPSCs into an 

endothelial/neural progenitor cell culture and subsequent purification by selective adhesion. 

These iPSC-derived BMECs express tight junction and adherent junction proteins as well as BBB 

nutrient transporters and exhibit transepithelial/transendothelial electrical resistance (TEER) 

values at a physiological level [172], [181], [186]. Despite these features, the endothelial 

phenotype of these cells has been recently challenged, suggesting a closer resemblance to an 

epithelial cell type [187]. 

1.4.2 Biomaterials for NVU models 

Hydrogels are often used as scaffolds for 3D cell culture, as they form soft, hydrated matrices. 3D 

culture systems allow for better replication of physiological conditions by mimicking the ECM in 

the tissue and providing structural support. Some types of hydrogels can be tuned to match the 

mechanical properties of native tissue. A class of biomaterial that is commonly used for NVU in 

vitro models are natural hydrogels, including collagen, fibrin, and Matrigel. All three are 

biopolymer hydrogels [188].  

Collagen is a natural polymer with different subtypes found in many tissues as an ECM 

component. Collagen type I is the most abundant type of collagen and is expressed in stiff tissues. 

Collagen type IV is found in basement membranes and soft tissues, e.g. the brain. Collagen type 

I, even though found in stiff tissues, can be a viable option for NVU modelling, as its stiffness can 

be tuned by changing the concentration of collagen type I ƻǊ ōȅ ǘƘŜ ŎǊƻǎǎƭƛƴƪƛƴƎ ƳŜŎƘŀƴƛǎƳ όDΩ 

0.3 ς 3.3 kPa) [189]. Collagen type I is also cheaper than collagen type IV. Collagens provide 
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binding for integrin receptors which are necessary for cell attachment [190]. Collagen type I has 

effectively been used to model brain ECM (e.g. [169], [188]). 

Matrigel is one of the most well-known ECM-based hydrogels used for 2D and 3D cell culture. It 

is extracted from Engelbreth-Holm-Swarm mouse sarcoma and composed of soluble basement 

membrane ECM components with a high but undefined concentration of laminins, proteoglycans, 

nidogens, and collagen type IV. Matrigel is generally kept at 4°C and forms a gel network at around 

37°C [191]. Matrigel is commonly used as a coating of tissue culture plates to provide a basement 

membrane substrate to which cells can attach. It is used for cell culture maintenance or assays 

including angiogenesis assays for endothelial cells [192]. 

Fibrin is formed through the catalytic conversion of fibrinogen and thrombin, constituents found 

in blood coagulation and important for wound healing. The stiffness of fibrin hydrogels can be 

tuned by changing the concentration of fibrinogen and thrombin [193]. Fibrin provides inherent 

cell adhesion sites and is widely used for neural tissue engineering and angiogenesis in vitro 

models (see for instance [173], [193]ς[196]). 

1.4.3 Quantitative assessments of BBB 

There are two measurements commonly used to assess the BBB function of in vitro models: 

perfusion of fluorescently labelled molecules and TEER. One quantitative technique for measuring 

the permeability (cm s-1) of a cell monolayer is fluorescein isothiocyanate-labelled dextran (3 kDa) 

[197]. For permeability measurements in transwell models (explained in Section 1.4.4) the 

fluorescently labelled compound is added into the top compartment. Then, samples from the top 

and bottom compartments are taken periodically and the change in fluorescence is measured. 

The amount of fluorescence in the bottom compartment is correlated with the permeability of 

the cell monolayer. The use of such tracer compounds can potentially interfere with the cells and 

also makes tested cells unusable for further experiments. Therefore, non-invasive techniques, 

such as TEER, are often used as an alternative [198].  

TEER measurement is a commonly accepted technique to assess cellular barrier integrity. TEER 

measures the electrical resistance across a cellular monolayer, which relates to the amount of 

tight junctions between the cells in the monolayer and thus permeability. Therefore, a high 

measured TEER value means higher resistance and thus higher barrier function. TEER is a 

sensitive, non-invasive tool to monitor live cells. When using the transwell model (explained in 

Section 1.4.4), one electrode is inserted in the top compartment and a second electrode in the 
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bottom compartment. This way resistance is measured between the two electrodes across the 

transwell insert. The two electrodes are not suitable for organ-on-chip models (explained in 

Section 1.4.6), as the cell culture area is not easily accessible. However, TEER measurements can 

still be achieved by embedding different types of electrodes into the channels of the chip. These 

electrodes can not only be scaled to the channel dimensions but also reduce the signal noise 

generated by any electrode movement [198]. 

1.4.4 Transwell assay for BBB modelling 

Numerous studies have used iPSC-derived BMECs and other cell types of the NVU to study the 

BBB function of non-diseased and diseased subjects (for example [172], [186]). These studies 

showed that iPSC-derived BMECs have similarities with primary BMECs such as molecular, 

structural, and functional BBB properties of the native human brain vasculature, including TEER 

values [172]. These studies used transwell inserts, which allow co-culturing BMECs with pericytes 

and other NVU cell types. Transwell inserts are hung in culture plates and have a permeable 

membrane at the bottom which is submerged in medium. Endothelial cells are seeded directly on 

top of the membrane and other cell types, e.g. neurons, can be cultured in the wells below. The 

membrane allows diffusion from one compartment to the other while cells are stopped from 

passing (depending on the pore size of the transwell membrane). Alternatively, endothelial cells 

can be cultured on top of a hydrogel in which e.g. pericytes are encapsulated (Figure 1.9). 

However, transwell models are static, thus lacking physiological mechanical forces such as shear 

stress. Consequently, these cultures cannot replicate the complex in vivo environment of the BBB 

or NVU and thus transwell model applicability is limited [199].  

Top  
compartment 

Surface coating 

Pericytes 

BMECs 
Hydrogel 

Figure 1.9: Schematic of an example of a transwell insert BBB model. Pericytes (green) can be 
encapsulated in a hydrogel (blue). BMECs (red) form a tight monolayer on top of the hydrogel. 
Alternatively, different cell types (e.g. astrocytes or neurons; not shown) can be co-cultured with the 
pericyte within the hydrogel or directly on the bottom of the transmembrane or culture dish. 
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