
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


 

 

Human brain pericytes as mediators of neuroinflammation:  

Implications for disease and therapeutics 

 

 

Justin Rustenhoven 

 

Centre for Brain Research 

Department of Pharmacology and Clinical Pharmacology 

Faculty of Medical and Health Sciences 

The University of Auckland 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy in 

Pharmacology, The University of Auckland, 2016 

 

 



Abstract 

 i 

 

Abstract 

Chronic neuroinflammation contributes to the development and progression of almost all 

neurological disorders and brain pericytes participate in immune responses through cytokine 

and chemokine secretion, adhesion molecule expression, reactive oxidative species 

production, and phagocytic ability. The unique perivascular location of pericytes makes these 

cells ideally positioned to control numerous aspects of the central nervous system (CNS) 

immune response; including leucocyte extravasation, inflammation-induced blood-brain 

barrier (BBB) disruption, phagocytic clearance of waste products, and paracrine-signalling 

with parenchymal brain cells, including microglia.  

Utilising in vitro cultures of pericytes derived from adult human brain biopsy tissue, 

this thesis sought to characterise novel mechanisms by which pericytes can contribute to 

neuroinflammation and identify methods to control these responses. In particular, it was 

found that the transcription factor C/EBPδ is induced following immune challenge and 

attenuates the expression of critical mediators of leucocyte extravasation. Similarly, it was 

identified that whilst the cytokine TGFβ1 may reduce immune cell infiltration through 

attenuated chemokine and adhesion molecule expression, it contributes to several processes 

involved in BBB dysfunction. A contribution for culture media in modifying the pericyte 

phenotype and several prototypical functions of pericytes in vitro, including their innate 

immune responses, was also established. Next, a role for pericytes as CNS macrophages was 

identified and their ability to phagocytose and process amyloid-beta aggregates present in the 

Alzheimer’s disease brain is shown. Lastly, a novel method to efficiently isolate primary 

microglia with preserved phenotypes from the adult human brain is described and these 

cultures were used to demonstrate an immunomodulatory function of pericytes through 

limiting microglial-mediated inflammation. 

Taken together, these data describe an extensive and unappreciated contribution of 

brain pericytes to neuroinflammation and identify attractive mechanisms to manipulate these 

functions. As neuroinflammation is present in almost all neurological disorders, targeting 

various aspects of pericyte-mediated immune responses may offer therapeutic benefits for the 

treatment or prevention of a range of devastating neurological conditions.  
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CHAPTER 1: General Introduction 

1.1 Neuroinflammation 

 Immune privilege of the central nervous system 1.1.1

Inflammation is a complex response of biological tissue to a harmful stimulus. Under normal 

physiological conditions it is essential in maintaining tissue homeostasis through the removal 

of dead or irreversibly damaged cells, whilst in periods of tissue damage it promotes wound 

healing. Inflammation also acts as a defence mechanism against foreign and potentially 

pathogenic substances. This is achieved through several innate immune functions including 

direct phagocytosis, the cellular production of cytotoxic substances to eliminate invading 

pathogens, and through chemokine, cytokine, and adhesion molecule production to recruit 

and regulate immune cell responses (Finsen and Owens 2011). Furthermore, adaptive 

immune functions including antigen presentation to B- and T-lymphocytes and the 

production of pathogen-specific antibodies, results in immunological memory formation and 

the ability to rapidly respond to recurrent insults (Wraith and Nicholson 2012).  

The human brain was once believed to be an immune privileged site implying it could 

tolerate antigen introduction without eliciting an inflammatory response. This belief arose 

largely from the identification of a specialised blood-brain barrier (BBB) which segregates 

the central nervous system (CNS) from the periphery. The BBB consists of high-density 

endothelial cells which are ensheathed by pericytes and astrocytic end feet (Abbott, 

Patabendige et al. 2010) and functions to restrict the entrance of peripheral immune cells into 

the brain under physiological conditions (Pachter, de Vries et al. 2003; Muldoon, Alvarez et 

al. 2013). The concept of the BBB was moulded by early observations from Ehrlich, 

Lewandowsky, and Goldman that the intravenous injection of acidic dyes resulted in staining 

in all tissues except for the brain. However, pronounced CNS staining could be achieved by 

direct injections into the cerebrospinal fluid (CSF) (Davson 1989). These findings led 

researchers to formulate the concept of an impenetrable barrier segregating the brain from the 

periphery. 
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Although the immune privileged status of the CNS was largely attributed to the 

presence of the BBB, several other factors were critical in establishing this belief. In 1921, 

Shirai demonstrated that rat sarcoma tissue grew well when transplanted into the mouse 

brain, but not when it was placed either subcutaneously or intramuscularly (Shirai 1921). An 

observation attributed to the lack of immune-mediated removal of the tumour. The notion 

that organ-specific immune privilege was a function of disconnect with the peripheral 

immune system was strengthened two years later when Murphy and Sturm demonstrated that 

concurrent cerebral transplant of both spleen and tumour prevented the immune privileged 

tumour growth (Murphy and Sturm 1923). This deficient CNS immune response was further 

confirmed by studies which introduced skin grafts (Medawar 1948), bacteria (Matyszak and 

Perry 1995), and viruses (Stevenson, Hawke et al. 1997) to the brain parenchyma and 

observed immune evasion. Further studies revealed what was then considered a lack of 

classical major histocompatibility complex II (MHCII)-positive dendritic or antigen 

presenting cells (APCs) in the brain (Hart and Fabre 1981; McMenamin 1999), as well as a 

deficient lymphatic drainage system, thereby preventing appropriate adaptive immune 

responses (Galea, Bechmann et al. 2007).  

The idea of an immune-privileged CNS was perhaps further encouraged simply 

because it seemed logical. In the periphery a cardinal sign of inflammation is tissue swelling 

as a result of fluid accumulation. Unlike most other tissues the cranium represents a defined 

and restricted volume which makes the brain particularly sensitive to swelling. Moderate 

increases in intracranial pressure can precipitate a range of neurological symptoms including 

headache, nausea, vomiting, and visual deficits, whilst large increases in pressure can be life-

threatening (Miller, Becker et al. 1977; Wall 2010). Furthermore, inflammation-associated 

neuronal death is particularly problematic in the adult human brain due to the lack of cell 

renewal (excluding a few select regions) when contrasted to many peripheral tissues (Ernst 

and Frisén 2015).  This dogma led early researchers to largely neglect the involvement of the 

immune system in CNS function and perhaps more importantly dysfunction. 

 The brain as an immunocompetent organ 1.1.2

More recently, the concept of an immune-privileged CNS has been disputed and now has 

numerous accepted exemptions. Whilst many of the initial observations hold true for the 
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brain parenchyma, several immunologically active sites have now been identified including 

the meninges, ventricles, choroid plexus, and circumventricular organs (Galea, Bechmann et 

al. 2007; Muldoon, Alvarez et al. 2013). These regions represent sites for both steady-state 

immune surveillance by leucocytes, as well areas for immune infiltration following 

inflammation. In fact, in their initial manuscript, Murphy and Sturm demonstrated that 

tumour rejection increased when the site of transplantation approached brain ventricles 

(Murphy and Sturm 1923). Dendritic cells capable of antigen presentation functions have 

also been observed in these regions (McMahon, Bailey et al. 2006). Furthermore, immune 

privilege is not preserved during aging, following BBB disruption, or in many neurological 

conditions, and is present in the afferent arm of the immune system (antigen presentation to 

naïve T- cells) significantly more than the efferent arm (trafficking of immune cells into the 

brain) (Galea, Bechmann et al. 2007).  

The CNS also contains numerous cell types which can participate in innate immune 

functions, particularly microglia, the brain’s resident macrophage. Peripheral macrophages 

are essential in tissue homeostasis and the innate immune response either through 

phagocytising antigenic substances or killing them with cytotoxic factors (Ginhoux and Jung 

2014). Early studies from Penfield suggested that microglia function similarly to peripheral 

macrophages and display phagocytic ability (Penfield 1925; Penfield 1925). Later,  Hickey 

and Kimura demonstrated that microglia express MHC II proteins in a context dependent 

manner, acting as the brain’s APCs in the absence of specialised dendritic cells (Hickey and 

Kimura 1988). Microglia have also been found to produce a range of inflammatory cytokines 

and chemokines which help modulate the brain’s immune response. The role of microglia in 

neuroinflammatory responses has now been extensively studied and reviewed (Thameem 

Dheen, Kaur et al. 2007; Perry, Nicoll et al. 2010; Smith, Das et al. 2012). 

The brain displays marked heterogeneity with respect to its cellular composition. 

Whilst microglia were the first cell type with a recognised immune function, they are 

accompanied by several other parenchymal brain cells capable of inflammatory responses. 

Astrocytes are ubiquitous throughout the brain and play a major role in supporting neuronal 

signalling and maintaining homeostasis (Sofroniew and Vinters 2010). Like microglia, these 

cells express receptors for immunogenic stimuli and respond accordingly to elicit an 
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inflammatory response (Aschner 1998). Furthermore, astrocytes may phagocytose a range of 

matter including inert polystyrene beads (Jones, Minogue et al. 2013) and amyloid-beta (Aβ) 

aggregates in the Alzheimer’s disease (AD) brain (Wyss-Coray, Loike et al. 2003).  

More recently, a role for brain pericytes in neuroinflammation has been observed. 

Pericytes are embedded in the basement membrane ensheathing the brain capillaries and 

contribute to BBB formation and vascular tone. It also appears that they are essential in 

mediating immune interactions between the brain and the periphery by controlling the 

infiltration of peripheral leucocytes as well as secreting their own inflammatory mediators 

(Proebstl, Voisin et al. 2012; Ayres-Sander, Lauridsen et al. 2013; Guijarro-Munoz, Compte 

et al. 2013; Stark, Eckart et al. 2013; Jansson, Rustenhoven et al. 2014).  

Evidently, an overwhelming amount of evidence suggests immunological 

involvement in CNS functioning, both in health and disease. The original concept of 

immune-privilege has therefore evolved to imply an attenuated immune surveillance as 

opposed to a system devoid of immune function. Indeed, an inflammatory component has 

been identified in almost all disorders of the CNS, including neurodegenerative diseases 

(Glass, Saijo et al. 2010), neuropsychiatric disorders (Najjar, Pearlman et al. 2013), epilepsy 

(Kleen and Holmes 2008), traumatic brain injuries (Morganti-Kossmann, Rancan et al. 

2002), tumour progression (Galvão and Zong 2013), and stroke (del Zoppo, Ginis et al. 

2000). Correct functioning of the CNS requires a high degree of regulation and perturbations 

from the norm can have drastic consequences. Due to its ubiquitous expression in 

neurological disease, the ability to modify CNS immune responses could be particularly 

beneficial in the treatment of these devastating disorders. 

Whilst the functions of microglia and astrocytes have been extensively studied with 

respect to neuroinflammation, the role of pericytes has been relatively unappreciated. Due to 

increasing evidence for the importance of BBB stability in correct CNS functioning, this cell 

type has emerged as critical player in brain homeostasis. Furthermore, their anatomical 

location allows for pericytes to coordinate immune responses within the CNS through 

paracrine signalling between astrocytes, microglia, and endothelial cells, as well as 

responding to peripheral blood-derived cues.  Clearly, pericytes provide an attractive target to 

regulate brain immune responses. Whilst the emphasis of this thesis will be on studying 
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pericyte-mediated inflammation and mechanisms to modify this response, an introduction to 

basic pericyte biology is provided to appreciate the versatility of this cell type.  

1.2 Pericytes 

The average human brain weights roughly 1.5 kg, merely 2% of an individual’s total body 

weight. Despite this, the brain consumes a huge amount of energy, up to 25% of the body’s 

nutrient and oxygen supply (Clarke and Sokoloff 1999). Such vast energy requirements are 

necessary to facilitate the sheer processing power of the brain, allowing for coordinated 

signalling between the billions of neurons, and ten-fold more support cells. In order to 

provide these nutrients via the blood, the brain must be highly vascularised. Indeed, the brain 

contains more than 700 km of blood vessels, allowing for efficient energy transport to 

parenchymal cells (Greif and Eichmann 2014).  

Each cerebral vessel is comprised of endothelial cells strongly linked by tight and 

adherens junctions which form a highly selective, low permeability barrier. Embracing the 

abluminal side of these endothelial cells, preferentially at endothelial cell junctions, and 

particularly on brain capillaries are pericytes (peri, around; cyte, cell) (Sims 2000). These 

cells, also called Rouget cells after their discoverer (Rouget 1873), are incredibly important 

with respect to CNS functioning and indeed a major player in its dysfunction. Importantly, 

the neurovasculature displays a significantly greater pericyte coverage than the peripheral 

vasculature. Brain pericyte-to-endothelial ratios are 1:1 – 1:3, whilst reports on abluminal 

vessel coverage vary from roughly 30%-80% (Armulik, Genove et al. 2011; Winkler, Sagare 

et al. 2014). In contrast, skeletal muscle tissue displays a 1:100 pericyte-to-endothelial cell 

ratio and significantly lower vessel coverage (Armulik, Genove et al. 2011; Winkler, Sagare 

et al. 2014). 

A major function of brain pericytes is the stabilisation of the BBB during 

development. This structure, unique to the brain, is formed by endothelial cells, pericytes, 

and astrocytic end feet (Figure 1.1).  Together, these cells form a highly selective barrier with 

an extraordinarily low permeability.  This barrier simultaneously prevents unwanted matter 

from entering the brain, whilst allowing for the efficient transport of essential nutrients 

(Abbott, Patabendige et al. 2010). A deliberate disruption of pericyte coverage, for example 
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through transgenic knock-down, results in BBB disruption and allows the passage of toxic 

blood-borne products that precipitate CNS dysfunction (Armulik, Genove et al. 2010). 

Furthermore, pericyte loss or vasculature dysfunction is evident in several chronic 

neurodegenerative diseases and acute brain injuries and is believed to be an important 

initiating or contributing factor (Zlokovic 2005; Guan, Pavlovic et al. 2013; Sagare, Bell et 

al. 2013; Waldvogel, Dragunow et al. 2015; Zehendner, Sebastiani et al. 2015). Brain 

pericytes also contribute to several other important cerebral functions including contractility 

and regulation of blood flow, angiogenesis, vasculogenesis, and scar formation.  

 

Figure 1.1: Schematic of the BBB 
Whole brain (a). Neurovasculature only (b). Magnified view detailing arteries, arterioles, and 
capillary structures in the neurovasculature (c). Magnified view detailing differing 
morphologies of smooth muscle cells and pericytes on arterioles and capillaries respectively 
(d). Magnified view detailing cellular composition of the BBB including endothelial cells, 
pericytes embedded in basement membrane, astrocyte end feet, and BBB-associated 
microglia (e). 
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 Origin 1.2.1

Effective vascularisation of the developing brain is required for appropriate growth and 

maturation. During embryonic development a simple vascular network devoid of pericytes is 

formed in a process termed vasculogenesis; the de novo production of endothelial cells from 

progenitor cells (Bautch and James 2009). This initial capillary plexus then undergoes 

extensive angiogenic sprouting by rapid proliferation and migration of endothelial cells. 

Endothelial cells of the developing vasculature secrete several molecular cues, particularly 

platelet-derived growth factor-beta (PDGFB), that recruit pericytes through platelet-derived 

growth factor receptor-beta (PDGFRβ) signalling and promote their adhesion, maturation, 

and survival (Winkler, Bell et al. 2011). Coverage of endothelial cells by pericytes acts to 

stabilise the neurovasculature by enhancing the formation of the endothelial barrier and 

inhibiting mediators precipitating vascular permeability (Bergers and Song 2005; Daneman, 

Zhou et al. 2010; Winkler, Bell et al. 2011). 

During embryonic development, CNS pericytes arise from two main germ lineages; 

the neuroectoderm, specifically the neural crest, and the mesoderm. Whilst neuroectoderm-

derived pericytes were found to contribute to vessel coverage in the forebrain, a mesodermal 

lineage was established for midbrain, brainstem, and spinal cord pericytes (Etchevers, 

Vincent et al. 2001; Korn, Christ et al. 2002; Kurz 2009). Following the initial pericyte 

recruitment, local CNS pericyte numbers are expanded through endothelial-derived, PDGFB-

mediated proliferation (Bergers and Song 2005; Winkler, Bell et al. 2011). 

The origin of postnatal pericytes is less well understood. During ischaemic injury, 

circulating bone marrow-derived progenitor cells of mesodermal origin are able to infiltrate 

the brain and differentiate into pericytes, presumably to re-populate the damaged cells 

(Winkler, Bell et al. 2011; Hall, Reynell et al. 2014). However, ischaemic injury generates 

BBB disruption and elevated neurovascular permeability and whether these cells can enter 

the CNS during homeostasis is unknown (Jin, Yang et al. 2010). Furthermore, whilst pericyte 

proliferation occurs during early postnatal periods, whether this continues from existing 

populations or mesenchymal stem cell (MSC) sources in the adult brain remains unclear 

(Winkler, Bell et al. 2011; Appaix, Nissou et al. 2014).   
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 Identification 1.2.2

Identification of “true” pericytes is no trivial task, but is best achieved by a combination of 

pericyte-selective markers, anatomical positioning, and appropriate morphology. In the brain, 

pericytes have prominent nuclei with a cytoplasm that protrudes and envelops the abluminal 

side of several endothelial cells along a vessel. Ultrastructural identification by electron 

microscopy revealed that pericytes are embedded in a basement membrane continuous with 

endothelial cells and this has become the accepted definition of a true mature pericyte 

(Crocker, Murad et al. 1970; Allsopp and Gamble 1979; Sims 1986).  

 The basement membrane prevents direct contact between the majority of endothelial 

and pericyte cell surfaces. However, basement membrane separation is not complete and 

interactions occur may occur between endothelial cells and pericytes via a number of 

mechanisms. “Peg-and-socket” interactions are the most frequent and involve cytoplasmic 

protrusions from the pericyte (peg) contacting endothelial cell invaginations (socket) 

(Allsopp and Gamble 1979). In regions where the basement membrane is absent cells can 

come in close proximity through occluding contacts, whilst pericytes can also interact 

endothelial cells by adhesion plaques whereby pericyte microfilament bundles attach 

electron-rich endothelial material (Armulik, Genove et al. 2011). Finally, whilst in vitro 

studies have suggested connections through gap junction formation, whether or not these 

occur in vivo is unclear (Larson, Carson et al. 1987). 

Whilst anatomical positioning can aid the identification of pericytes in situ, it is 

clearly not useful in dissociated in vitro cultures. As such, several molecular markers which 

identify pericytes both in vivo and in vitro have become accepted. The most frequently used 

and validated markers for pericytes include CD140b/PDGFRβ, neural/glial antigen-2 (NG2), 

CD13/aminopeptidase N, and alpha-smooth muscle actin (αSMA) (Bergers and Song 2005; 

Armulik, Genove et al. 2011). However, the major difficulty with pericyte identification is 

distinguishing them from vascular smooth muscle cells (VSMCs) and MSCs, both of which 

display similar markers to pericytes. Currently there is no pericyte-specific antigen and 

identification should therefore be performed using a panel of markers. 
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Several other markers have also been suggested to identify brain pericytes, including 

but not limited to, regulator of G-protein signalling 5 (RGS5), potassium inwardly-rectifying 

channel, subfamily J, member 8 (KCNJ8), delta-like homolog 1 (DLK1), sulfonylurea 

receptor 2 (SUR2), CD146/melanoma cell adhesion molecule (MCAM), and desmin (Table 

1). However, like the more validated markers these are not specific for pericytes, but are 

potentially useful when combined with other markers. Importantly, markers for pericytes 

both in vivo and in vitro can also vary depending on age (in vivo) or passage number (in 

vitro), further complicating their identification. 

Table 1: Pericyte markers and functions 

Marker Function  Reference(s) 

PDGFRβ Tyrosine-kinase receptor; pericyte recruitment during 
angiogenesis/BBB formation, proliferation 

(Daneman, Zhou et al. 2010; Winkler, 
Bell et al. 2010) 

NG2 
Membrane chondroitin sulphate proteoglycan; cell 
adhesion, cell-cell communication, migration, 
proliferation, angiogenesis 

(Stallcup 2002; Ozerdem and Stallcup 
2004) 

CD13 Type II membrane zinc-dependent metalloprotease; 
peptide cleavage, adhesion, migration, proliferation 

(Kunz, Krause et al. 1994; Mina-
Osorio 2008) 

αSMA Contractile filament/ structural protein; vessel 
contraction 

(Nehls and Drenckhahn 1993; Yemisci, 
Gursoy-Ozdemir et al. 2009) 

RGS5 GTPase-activating protein; controls PDGFRβ 
signalling during vascular maturation 

(Bondjers, Kalén et al. 2003; Cho, 
Kozasa et al. 2003) 

KCNJ8 Inwardly rectifying potassium channel subfamily; 
associates with SUR2 (Bondjers, He et al. 2006) 

SUR2 Regulatory subunit of ATP-sensitive potassium 
channels (Bondjers, He et al. 2006) 

DLK1 Transmembrane cell surface protein; modulates 
Notch signalling and differentiation 

(Bondjers, He et al. 2006; Falix, 
Aronson et al. 2012) 

CD146 Adhesion molecule; leucocyte extravasation 
(Tigges, Welser-Alves et al. 2012; 
Park, Feisst et al. 2016) 

Desmin Contractile filament/structural protein; vessel 
contraction 

(Nehls, Denzer et al. 1992) 

 

 Heterogeneity 1.2.3

A further hurdle with pericyte identification is that they do not appear as a single 

homogeneous population. Instead, apparent subsets of pericytes exist with differential marker 

expression, morphologies, and likely differing functions.  
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 A particularly common method to segregate pericyte populations is the classification 

of either type 1 pericytes (PDGFRβ+, CD146+, NG2+, and Nestin-) or type 2 pericytes 

(PDGFRβ+, CD146+, NG2+, and Nestin+) (Birbrair, Zhang et al. 2013; Birbrair, Zhang et al. 

2013; Birbrair, Zhang et al. 2014). Often this distinction is loosened to include merely NG2+/ 

Nestin- (type 1) and NG2+/Nestin+ (type 2). Type 1 pericytes are able to differentiate into 

adipocytes whilst type 2 differentiate into myocytes (Birbrair, Zhang et al. 2013). Type 1 

pericytes are also regarded as more fibrotic, synthesising collagen in the presence of an injury 

to produce a scar (Birbrair, Zhang et al. 2013; Birbrair, Zhang et al. 2014). A recent study 

found that type 1 pericytes accumulate in the brain following injury, but are a distinct 

population from other scar forming PDGFRβ+ cells (Birbrair, Zhang et al. 2014).  

Additionally, pericyte sub-types have also been classified based on their anatomical 

location. In 1923, Zimmerman classified pericytes as either pre-capillary, true-capillary, and 

post-capillary (Zimmerman 1923). Both pre- and post-capillary pericytes have varying 

degrees of αSMA whilst true capillary pericytes were suggested to display none (Nehls and 

Drenckhahn 1991). In vitro, αSMA is also heterogeneous, but appears to increase with 

passage number (Jansson, Rustenhoven et al. 2014). Furthermore, whilst pre-capillary 

pericytes have circular processes which wrap around the vessel, true-capillary pericytes 

extend highly elongated processes along the vessel. Post-capillary pericytes are different 

again and display shorter processes with a stellate morphology (Nehls and Drenckhahn 

1991). It is likely that these differences were explained, at least in part, by the overlapping 

expression of αSMA in VSMCs and pericytes (Attwell, Mishra et al. 2015). 

More recently, our lab has also demonstrated a further source of pericyte 

heterogeneity in the adult human brain. Fluorescence activated cell sorting (FACS) of 

primary in vitro human brain pericyte cultures revealed two populations which could be 

isolated based on thymocyte antigen 1 (Thy1)/CD90 expression (CD90-/CD90+). CD90 is 

typically used as a marker for stem cells and the CD90+ population displayed elevated 

expression of mesenchymal or stem cell markers. Whilst both populations expressed the 

typical pericyte markers PDGFRβ, NG2, and CD13, they displayed differing morphology, 

proliferation rates, fibrotic, and inflammatory responses (Park, Feisst et al. 2016).  
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1.3 Functions 

 Regulation of blood flow 1.3.1

Appropriate cerebral blood flow is essential to correct physiological functioning. Alterations 

in blood flow are typically achieved by VSMC-mediated vessel contraction or relaxation in 

response to local cues. However, brain capillaries lack VSMCs and in their absence capillary-

associated pericytes have been suggested to control vessel diameter. Like VSMCs, pericytes 

contain a range of contractile proteins including tropomyosin and myosin, non-muscle actin, 

and contrasting suggestions of αSMA (Nehls and Drenckhahn 1991). Other filamentous 

proteins, including vimentin and desmin, are also expressed which function to maintain the 

structural integrity of the cell during contraction.  

A wide variety of vasoactive substances can modify pericyte contractility in vitro 

including adrenergic agonists, cholinergic agonists, angiotensin II, histamine, serotonin, 

endothelin, nitric oxide (NO), and prostaglandin E2 (Bergers and Song 2005; Peppiatt, 

Howarth et al. 2006; Hamilton, Attwell et al. 2010; Winkler, Bell et al. 2011; Hall, Reynell et 

al. 2014). Many of these have been replicated using ex vivo brain preparations with similar 

responses. Similarly, like VSMCs, pericytes respond to elevated intracellular Ca2+ 

concentrations to produce a contraction through the actin/myosin pathway (Kamouchi, 

Kitazono et al. 2004; Kutcher, Kolyada et al. 2007; Takata, Dohgu et al. 2009; Hamilton, 

Attwell et al. 2010). Furthermore, heightened neuronal activity is tightly correlated with 

cerebral blood flow and imaging studies have demonstrated that in vivo, capillary-associated 

pericytes undergo relaxation following neuronal signalling and glutamate release, resulting in 

dilated vessels and significantly elevated blood flow (Hirase, Creso et al. 2004; Peppiatt, 

Howarth et al. 2006; Hamilton, Attwell et al. 2010; Hall, Reynell et al. 2014). Interestingly, 

pericyte density in skeletal muscle also appears to correlate somewhat with blood pressure. 

An increased amount of pericytes are present further down the leg and torso where elevated 

pressure is required to pump blood back to the heart, indirectly suggesting a role in 

contractility (Sims, Horne et al. 1994). Furthermore, during mild ischaemia, oxidative stress-

induced pericyte contraction contributes to impaired capillary reflow (Yemisci, Gursoy-

Ozdemir et al. 2009), whilst pericyte death during prolonged ischaemic injury results  in a 
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constant contracted state of rigor, preventing further blood flow and contributing to 

hypoperfusion (O'Farrell and Attwell 2014). 

Despite these observations, direct evidence for pericyte-controlled vessel contractions 

is lacking. In disagreement with previous studies, it has recently been suggested that 

pericytes do not control blood flow and that this function is reserved exclusively for VSMCs 

(Hill, Tong et al. 2015). However, as there appears to be no common antigen differentiating 

pericytes from VSMCs, these seemingly contradictory statements are likely a reflection of 

their differences in defining a “true” brain pericyte (Attwell, Mishra et al. 2015). 

 Blood-brain barrier formation and maintenance 1.3.2

Correct functioning of the BBB is critical in maintaining neurological homeostasis by 

restricting the entrance of toxic blood-derived products.  The highly selective nature of this 

barrier is largely achieved by the brain endothelium. Adherens junctions strongly attach 

neighbouring cells allowing for endothelial-endothelial complexes and a single continuous 

vessel structure, whilst brain endothelial tight junctions prevent the paracellular transport of 

ions and solutes (Hartsock and Nelson 2008). Unlike the peripheral vasculature, brain 

capillaries also lack small pores reducing the ability of molecule exchange (Hawkins and 

Davis 2005). Together, these features of brain endothelial cells strongly restrict cerebral 

vessel permeability compared to the vasculature in other tissues (Hartsock and Nelson 2008; 

Stamatovic, Keep et al. 2008). Interestingly, these properties of brain endothelial cells do not 

appear to be an intrinsic feature, but instead likely develop due to cues released from other 

cerebral cell types. An elegant study by Stewart and Wiley revealed that transplantation of 

non-vascularised quail brain tissue, but not dorsal mesoderm tissue, into developing chick 

embryos generated vessels with BBB-like restricted permeability (Stewart and Wiley 1981). 

Soon after, this observation was attributed to the presence of astrocytes when Janzer and Raff 

transplanted neonatal astrocytes into the anterior chamber of the rat eye and found BBB-like 

vessels with low permeability (Janzer and Raff 1987). Astrocytic projections contacting the 

vasculature, termed end-feet, are now accepted as a critical component of the BBB. Unlike 

endothelial cells, their contribution to BBB-resistance appears not to be through the 

formation of a physical barrier but rather maintaining correct endothelial functioning, 
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particularly tight-junction maintenance, through growth factor and cytokine secretion 

(Abbott, Rönnbäck et al. 2006).  

Recently, several independent studies have highlighted the importance of pericytes in 

BBB formation and maintenance. Such studies are typically achieved through transgenic 

manipulation of either PDGFB or PDGFRβ, both of which perturb appropriate pericyte 

recruitment, proliferation, and maturation during development (Winkler, Bell et al. 2011). 

Whilst PDGFB- or PDGFRβ-null mice display perinatal lethality, several mouse models 

displaying deficient but intact pericyte coverage have also been developed (Leveen, Pekny et 

al. 1994; Soriano 1994; Armulik, Genove et al. 2010; Sagare, Bell et al. 2013).  

Despite PDGFRβ-null mice not surviving past birth, this model can be utilised to 

study the embryonic development of the BBB. An extensive study by Daneman et al., 

examined the brains of PDGFRβ-/- mice and found that compared to wild-type controls, these 

mice displayed enhanced vascular permeability and elevated expression of genes implicated 

in CNS leucocyte infiltration (Daneman, Zhou et al. 2010). However, the absence of 

pericytes did not appear to alter the expression of classical endothelial cell-associated genes, 

including tight junctions or transport proteins. Furthermore, utilising mice with hypomorphic 

PDGFRβ alleles, they found that pericyte coverage of brain endothelial cells determines the 

relative permeability of the BBB. During embryogenesis, pericyte recruitment to developing 

neurovasculature therefore appears necessary to prevent a leaky BBB and a neurotoxic pro-

inflammatory phenotype. 

Mice with disrupted PDGFRβ signalling have also provided a wealth of information 

on the function of pericytes in the adult brain. Unlike PDGFRβ-null mice, these animals 

remained viable after birth but maintained reduced pericyte coverage and attenuated capillary 

length (Armulik, Genove et al. 2010; Bell, Winkler et al. 2010). Pericyte disruption was 

found to precipitate neurovasculature dysfunction, enhance cerebral vessel permeability, and 

allowed the infiltration of toxic blood-derived products. As a likely consequence of this, 

pericyte disruption in aged mice displayed marked neuroinflammation, neurodegeneration, 

and memory and learning deficits (Bell, Winkler et al. 2010). Interestingly, brain pericyte 

disruption also altered gene expression patterns in endothelial cells and the enhanced vessel 

permeability may be partly a function of enhanced endothelial cell transcytosis (Armulik, 
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Genove et al. 2010). Furthermore, mice with deficient pericyte coverage displayed classical 

pathological features of AD including Aβ aggregates, hyperphosphorylated tau, and 

associated neurodegeneration (Sagare, Bell et al. 2013). BBB disruption is a feature of the 

AD brain and these studies implicate a role for pericyte vascular coverage in the pathogenesis 

of neurodegenerative diseases (Zlokovic 2005).  

Interestingly, whilst PDGFRβ signalling is essential during embryonic development, 

its deletion during adult-hood using conditional PDGFRβ knock-out mice appears to have 

less impact. Whilst these mice showed an almost complete reduction of PDGFRβ, pericyte 

coverage of vessels was maintained and no evidence for BBB leakiness was observed under 

normal physiological conditions (Shen, Ishii et al. 2012). It appears then, that PDGFB-

PDGFRβ signalling is more critical to the initial recruitment and maturation of pericytes than 

their continuing survival.  

 Scar formation 1.3.3

Scarring is a natural response to tissue injury and occurs to promote wound healing through 

the deposition of fibrous material. After a lesion to the CNS, the formation of a scar functions 

to preserve the viability of cells in the penumbra by segregating off the damaged area. Whilst 

beneficial in the short-term, the deposited scar tissue forms an impenetrable barrier inhibiting 

axonal regrowth and is highly detrimental to cerebral tissue regeneration (Rolls, Shechter et 

al. 2009). 

Astrocytes comprise the majority of cells in the CNS scar, often termed glial scars. 

Following a cerebral insult astrocytes become hypertrophic, undergo rapid proliferation, 

enhance extracellular matrix (ECM) deposition, and display elevated expression of the 

intermediate filaments glial-fibrillary-acid protein (GFAP) and vimentin.  Together, these 

processes form a dense network of astrocyte pseudopodia that fills the void generated by 

dying cells (Fawcett and Asher 1999). Microglia are the second-most common cells found in 

glial scars and as the predominant macrophages in the CNS, they undergo rapid migration to 

the damaged site where they attempt to promote tissue homeostasis through the removal of 

apoptotic cells or necrotic debris (Fawcett and Asher 1999). 
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In almost all organs, resident tissue pericytes undergo differentiation into 

myofibroblast-like cells and promote tissue fibrosis following injury (Gurtner, Werner et al. 

2008; Greenhalgh, Iredale et al. 2013). Whilst CNS scarring has historically been attributed 

to classical glial cells, a role for pericytes in non-glial scarring has also been observed. Gӧritz 

et al., utilised genetic fate tracking of a subpopulation of glutamate aspartate transporter 

(GLAST) expressing pericytes and demonstrated their detachment from vessel walls and 

subsequent migration following spinal cord injury (Göritz, Dias et al. 2011). At the injured 

site, pericytes undergo maturation to αSMA-expressing myofibroblast-like cells and display 

enhanced ECM secretion, thereby contributing to the glial scar (Göritz, Dias et al. 2011).  

 Plasticity 1.3.4

Plasticity refers to the ability of a cell to change its phenotype in response to environmental 

cues. Compared to other parenchymal brain cells, pericytes appear to be highly plastic cells 

and their multifunctional capability is likely a reflection of their ability to adapt to the CNS 

microenvironment. Pericytes appear to be relatively unspecialised cells and may thus undergo 

subsequent differentiation to resemble other cell types. Indeed pericytes are often considered 

a source of MSCs as the two cell types share very similar genetic and phenotypic expression 

profiles (Caplan 2008; Guijarro-Munoz, Compte et al. 2013).  

In the periphery, pericytes are of  mesodermal origin and appear to differentiate into a 

range of mesodermal cell lineages including osteoblasts (Brighton, Lorich et al. 1992), 

chondrocytes (Farrington-Rock, Crofts et al. 2004), adipocytes (Iyama, Ohzono et al. 1979), 

and myofibroblasts (Humphreys, Lin et al. 2010). However, forebrain pericytes originate 

from neuroectodermal-derived neural crest cells, suggesting that the mesenchymal nature of 

pericytes in the brain may be distinct from that of peripheral tissues. Indeed, CNS pericytes 

can differentiate to express markers of neurons and astrocytes (Dore-Duffy, Katychev et al. 

2006; Montiel‐Eulefi, Nery et al. 2012; Nakagomi, Kubo et al. 2015), microglia (Ozen, 

Deierborg et al. 2014; Sakuma, Kawahara et al. 2016), and scar forming myofibroblasts 

(Göritz, Dias et al. 2011). Enhancement of this plasticity has been suggested as possible 

target in CNS repair to replace cells lost in disease (Lange, Trost et al. 2013).  
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Whilst pericytes appear to be highly plastic cells, they are often mistaken for other 

perivascular cell types, including MSCs, and it is possible that this has led to an 

overestimation of their differentiation potential. However, it has also been debated whether or 

not these are actually two distinct populations or whether all MSCs are indeed pericytes 

(Caplan 2008). Furthermore, several of the aforementioned studies have been performed in 

immature mice for which CNS development is still occurring and whether this plasticity 

extends to the adult human brain remains to be seen. 

1.4 Immune functions of pericytes 

Clearly, pericytes represent an extremely versatile cell type with involvement in numerous 

aspects of CNS homeostasis. Whilst the function of pericytes in BBB maintenance, cerebral 

blood flow, angiogenesis, and scarring has been extensively studied, less appreciated is the 

ability of pericytes to contribute to immunological functions in the CNS. Historically, a small 

number of papers have proposed that pericytes have macrophage-like properties due to 

phagocytic and antigen-presentation capabilities (Balabanov, Washington et al. 1996; 

Balabanov, Beaumont et al. 1999). More recently, an influx of data now suggests that 

pericytes participate in numerous aspects of the neuroinflammatory response and this is an 

area of growing interest (Kovac, Erickson et al. 2011; Jansson, Rustenhoven et al. 2014; 

Pieper, Marek et al. 2014). Whilst a basic understanding of pericyte immunological functions 

is now evident, very little is known about the regulation of these responses compared to other 

parenchymal brain immune cells. Furthermore, many studies have been performed using non-

human pericytes, for which the relevance to humans needs to be established. 

 Cytokine secretion 1.4.1

Inflammation is a highly complex process requiring coordination between numerous discrete 

cell types. Such responses are largely regulated by the secretion of small soluble factors 

termed cytokines. Cytokines are recognised by specific membrane bound receptors, most 

commonly on nearby cells through paracrine signalling, however, they can also act on the 

same cell by autocrine signalling or distant cells through endocrine signalling.  
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The function of a cytokine is highly dependent on the class to which it belongs. 

Chemokines are a class of cytokines with chemoattractant functions, whilst interleukins 

(ILs), interferons (IFNs), tumour necrosis factors (TNFs), and transforming growth factors 

(TGFs) control the inflammatory response of the cell, typically polarising them to either a 

pro- or anti-inflammatory phenotype. A coordinated immune response involves the secretion 

of numerous cytokines from multiple cell types. As the predominant immune cell in the 

brain, the majority of research has been devoted to understanding the cytokine secretion 

profile of microglia, and to a lesser extent, astrocytes. These cells secrete numerous distinct 

cytokines and chemokines in order to control the brain’s immune response and these 

functions have been extensively reviewed (Hanisch 2002; Smith, Das et al. 2012; Sofroniew 

2013).   

Several studies have sought to examine the pericyte secretome, in which they 

analysed the secretion of various cytokines. Whilst pericytes have been suggested to secrete a 

large array of cytokines, the secretome profile from human-derived pericytes appears to 

differ from that of non-human species. In vitro studies of rodent and porcine pericytes 

observed the secretion of several classical pro-inflammatory cytokines including IL-1β, IFNγ, 

and TNFα, as well as the anti-inflammatory cytokine IL-10 (Kovac, Erickson et al. 2011; 

Matsumoto, Takata et al. 2014; Pieper, Marek et al. 2014). However, these appear either 

absent, or unconfirmed in human pericytes. Instead, human pericytes display a more modest 

secretome including IL-6, IL-8, interferon gamma-induced protein 10 (IP-10), and monocyte 

chemoattractant protein-1 (MCP-1), each of which was also observed in non-human pericytes 

(Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 2014). Due to their 

perivascular location, pericytes are ideally situated to enhance peripheral leucocyte migration 

through IP-10 (Dufour, Dziejman et al. 2002), MCP-1 (Babcock, Kuziel et al. 2003), and IL-

8 (Villa, Triulzi et al. 2007) directed chemoattraction, whilst MCP-1 has also been implicated 

in enhancing microglia migration and proliferation following injury (Hinojosa, Garcia-Bueno 

et al. 2011). 

Secreted cytokines can enhance the migration of resident tissue macrophages, or the 

infiltration of circulating leucocytes, to a site of injury. Once recruited, cytokines also 

regulate immune cell activation to enhance the removal of pathogenic matter, either by 
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phagocytosis or direct cytotoxicity. Certain cytokines can also promote direct neuronal 

apoptosis (e.g. TNFα), or excitotoxic death (e.g. IL-1β and TNFα) by enhancing glutamate 

production (Ye, Huang et al. 2013; Brown and Vilalta 2015). However, the lack of TNFα or 

IL-1β expressed by human pericytes suggests that following immune responses, pericyte-

derived products may not be directly neurotoxic. In fact, IL-6 secretion, which is elevated in 

pericytes following immune challenge, has been shown to have anti-inflammatory properties 

and may enhance neuronal survival (Juttler, Tarabin et al. 2002; Scheller, Chalaris et al. 

2011; Erta, Quintana et al. 2012). However, the chemokine secreting properties of brain 

pericytes also implicates them in exacerbating an inflammatory insult by enhancing leucocyte 

CNS infiltration.  

Aside from secreting a range of cytokines to coordinate CNS immune responses, 

indirect evidence suggests that pericytes also contain receptors for several inflammatory 

cytokines including IL-1β, TNFα, IFNγ, and TGFβ, due to their ability to mount a functional 

immune response (Smith, Graham et al. 2013; Jansson, Rustenhoven et al. 2014). Pericytes 

could therefore be involved in exacerbating local CNS inflammatory responses as well as 

propagating peripheral inflammatory signals to the CNS, a concept of great importance with 

the recent evidence suggesting a link between systemic inflammation, CNS inflammation, 

and neurodegenerative disease (Hopkins 2007; Holmes 2013; Thomson, McColl et al. 2014).  

 Reactive oxygen and nitrogen species 1.4.2

Reactive oxidative species (ROS) and reactive nitrogen species (RNS) are chemically 

reactive molecules which can participate in homeostatic functions, including cell signalling 

and host defence, and detrimental functions such as oxidative stress. ROS are comprised of 

several members including superoxide (·O2
-), hydrogen peroxide (H2O2), and the hydroxyl 

radical (·OH). Their toxicity is a consequence of their ability to strip electrons off nearby 

molecules, frequently forming another free radical and propagating a chain reaction (Aruoma 

1998). ROS formation was initially believed to be limited to phagocytes where they function 

to destroy internalised foreign matter through myeloperoxidase-derived hypochlorite 

production (Babior 1984). However, it is now evident that all cells participate in ROS 

production as a by-product of mitochondrial respiration. Whilst cells contain numerous 

endogenous antioxidants to negate their toxicity (e.g., peroxiredoxins, superoxide dismutase, 
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catalase, and glutathione), elevated oxidative stress can disrupt cells in several ways 

including DNA damage, lipid peroxidation, and protein oxidation (Aruoma 1998). Oxidation 

of critical subcellular components induces apoptosis and has been implicated in many 

neurodegenerative diseases (Andersen 2004). 

In a similar manner to ROS, the RNS NO can also precipitate cellular stress. 

Furthermore, NO can combine with superoxide to form highly reactive peroxynitrite 

(ONOO-) (Aruoma 1998). NO is produced at low basal levels by endothelial nitric oxide 

synthase (eNOS) where it controls vasodilation, as well as in neurons by neuronal NOS 

(nNOS) where it functions as a neurotransmitter. In the context of immune responses, 

inducible NOS (iNOS) is the most relevant and undergoes a massive induction in several 

immune cells following inflammatory stimuli (Gross and Wolin 1995). Like ROS, RNS 

precipitate cellular damage and associated death (Aruoma 1998). 

Pericytes express several enzymes required to synthesise these molecules and indeed 

have been shown to express certain ROS and RNS. A major source of cellular superoxide, 

and thus hydrogen peroxide and hydroxyl radicals, is the nicotinamide adenine dinucleotide 

phosphate oxidase (NOX) family. Pericytes display prominent expression of NOX4, but not 

NOX1-3 or 5, under basal conditions and this is a major source of pericyte superoxide and 

hydrogen peroxide production (Kuroda, Ago et al. 2014). Pericyte expression of  NOX4 is 

also elevated after ischaemic insults and precipitates BBB breakdown through the induction 

of matrix metalloproteinase 9 (MMP-9) (Nishimura, Ago et al. 2015). Furthermore, pericytes 

have been suggested to express iNOS and associated NO formation following inflammatory 

stimulation (Chakravarthy, Stitt et al. 1995; Kovac, Erickson et al. 2011; Pieper, Marek et al. 

2014). The expression of iNOS is of significant interest with respect to species differences 

between human and non-human immune cells, particularly microglia (Smith and Dragunow 

2014). It should therefore be established whether iNOS and NO are also present in human 

brain pericytes. A combination of iNOS-derived NO and NOX4-derived superoxide would be 

particularly detrimental to neurons through peroxynitrite formation (Brown and Vilalta 

2015). Furthermore, whilst pericytes appear to be capable phagocytes, it remains to be seen 

whether they generate the oxidative respiratory burst seen in professional macrophages 

following phagocytic uptake (Balabanov, Washington et al. 1996).   
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 Adhesion molecule expression 1.4.3

Adhesion molecules are cell-surface proteins involved in cell-cell interactions or cell-ECM 

binding. In the CNS, adhesion molecules aid the extravasation of leucocytes into the brain 

parenchyma. Whilst leucocytes infrequently survey the brain under normal physiological 

conditions, their infiltration is marked with pro-inflammatory states and several neurological 

disorders (Wyss-Coray and Mucke 2002; Ousman and Kubes 2012). Brain endothelial cells 

are the first barrier with respect to peripheral immune cell entry into the CNS and their low 

permeability typically functions to restrict leucocyte passage (Ransohoff, Kivisäkk et al. 

2003). However, the brain endothelium contains numerous adhesion molecules, some of 

which are present basally and others which need to be induced following inflammation. 

Following inflammatory cues, peripheral immune cells also demonstrate induction or 

modification of surface molecules required for adhesion molecule interactions (Ousman and 

Kubes 2012). Endothelial cell-associated adhesion molecules bind appropriate antigens on 

circulating leucocytes and enable their capture, rolling, and firm adhesion to the endothelium 

whereby transmigration can occur. Ultimately, the repertoire of adhesion molecules 

expressed by endothelial cells allow for coordinated immune cell entry into the brain during 

both health and disease (Ousman and Kubes 2012).  

Once leucocytes have penetrated the endothelium they need to pass through 

perivascular regions to access the brain parenchyma. To facilitate this, pericytes also express 

several adhesion molecules which enable “crawling” of leucocytes to gaps in pericyte 

processes. Pericyte-associated expression of intracellular adhesion molecule-1 (ICAM-

1/CD54) (Proebstl, Voisin et al. 2012) and vascular cell adhesion molecule-1 (VCAM-

1/CD106) (Guijarro-Munoz, Compte et al. 2013) is seen under basal conditions and may be 

enhanced following inflammation. Pericyte-associated ICAM-1 has been implicated in 

leucocyte binding, crawling, and parenchymal infiltration in vivo through interactions with 

lymphocyte function associated antigen-1 (LFA-1) (Proebstl, Voisin et al. 2012; Stark, Eckart 

et al. 2013), whilst VCAM-1/very late antigen 4 (VLA-4) interactions enhanced leucocyte 

adhesion to pericytes in vitro (Verbeek, Westphal et al. 1995). Preventing pericyte-mediated 

leucocyte infiltration could prove beneficial in limiting secondary inflammatory responses 

arising from these peripheral immune cells.  
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 Antigen presentation 1.4.4

Antigen presentation forms the basis for adaptive immunity through the development of 

immunological memory. This process is achieved through the expression of major 

histocompatibility complex (MHC) proteins, also termed human leucocyte antigens (HLA) in 

humans, which bind foreign matter and present it to T-cells. All nucleated cells express 

MHCI (human equivalent: HLA-A, B, and C) and antigen presentation to cytotoxic T-cells 

(CD8+) results in cellular apoptosis and functions as a mechanism of programmed cell death 

for cells infected with intracellular pathogens (Hewitt 2003). MHCII (human equivalent: 

HLA-DP, DM, DO, DQ, and DR) expression is restricted to so-called APCs including 

macrophages, B-cells, and dendritic cells (Ting and Trowsdale 2002). Presentation of 

antigens by MHCII complexes to helper T-cells (CD4+) promotes T-cell activation, cytokine 

secretion, and T-cell-B-cell interactions allowing antibody production (Zhu and Paul 2008).  

Whilst dendritic cells display the greatest capacity for antigen presentation in 

peripheral tissues, their expression in the brain in the absence of neuroinflammation has been 

questioned (D'Agostino, Gottfried-Blackmore et al. 2012). Instead, microglia, and to a lesser 

extent astrocytes have been suggested to assume the role of the main APCs of the CNS 

(D'Agostino, Gottfried-Blackmore et al. 2012). Under certain conditions, pericytes can also 

express MHCII/HLA-DR, DP, DQ complexes and may therefore function as APCs in the 

brain. Whilst pericyte MHCII/HLA-DR, DP, DQ expression is lacking under basal 

conditions, the pro-inflammatory cytokine IFNγ produces a robust induction and enables 

them to present antigens to primed T lymphocytes (Balabanov, Beaumont et al. 1999; Smith, 

Graham et al. 2013). During periods of inflammation, pericytes may therefore contribute to 

adaptive immune responses in the CNS.  

 Transcription factors 1.4.5

The inflammatory response in cells is largely orchestrated by a class of DNA-binding 

proteins termed transcription factors (Yi, Park et al. 2007). Ultimately, the role of 

transcription factors is to modify the expression of specific gene sets, either by enhancing 

transcription or preventing it. Transcription factors bind to promoter or enhancer DNA 

sequences in adjacent regions to the gene they control and can enhance or repress RNA 
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polymerase activity by stabilising its binding, modifying the acetylation state of histone 

proteins, and recruiting co-activator or -repressor proteins (Karin 1990; Latchman 1997). 

Numerous genes contain conserved promoter and enhancer sequences, allowing a single 

transcription factor to control the expression of a vast range of inflammatory mediators.  

Several transcription factors have been implicated in modifying the expression of 

immune-related genes. The most widely studied of which is nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB). NF-κB belongs to a family of rapid-acting 

transcription factors which are present in an inactive basal state and do not require new 

protein synthesis, allowing them to rapidly orchestrate cellular responses to immune insults. 

Under basal conditions, NF-κB is restricted to the cytoplasm through binding with inhibitor 

of κB (IκB) proteins, preventing its regulation of gene transcription. The recognition of 

numerous immunogenic substances by cell surface receptors initiates a signalling 

transduction pathway initiating IκB kinase (IKK) which phosphorylates IκB, precipitating its 

degradation and allowing NF-κB to translocate to the nucleus through endogenous nuclear 

localisation signals. Once in the nucleus, NF-κB can modify the transcription of numerous 

inflammatory genes (O'Neill and Kaltschmidt 1997).  

Pericytes contain receptors to respond to numerous inflammatory cues. In response to 

IL-1β, TNFα, and LPS, pericytes demonstrate nuclear translocation of NF-κB which may 

regulate the expression of several other immune-related genes (Jansson, Rustenhoven et al. 

2014). However, NF-κB is expressed in almost every mammalian cell type and is involved in 

other cellular process, including apoptosis and cell survival, and thus far inhibitors of this 

transcription factor have not proved useful as therapeutic agents (O'Neill and Kaltschmidt 

1997; Srinivasan and Lahiri 2015). Perhaps better suited to controlling neuroinflammation is 

the manipulation of transcription factors which show cell-type specificity. Microglia for 

example, possess several transcription factors not seen in other CNS cell types. PU.1 is one 

such transcription factor present in microglia and unlike NF-κB it demonstrates nuclear 

localisation under basal conditions, allowing it to constitutively modify gene transcription. 

Knock-down of PU.1 reduces the expression of numerous microglial markers, enhances 

phagocytosis, and modifies the immune response, suggesting that transcription factors are 

appropriate targets for cell-specific immune modulation (Smith, Gibbons et al. 2013). 
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Another family of transcription factors with a role in immune responses are the 

CCAAT/enhancer binding proteins (C/EBPs). This family consists of six members (α, β, γ, δ, 

ε, and ζ), each of which shows a more restricted cell type presentation compared to NF-κB 

(Yano, Fukunaga et al. 1996). With respect to CNS immune cells, C/EBPα, β, and δ are the 

most widely studied and are present predominantly in microglia (α (Walton, Saura et al. 

1998; Ponomarev, Veremeyko et al. 2011), β (Ejarque‐Ortiz, Medina et al. 2007) and δ 

(Ejarque-Ortiz, Gresa-Arribas et al. 2010)) and astrocytes (β (Fields and Ghorpade 2012) and 

δ (Ko, Wang et al. 2014)) and appear to enhance their inflammatory response. Unlike NF-κB 

and PU.1, these transcription factors require protein translation and are inducible or 

attenuated following certain stimuli. They may therefore represent a secondary response to an 

initial insult, for example following NF-κB-mediated gene transcription, to fine-tune the 

inflammatory response.  

Importantly, the aforementioned transcription factors function predominantly as 

dimers. Whilst homodimers are common, heterodimers with other transcription factors (e.g., 

NF-κB p50/p65 and RelA/C/EBPα/β/δ (Stein, Cogswell et al. 1993)) allows for further 

specificity with respect to controlling inflammatory responses. The role of transcription 

factor-regulation of pericyte inflammatory responses is currently limited to NF-κB (Guijarro-

Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 2014). Understanding how these 

proteins regulate pericyte immune responses, identifying pericyte selective transcription 

factors, and exploring mechanisms to control this may be highly beneficial in controlling 

pericyte-mediated inflammation.  

 Phagocytosis 1.4.6

Phagocytosis is an active, energy dependent process, whereby a cell engulfs a solid particle 

and removes it through degradation. It is a critical aspect of the innate immune system 

through the elimination of foreign or pathogenic matter, and in the maintenance of 

homeostasis through the removal of apoptotic cells (Aderem and Underhill 1999). 

Phagocytosis occurs through a multi-step process. First, a phagocyte identifies its target 

through specific receptor expression. Numerous phagocytic receptors exist including IgG 

receptors, complement receptors, and scavenger receptors. Uptake of matter by IgG receptors 
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and complement requires opsonisation of a particle by IgG and complement proteins C3b and 

C4b respectively (Hart, Smith et al. 2004). Opsonisation is the binding of any molecule, 

termed an opsonin, which enhances phagocytic uptake. This is achieved by promoting 

phagocytic receptor binding through opsonin recognition, as well as masking the negative 

charge found on opposing cells allowing them to come into close proximity (Aderem and 

Underhill 1999; Hart, Smith et al. 2004). In the absence of opsonisation, scavenger receptors 

recognise a broad range of ligands including polystyrene beads, Aβ, and ECM components 

(Paresce, Ghosh et al. 1996; Gough and Gordon 2000). Receptor activation leads to tethering 

of the molecule to the cell surface, pseudopod extension, and membrane closure to form a 

phagosome. The phagosome then fuses with the acidic lysosome to form a phagolysosome 

whereby the internalised matter is degraded (Aderem and Underhill 1999).  

Microglia are the resident macrophages of the brain and the predominant phagocytes. 

During development, microglial phagocytosis aids the pruning of excess synapses (Paolicelli, 

Bolasco et al. 2011), whilst in the adult brain microglia remove damaged or dying cells and 

invading microbes (Takahashi, Rochford et al. 2005; Fu, Shen et al. 2014). During 

inflammatory states or in neurodegenerative diseases, microglia migrate to injured sites and 

remove damaged cells and debris or act to clear brain parenchyma of misfolded proteins, for 

example Aβ aggregates in AD (Fu, Shen et al. 2014). Similarly, astrocytes display phagocytic 

ability and can internalise a similar range of substrates to  microglia (Sokolowski and 

Mandell 2011; Jones, Minogue et al. 2013). 

CNS pericytes are often claimed to be phagocytes and therefore an important first line 

of defence for matter invading the brain (Balabanov, Washington et al. 1996; Thomas 1999).  

The first evidence for a phagocytic function of pericytes came from studies demonstrating the 

uptake of small protein tracers (e.g., horseradish peroxidase and Evans blue labelled albumin) 

(Kristensson and Olsson 1973) and  carbon particles (Majno, Palade et al. 1961). However, 

cells can internalise matter through several mechanisms, including receptor-mediated 

endocytosis, macropinocytosis, and phagocytosis. These represent an overlapping size range 

and substrate specificity and the small nature of these particles suggests that phagocytic 

uptake was unlikely, as this is typically reserved for larger particles (> 0.5 µm). More 

recently, pericytes have been found to internalise fluorescent polystyrene beads in vitro and 
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this may be enhanced by pro-inflammatory stimuli (Balabanov, Washington et al. 1996; 

Pieper, Marek et al. 2014).  However, their full range of phagocytic potential has not been 

well characterised. Whilst rodent pericytes have been suggested to express several phagocytic 

receptors, including scavenger receptors, IgG receptors, and complement receptors, whether 

these are also expressed in human pericytes remains unclear (Thomas 1999).  Furthermore, 

whilst they contain numerous lysosomal granules, whether they effectively degrade  

internalised matter in a manner similar to professional macrophages is unknown (Allt and 

Lawrenson 2001). 

 

Figure 1.2: Immune functions of pericytes 
Chemokine secretion by pericytes acts to recruit both parenchymal microglia and circulating 
leucocytes to an inflamed site. Adhesion molecule expression aids crawling of leucocytes 
along pericytes after traversing the endothelial cell barrier. HLA-DR, DP, DQ antigen 
presentation complexes are expressed following immune stimulation and pericytes present 
antigens to infiltrated leucocytes. ROS and RNS production precipitates neuronal death and 
disruption of the BBB, increasing cerebral permeability. Secreted cytokines act on both 
parenchymal immune cells and circulating leucocytes to polarise them to a specific 
inflammatory state and may be either neuroprotective or neurotoxic. Pericytes phagocytose a 
range of matter, potentially aiding in cerebral clearance. 
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1.5 Pericytes in disease 

Pericytes are vital in maintaining the correct functioning of the CNS. Dysregulation of 

pericyte functions can therefore contribute to a range of neurological disorders and 

potentially worsen patient outcomes. Understanding precisely how pericytes are altered in 

these disease states allows for pharmacological manipulation to restore normal functions and 

ultimately improve patient health. 

 Alzheimer’s disease 1.5.1

AD is a chronic neurodegenerative disease and the most common form of dementia in 

humans. Symptomatically it is characterised by a progressive cognitive and functional 

impairment, eventually resulting in death.  Characteristic pathological features in the AD 

brain include the presence of extracellular Aβ deposits, intracellular accumulation of 

hyperphosphorylated tau, and severe neurovascular dysfunction (Selkoe 1991; Zlokovic 

2005).  

 Rodent models exhibiting deficient capillary pericyte coverage display numerous 

AD-like symptoms, including vascular and cerebral Aβ deposition, hyperphosphorylated tau, 

BBB disruption, and neuronal loss (Sagare, Bell et al. 2013). Importantly, these findings 

come from mice which also express the Swedish mutation of amyloid beta precursor protein, 

which results in elevated cerebral Aβ deposition. It has recently been suggested that a two-hit 

hypothesis, consisting of pericyte dysfunction and enhanced Aβ deposition is required for 

neuronal loss and overt pathology in the AD brain (Sagare, Bell et al. 2013). Importantly, Aβ 

alone can initiate pericyte death in vitro and enhanced Aβ expression may therefore 

precipitate pericyte loss in the AD brain (Verbeek, De Waal et al. 1997; Rensink, Verbeek et 

al. 2002; Sagare, Bell et al. 2013). Lastly, pericytes are capable of low density lipoprotein 

receptor-related protein-1 (LRP-1)-mediated endocytosis of Aβ monomers, potentially aiding 

cerebral clearance of this toxic protein (Sagare, Bell et al. 2013).  Whilst Aβ has been shown 

to enhance pericyte LRP-1 expression in vitro, vascular induction of LRP-1 in the AD brain 

is unclear (Donahue, Flaherty et al. 2006; Wilhelmus, Otte-Höller et al. 2007; Sagare, Bell et 

al. 2013). Augmenting receptor-mediated endocytic uptake of Aβ and identifying 



  Chapter 1: General Introduction 
 

 27 

 

mechanisms to maintain pericyte viability in the AD brain could prove beneficial in 

preventing or delaying the onset and progression of this devastating disorder.  

 Multiple sclerosis 1.5.2

Multiple sclerosis (MS) is the most prevalent autoimmune disorder in the CNS and sufferers 

display functional and psychiatric impairments. Neurological deficits occur predominantly 

from oligodendrocyte cell death, resulting in the loss of neuronal myelin sheath coverage and 

a subsequent failure of neurons to effectively carry action potentials (Brück 2005). Neuronal 

demyelination occurs from T-lymphocyte entry into the brain, whereby they are presented 

myelin antigens by MHCII-expressing APCs. Antigen presentation allows the activation of 

CD4+ T-helper cells resulting in cytokine secretion, B-cell activation, and antibody 

production, ultimately resulting in a significant and sustained immune response targeting 

myelin removal (Brück 2005). Whilst there are several exceptions, the BBB acts to largely 

restrict peripheral leucocyte entry into the brain and vasculature dysfunction can therefore 

allow T-cell infiltration (Larochelle, Alvarez et al. 2011). Indeed, dysfunction of the BBB is 

apparent in MS and parallels the formation of a pro-inflammatory cerebral state (Claudio, 

Raine et al. 1995; Minagar and Alexander 2003). Although a direct contribution of pericytes 

in MS has not been established, one group has demonstrated that NG2-expression in 

pericytes is enhanced following pathological conditions and that NG2-knock out mice 

displayed attenuated BBB leakage, leucocyte infiltration, and disease severity during 

experimental autoimmune encephalomyelitis, a common mouse model of MS (Girolamo, 

Strippoli et al. 2011; Ferrara, Errede et al. 2016).   

Pericytes are ideally situated to control peripheral immune cell entry and express 

numerous inflammatory mediators which can facilitate this process. Pericytes display 

inducible expression of ICAM-1 and this adhesion molecule aids leucocyte crawling along 

pericyte processes and subsequent parenchymal entry after penetrating brain endothelial cells 

(Proebstl, Voisin et al. 2012; Stark, Eckart et al. 2013; Lyck and Enzmann 2015). 

Furthermore, pericytes express other adhesion molecules under basal conditions, namely 

VCAM-1 (Verbeek, Otte-Höller et al. 1994) and MCAM-1 (Tigges, Welser-Alves et al. 

2012), which could also facilitate leucocyte infiltration. Pericytes also secrete a range of 

chemokines, including IP-10, MCP-1, and IL-8, which act to recruit peripheral immune cells 
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(Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 2014), as well as releasing 

several metalloproteinases, particularly MMP-2 and MMP-9, which can facilitate BBB 

breakdown (Takata, Dohgu et al. 2011; Takahashi, Maki et al. 2014). Under certain 

conditions brain pericytes also display MHCII/HLA-DR, DP, DQ expression and could have 

the capacity to function as myelin APCs in MS (Smith, Graham et al. 2013; Jansson, 

Rustenhoven et al. 2014). Furthermore, pericyte loss results in elevated BBB permeability 

and could allow T-cell entry in the absence of other cues (Zlokovic 2005). Inhibiting CNS 

infiltration of T-cells is a viable target to prevent myelin destruction in MS and limiting the 

involvement of pericytes could be highly beneficial. 

 Stroke 1.5.3

Stroke is a debilitating condition resulting from an insufficient cerebral blood supply to meet 

metabolic demands. This can arise from two main sources; insufficient blood flow (ischaemic 

stroke) or excess bleeding (haemorrhagic stroke). A deficient blood supply results in 

attenuated oxygen and nutrient delivery and a failure to perform aerobic respiration, 

ultimately causing cell death. As ischaemic stroke is highly tied to vascular function, 

pericytes could participate in several aspects of stroke pathophysiology. 

Ischaemia initiates an immunological activation of pericytes, resulting in an induction 

of NOX4-derived superoxide, oxidative stress, and a subsequent reduction in neuronal 

viability (Nishimura, Ago et al. 2015). Furthermore, NOX4 precipitates the induction of 

pericyte-derived MMP-9 which contributes to BBB breakdown, allowing the entry of toxic 

blood-derived products (Yang and Rosenberg 2011; Nishimura, Ago et al. 2015). However, 

several groups have also demonstrated a MSC-like role for pericytes after ischaemic injury. 

In particular, pericytes can differentiate into microglia-like cells during hypoxia or ischaemia, 

which could potentially aid the phagocytic removal of compromised cells or enhance their 

pro-inflammatory contribution (Ozen, Deierborg et al. 2014; Sakuma, Kawahara et al. 2016). 

Whether or not this process is beneficial is currently unclear. Furthermore, Nakagomi et al., 

found that pericytes could differentiate into cells of vascular or neuronal lineages and suggest 

this function could potentially re-populate cells lost during ischaemic stroke (Nakagomi, 

Kubo et al. 2015). 
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 Even if the initial insult is resolved, pericytes can still be detrimental in the stroke 

brain. Pericytes have been suggested to be contractile cells which can regulate cerebral blood 

flow, although this function has been debated. During ischaemic stroke, pericytes constrict 

and subsequently die where they are held in a permanent state of rigor, reducing vessel 

diameter and preventing subsequent blood flow long after the initial insult has subsided in a 

process termed no-reflow (Hall, Reynell et al. 2014; O'Farrell and Attwell 2014). Harnessing 

the pericyte differentiation capacity or improving their viability following stroke could 

therefore be beneficial in aiding recovery or limiting damage post-stroke.  

 Glioblastoma multiforme 1.5.4

Glioblastoma multiforme (GBM) is the most common and aggressive primary tumour in the 

brain. It has a remarkably poor prognosis with a median survival time of three months from 

diagnosis without intervention, or 13 months with treatment involving surgical debulking, 

radiotherapy, and temozolomide chemotherapy. Symptomatic expression depends on the 

tumour location but common indications include nausea, vomiting, headache, memory loss, 

and seizures. GBMs arise from astrocytes and their highly aggressive nature involves rapid 

proliferation and spreading, effectively depriving CNS cells of their metabolic requirements. 

Tumour spreading into brain parenchyma requires  a source of nutrients and this is typically 

achieved by either co-opting existing blood vessels or the de novo production of new vessels 

(Kofman and Abounader 2011; Soda, Marumoto et al. 2011; Caspani, Crossley et al. 2014). 

Pericytes are essential in the formation and stabilisation of new vessels and 

selectively disrupting pericytes in tumour regions could prove beneficial (Armulik, Genove et 

al. 2010). A characteristic feature of GBM is the presence of glioblastoma stem cells (GSCs) 

which differentiate into cells comprising the tumour mass (Tabatabai and Weller 2011). 

Recently, GSCs have been shown to differentiate into pericytes and the selective deletion of 

GSC-derived pericytes was effective in disrupting tumour vasculature and limiting GBM 

growth and survival (Cheng, Huang et al. 2013). Furthermore, pericytes secrete the 

inflammatory mediator IL-6, which enhances GSC survival and GBM growth (Wang, Lathia 

et al. 2009; Guijarro-Munoz, Compte et al. 2013), although they also secrete MCP-1 and IL-8 

which have been implicated in attenuated GSC proliferation and enhanced differentiation 

(Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 2014; Sarkar, Döring et al. 



  Chapter 1: General Introduction 
 

 30 

 

2014). As aforementioned, pericytes also express the adhesion molecules ICAM-1 and 

VCAM-1 which could contribute to tumour associated macrophage (TAM) infiltration, as 

well as secreting IL-33 which generates an immunosuppressive TAM phenotype and 

promotes tumour metastasis (Yang, Andersson et al. 2016). Lastly, pericytes secrete a range 

of MMPs which contribute to tissue breakdown and therefore support the invasion of the 

tumour through brain parenchyma (Takata, Dohgu et al. 2011; Takahashi, Maki et al. 2014). 

Whilst the exact contribution of pericytes in GBM pathophysiology is unclear, targeting 

several aspects of pericyte biology could assist in the treatment of this devastating brain 

tumour. 

1.6 Pericyte interactions with parenchymal brain cells 

Brain pericytes are involved in numerous aspects of CNS functioning including BBB 

formation, cerebral blood flow, scarring, and inflammatory responses. Their unique 

perivascular location also means they are in constant bi-directional communication with 

numerous other cell types. Pericyte-endothelial and pericyte-astrocyte interactions have been 

extensively studied, although often with respect to functioning of the BBB (Armulik, 

Abramsson et al. 2005; Bonkowski, Katyshev et al. 2011). Due to the emerging role of 

pericytes in neuroinflammatory processes it is important to study the influence of pericytes 

on the brain’s parenchymal immune cell, the microglia. Whilst the influence of microglia on 

pericyte immune functions has been recently reviewed (Stankovic, Teodorczyk et al. 2015), 

the converse relationship has not been well examined but pericytes secrete several 

inflammatory mediators which could modulate microglia functions (Guijarro-Munoz, 

Compte et al. 2013; Jansson, Rustenhoven et al. 2014). Pericyte-derived chemokines could 

recruit and enhance proliferation of microglia to local sites, whilst their secretion of 

inflammatory cytokines could polarise microglia to either pro- or anti-inflammatory 

phenotypes. Whilst there is limited data on pericyte-microglia interactions, several groups 

have studied the influence of MSCs on microglial immune responses and found pronounced 

anti-inflammatory effects (Zhou, Zhang et al. 2009; Giunti, Parodi et al. 2012; Song, Ohtaki 

et al. 2013). Due to the similarities between MSCs and pericytes, it is important to determine 

whether these functions hold true for brain pericytes.  
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1.7 Microglia 

Microglia are the predominant immune cells in the brain. Whilst their origin is debated, they 

are currently thought to originate in the yolk sac and populate the CNS during development 

(Ginhoux, Lim et al. 2015). In their so called “resting” state, microglia extend long motile 

processes which constantly survey their microenvironment for any disturbances of the norm 

(Nimmerjahn, Kirchhoff, & Helmchen, 2005). On recognition of an insult, microglia undergo 

rapid migration and proliferation at the injured site and function to restore homeostasis 

through innate immune functions including cytokine and chemokine secretion, antigen 

presentation, and phagocytosis (Nimmerjahn, Kirchhoff et al. 2005; Perry, Nicoll et al. 2010).  

A central dogma in CNS immunology is that uncontrolled, chronic 

neuroinflammation, is detrimental to the brain by precipitating neuronal loss. Whilst this has 

been unequivocally confirmed utilising in vivo and in vitro rodent models (Lucas, Rothwell et 

al. 2006; Brown and Neher 2010), this belief remains to be proven in humans. A major 

method of rodent-mediated neurotoxicity is through iNOS-derived NO production which 

itself can cause neuronal death, or precipitate peroxynitrite production in conjunction with 

NOX-derived superoxide (Gibbons and Dragunow 2006; Brown and Neher 2010). However, 

human microglia appear to lack iNOS expression and as such NO production is absent, or at 

least significantly blunted, when compared to their rodent counterparts. Importantly, NOX-

derived superoxide alone is insufficient to produce neuronal death (Brown and Neher 2010; 

Smith and Dragunow 2014). Whether human microglia maintain their neurotoxicity in the 

absence of NO production remains to be seen. Importantly, microglia can also precipitate 

neuronal death through other means. One such mechanism is through the process of 

phagoptosis which involves the engulfment of stressed-but-healthy neurons which display 

unintended “eat-me” signals (Brown and Neher 2014). Direct neuronal death can also be 

achieved through TNFα and IL-1β-induced glutamate excitotoxicity, whilst TNFα may cause 

direct neuronal apoptosis (Brown and Vilalta 2015). Other cytokines appear to cause indirect 

toxicity through enhanced microglial activation and neuronal stress, leading to enhanced 

phagocytosis, rather than being directly neurotoxic (Brown and Vilalta 2015).  

In the absence of human microglial-derived NO, the microglial contribution to 

neurological disorders may also occur by a loss-of-function, for example appropriate 
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phagocytic clearance of misfolded proteins, instead of being directly neurotoxic. A consensus 

for microglial-mediated neurotoxicity in the human brain is therefore unclear, but of 

incredible importance with respect to translational therapeutics. Whilst human microglia will 

be a point of investigation, a greater emphasis will be placed on pericyte modulation of these 

cells rather than addressing basic microglial biology or direct manipulation of microglia 

mediated inflammation. 

1.8 Thesis outline 

Pericytes are involved in numerous aspects of CNS health and disease. Compared to their 

role in neurovascular functioning, the immunological contribution of these cells in the brain 

is poorly understood. This thesis aims to expand our understanding of primary human brain 

pericyte inflammatory biology. In particular, it identifies novel immune functions performed 

by human brain pericytes, how these differ from non-human species, and how these could 

contribute to pathological or homeostatic functions. Furthermore, it investigates how these 

immune responses can be manipulated at the transcriptional level, by endogenous cytokines, 

and how this is modified by in vitro culture conditions. Lastly, it describes a uniquely simple 

protocol to isolate microglia from the adult human brain and utilises these to demonstrate an 

immunomodulatory role of pericytes in limiting microglia-mediated inflammation. 

Identifying precisely how pericytes contribute to neuroinflammation and indeed mechanisms 

to control this could prove beneficial in understanding and treating a diverse range of 

neurological disorders. 
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CHAPTER 2: Materials and Methods 

2.1 Tissue sources 

For primary human cell culture and subsequent in vitro studies, biopsy human brain tissue 

was obtained, with informed written consent, from several sources; middle temporal gyrus 

(MTG) of patients undergoing surgery for medically refractory epilepsy or various regions 

from patients undergoing GBM resection. Autopsy MTG tissue with a short (2.5 hours) and 

longer (17.5 hours) post mortem delay was obtained from two different patients with 

Parkinson’s disease (PD).  

For immunohistochemistry studies, post-mortem adult human brain tissue from 

neurologically normal or clinically and pathologically confirmed AD cases was obtained 

from the Neurological Foundation of New Zealand Human Brain Bank and processed as 

described previously (Waldvogel, Curtis et al. 2006).  

All protocols used in these studies were approved by the Northern Regional Ethics 

Committee (New Zealand) for biopsy tissue and the University of Auckland Human 

Participants Ethics Committee (New Zealand) for post-mortem brain tissue. All methods 

were carried out in accordance with the approved guidelines 

2.2 Mixed glial cultures isolated from adult human brain tissue 

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue as described previously with minor modifications (Gibbons, Hughes et al. 

2007). Approximately 2 g of tissue was washed in Hanks balanced salt solution (HBSS; Ca2+ 

and Mg2+ free; Gibco, CA, USA), the meninges and visible blood vessels were removed and 

tissue was diced into pieces approximately 1 mm3. Tissue was then added to 10 mL/g enzyme 

dissociation mix (10 U/mL DNase (Invitrogen, CA, USA) and 2.5 U/mL papain 

(Worthington, NJ, USA)  in Hibernate-A medium (Gibco)) for 15 minutes  at 37°C with 

gentle rotation, triturated to aid digestion and incubated for a further 15 minutes. The tissue 

was further triturated and transferred to a new tube containing an equal volume of Dulbecco’s 

Modified Eagle Medium: Nutrient mixture F-12 (DMEM/F12; Gibco) supplemented with 
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10% fetal bovine serum (FBS; Moregate, Australia) and 1% penicillin-streptomycin-

glutamine (PSG; Gibco). The cell suspension was passed through a 100 µm nylon cell 

strainer (Becton Dickenson, NJ, USA), centrifuged at 160 x g for 10 minutes and the pellet 

resuspended in DMEM/F12. The resulting single cell suspension was split over multiple T75 

tissue culture flasks (2 g tissue per three flasks; Nunc, Denmark) and incubated overnight at 

37°C with 95% air / 5%CO2. The following day, media from the flask containing unattached 

cells and debris was removed and centrifuged at 160 x g for five minutes. The resulting pellet 

was resuspended in DMEM/F12, 10% FBS, and 1% PSG and added back to the flask. On day 

three, media containing unattached cells or debris was removed and discarded. Cells were 

grown until confluent (one-two weeks) in DMEM/F12, 10% FBS, and 1% PSG at which 

point they were harvested with 0.25% Trypsin-1 mM ethylenediaminetetraacetic acid 

(EDTA; Gibco) and gentle scraping using a rubber scraper (Falcon, MA, USA). Cells were 

cultured up to passage nine with early passages (two-three) containing microglia, astrocytes, 

and pericytes, whilst latter passages (four-nine) contained only pericytes. Detailed 

characterisation of both early and late passage cultures has been performed previously 

(Jansson, Rustenhoven et al. 2014). Briefly, late passage cultures were positive for pericyte 

markers αSMA, PDGFRβ, and NG2 and showed no expression of the astroglial marker 

GFAP or microglial markers PU.1 and CD45. Although a number of markers were used to 

characterise the pericyte cultures, no pericyte-specific antigen currently exists so it is possible 

that these cultures contain other fibroblast-like cells. For simplicity however, late passage 

cultures (four-nine) will be referred to as pericytes.  The relative proportions of microglia, 

astrocytes, and pericytes in these cultures at different passages has also been quantified. In 

general (there is some variation between different donors), ~10% CD45-positive microglia, 

~5% GFAP-positive astrocytes, and 85% PDGFRβ-positive pericytes were observed in 

passage two cultures. Passage five and above cultures contain ~100% pericytes and thus were 

used for all pericyte experiments.  

2.3 Microglial isolation from adult human brain tissue 

Isolated microglial cultures were obtained using a modification of the mixed glial culture 

protocol. Approximately 0.5-2 g of tissue was washed in HBSS and the meninges and visible 

blood vessels were removed. Tissue was diced into pieces approximately 1 mm3 using a 
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sterile scalpel and transferred to a 50 mL falcon tube containing 10 mL/g enzyme 

dissociation mix in Hibernate-A medium for 10 minutes at 37°C with gentle rotation. The 

tissue was removed from the incubator, gently triturated to aid digestion, and returned to the 

incubator for a further 10 minutes. Dissociation was slowed by adding an equal volume of 

additive-free DMEM/F12 with 1% B27 (Gibco) and the cell suspension was passed through a 

70 µm cell strainer (Bector Dickinson). Cells were centrifuged at 160 x g for 10 minutes, the 

supernatant discarded, and the pellet was resuspended in 20 mL neural precursor cell (NPC) 

proliferation media (DMEM/F12 with 1% B27, 1% GlutaMAX (Gibco), 1% PSG, 40 ng/mL  

basic fibroblast growth factor-2 (FGF-2; Peprotech, NJ, USA), 40 ng/mL epidermal growth 

factor (EGF; Peprotech) and 2 µg/mL heparin (Sigma-Aldrich, MO, USA)).  The cell 

suspension was transferred to a T25/T75 tissue culture flask (Nunc) and incubated overnight 

at 37°C with 95% air/5% CO2. The following day the tissue culture flask was tapped firmly 

to remove non-adherent or loosely-adherent cells and these were transferred to a new T75 

tissue culture flask. This new flask contains predominantly NPC’s, pericytes, and astrocytes 

which can be used as described previously (Park, Monzo et al. 2012). The original flask, 

which now contains microglia, was washed twice with NPC proliferation media and 

microglial culture media was added (DMEM/F12, 10% FBS, and 1% PSG). The isolated 

microglia were maintained in this media for up to one week at 37°C with 95% air/5% CO2 

with minimal media changes to prevent contaminating cell growth. Once microglia begin to 

extend process they can be utilised for further studies. 

2.4 Cell plating 

To harvest cells for plating, culture media was removed, tissue culture flasks were washed 

with phosphate buffered saline (PBS), and 3 mL of 0.25% trypsin-1 mM EDTA (Gibco) was 

added for five minutes at 37°C with 95% air/5% CO2. Microglia attach firmly to the tissue 

culture flasks and to aid microglial detachment cells were gently scraped with a rubber cell 

scraper (Falcon). Trypsin was neutralised by addition of DMEM/F12, 10% FBS, and 1% 

PSG and viable cells counted based on Trypan Blue (Gibco) exclusion using a 

haemocytometer. Cells were typically plated at 5,000 cells/well for 96 well plates, 25,000 

cells/well for 24 well plates, 50,000 cells/well for 12 well plates or 150,000 cells/well for 6 

well plates, although certain experiments do vary. Refer to appropriate methods section in 
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each chapter for actual cell plating density. Cells were allowed to attach overnight before 

utilisation for experiments.  

2.5 Magnetic-activated cell sorting 

Mixed glial cultures at passage two were brought into suspension using StemPro® Accutase 

® (Gibco) and gentle scraping, passed through a 70 µm cell strainer (Bector Dickinson), and 

centrifuged at 300 x g for five minutes. The supernatant was discarded, cells were washed in 

ice cold magnetic-activated cell sorting (MACS) buffer (0.5% BSA, 2 mM EDTA in PBS), 

and centrifuged for 300 x g for three minutes. The supernatant was again discarded and cells 

were resuspended in 80 µL of MACS buffer and 20 µL of anti-human CD45 IgG1 isotype 

microbeads (Miltenyl Biotec, Germany). Samples were incubated on ice for 15 minutes then 

1 mL of MACS buffer was added and cells were centrifuged at 300 x g for three minutes. 

Cells were resuspended in MACS buffer and passed through a MACS separation column as 

per manufacturer’s instructions (Miltenyl Biotec). Both the positive fraction containing 

CD45+ microglia and the negative fraction were collected for analysis. Cells were plated for 

characterisation.  

2.6 Cytokine, growth factor, and drug treatments 

To investigate functional responses cells were treated with 0-10 ng/mL LPS (from 

Escherichia coli 026:B6, L4391, Sigma-Aldrich), human recombinant IFNγ (R&D Systems, 

MN, USA), human recombinant IL-1β (Peprotech), human recombinant TNFα (Peprotech), 

human recombinant IL-6 (Peprotech), human recombinant TGFβ1 (Peprotech), human 

recombinant PDGFB (Peprotech), or vehicle (LPS, IFNγ, IL-1β, TNFα - 0.1% BSA in PBS; 

TGFβ1 – 1 mM citric acid, pH 3 with 0.1% BSA; PDGFB – 4 mM hydrochloric acid with 

0.1% BSA). Cytokine and growth factor addition was typically performed by a 1:100 dilution 

of a 100 x stock. To investigate mechanisms of pericyte phagocytosis, 1-50 µM of the actin 

polymerisation inhibitor cytochalasin D (Sigma-Aldrich), 0.5-20 µM of the microtubule 

inhibitor colchicine (Sigma-Aldrich) or vehicle (0.2% DMSO (Sigma-Aldrich)) was added to 

cells. Inhibitors were added by a 1 x dilution in DMEM/F12, 10% FBS, and 1% PSG and a 

full media change was performed. 
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2.7 Griess assay 

A Griess assay kit (Molecular Probes, OR, USA) with minor modifications was utilised to 

measure nitrite production in conditioned media as an indirect measurement of NO 

production. Briefly, 90 µL of conditioned media from cells grown in a 96 well plate was 

aspirated from samples and centrifuged at 160 x g for five minutes to remove floating cells 

and debris. To a new 96 well plate, 75 µL of the centrifuged sample was transferred and 65 

µL of H2O and 10 µL of Griess reagent were added. The mixture was incubated at room 

temperature for 30 minutes and absorbance measured at 548 nm on a FLUOStar Optima plate 

reader (BMG Labtech, Germany). Colorimetric analysis of nitrite concentration was 

performed using a 10-point standard curve (0-100 µM) and appropriate reference samples. 

RAW264.7 macrophages stimulated with 10 ng/mL LPS for 24 hours were used as a positive 

control for NO production.  

2.8 siRNA transfection 

Synthetic small interfering RNA (siRNA) was diluted to 500 µM in additive-free 

DMEM/F12. Lipofectamine® RNAiMAX (Life Technologies, CA, USA) was diluted 1:20 in 

additive free DMEM/F12. Lipofectamine and siRNA mixtures were combined at a 1:1 ratio, 

shaken well, and allowed to stand at room temperature for 20 minutes. Media from cells was 

aspirated and 20 µL (96 well plate) or 400 µL (6 well plates) of siRNA and Lipofectamine 

mixture was added to cells which were supplemented with 80 µL (96 well plates) or 1,600 µl 

(6 well plates) of 10% FBS containing DMEM/F12. Following a 48 hour transfection, siRNA 

containing media was removed and replaced with DMEM/F12, 10% FBS, and 1% PSG.  

2.9 Collection of conditioned media and cytokine measurement by 

cytometric bead arrays 

Conditioned media was collected from cells grown in a 96 well plate. Media was centrifuged 

at 160 x g for five minutes to collect possible cells and debris. Supernatant was obtained and 

stored at -20°C. Cytokine concentrations in conditioned media were determined using a 

cytometric bead array (CBA; BD Biosciences, CA, USA) as per manufacturer’s instructions, 

with the notable exception of using 25 µL of media as opposed to 50 µL. Cytokines and bead 
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positions used are described in Table 2. CBA samples were run on an Accuri C6 flow-

cytometer (BD Biosciences) with ~400 beads collected per cytokine. Data was analysed 

using FCAP-array software (version 3.1; BD Biosciences) to convert fluorescent intensity 

values to concentrations using a 10-point standard curve with 5-paramater logic (0-5000 

pg/mL). Selected samples required dilution of the media prior to CBA analysis to ensure 

cytokine concentrations fell within the standard curve.  

Table 2: List of BD Biosciences BD™ Flex Sets used for CBA 

Antibody Catalogue # Bead position 
sCD54/ICAM-1 560269 A4 
sCD106/VCAM-1 560427 D6 
IL-1β 558279 B4 
IL-6 558276 A7 
IL-8 558277 A9 
IP-10 558280 B5 
MCP-1 558287 D8 
TNF-α 560112 C4 
 

2.10 5-ethynyl-2'-deoxyuridine proliferation assay 

To determine cell proliferation, 5-ethynyl-2'-deoxyuridine (EdU; 10 µM; Click-iT® EdU 

Alexa Fluor® 647 Imaging Kit; Molecular Probes) was added to cultures for 24-48 hours 

prior to experiment completion. Cells were fixed in 4% paraformaldehyde (PFA, Scharlau, 

Spain) for 15 minutes and EdU visualised as per manufacturer’s instructions. Cell nuclei 

were counterstained with Hoechst 33258 (Sigma-Aldrich) diluted 1:500 in PBS for 20 

minutes and the percentage of EdU positive cells was determined using the automated 

fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular Devices, 

CA, USA) and the cell scoring module on MetaXpress® software (Molecular Devices) as per 

2.24. 

2.11 Amyloid-β1-42 

Aβ1-42 (H1368, Bachem, Switzerland) was resuspended in sterile water at 500 µM and stored 

in aliquots at -20°C. For phagocytosis assays Aβ1-42 was fluorescently labelled prior to use. 

For fluorescent labelling, Aβ1-42 was thawed and centrifuged at 15,000 x g for five minutes. 
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The supernatant was discarded and replaced with 0.01% Thioflavin S in 50% ethanol for 30 

minutes with gentle rocking. Aβ1-42 was centrifuged again at 15,000 x g for five minutes and 

washed in 50% ethanol followed by a further centrifugation and wash in H2O. Fluorescent 

Aβ1-42 was resuspended to 500 µM in sterile H2O and stored at -20°C. Immediately prior to 

addition, Aβ1-42 was diluted to 250 µM in PBS and added 1:100 to cells to achieve a final 

concentration of 2.5 µM. 

2.12 Fluorescent microspheres 

Fluoresbrite® YG Carboxylate Microspheres were purchased from PolySciences (Size range 

kit I, cat #09847-5, sizes 0.10 µm, 0.20 µm, 0.50 µm, 0.75 µm and 1.0 µm; and 2.0 µm 

beads, cat #18338-5; PA, USA). All beads were supplied as monodisperse microspheres 

(2.5% solids in water). The beads are internally dyed, with fluorescence intensity 

proportional to bead volume.  For each bead size, an equivalent mass of beads, and therefore 

total fluorescence, was delivered to cells.  

2.13 Phagocytosis assays 

To evaluate phagocytosis by microscopy, Fluoresbrite® YG Carboxylate microspheres (0.1-2 

µm diameter; 1:1000 dilution) or Aβ1-42 (2.5 µM) was added to cells and centrifuged at 160 x 

g for five minutes to ensure cells had immediate access to material for the purpose of time-

course studies. Cells were incubated for 24 hours at 37°C with 95% air/5% CO2 and at 

completion thoroughly washed twice with PBS to remove excess beads and Aβ1-42. Cells 

were then fixed in 4% PFA for 15 minutes and nuclei counterstained with a 1:500 dilution in 

PBS of the far-red DNA dye DRAQ5 (Biostatus, UK). Phagocytosis was determined using 

the automated fluorescence microscope ImageXpress® Micro XLS (Molecular Devices) and 

the cell scoring module on MetaXpress® software (Molecular Devices) as per 2.24. 

To evaluate phagocytosis by flow cytometry, Fluoresbrite® YG Carboxylate 

microspheres (0.1-2 µm diameter; 1:1000 dilution) or Aβ1-42  (2.5 µM) was added to cells and 

centrifuged at 160 x g for five minutes to ensure cells had immediate access to material for 

the purpose of time-course studies.  Cells were incubated for 0-24 hours at 37°C with 95% 

air/5% CO2 and at completion thoroughly washed twice with PBS to remove excess beads 
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and Aβ1-42. To bring cells into suspension 0.25% trypsin-1 mM EDTA was added for five 

minutes and neutralised by DMEM/F12, 10% FBS, 1% PSG. Cells were centrifuged for five 

minutes at 160 x g, the supernatant was discarded, and fresh DMEM/F12, 10% FBS, 1% PSG 

was added. Samples were incubated for 10 minutes on ice with 7-aminoactinomycin D (7-

AAD; 1:20 dilution; BD Biosciences) to assess viability. Samples were run on an Accuri C6 

flow-cytometer (BD Biosciences) and viable cells gated based on forward and side scatter 

and 7-AAD exclusion. Mean fluorescent intensity (MFI) in the FL1 (Ex: 488/Em: 533/30) or 

FL2 (Ex: 488/ Em: 585/40) detectors was determined, indicative of the quantity of 

microspheres or Aβ1-42 internalised. 

2.14 Western blotting and densitometry analysis 

Cells were harvested by rinsing in ice-cold PBS, scraping directly into sample harvesting 

buffer (Laemmli buffer (Laemmli 1970) without bromophenol blue or reducing agents) and 

boiling for 10 minutes. Protein concentrations were quantified using the BioRad DC Protein 

Assay (BioRad, CA, USA). Samples were diluted to give 20 or 30 µg protein per lane in 

sample harvesting buffer with 100 mM dithiothreitol and 0.02% bromophenol blue and 

boiled for a further 10 minutes. Samples were then resolved by polyacrylamide gel 

electrophoresis on 4-12% NuPAGE® Bis-Tris SDS-PAGE gels (Life Technologies). Protein 

was transferred onto a Immobilon-FL PVDF membrane (Millipore, MA, USA) using the X-

Cell II blot module (Life Technologies). Blots were blocked in 5% non-fat dried milk in Tris-

buffered (TBS) saline with 0.1% Tween-20 (Sigma Aldrich; TBS-T) for 30 min. Blots were 

probed overnight at 4 °C with primary antibodies, washed in TBS-T, then incubated for two 

hours at room temperature with secondary antibodies (all antibodies diluted in 50% 

Odyssey® blocking buffer (Li-Cor Biotechnology, NE, USA) in TBS-T; Table 4). Blots were 

scanned on the Li-Cor Odyssey® Fc Imager (Li-Cor Biotechnology). Blot images in TIF 

format were quantified using the gel analyser tool in ImageJ (version 1.49d, NIH, Bethesda, 

USA, http://rsb.info.nih.gov/ij/). Integrated band intensities for the target of interested were 

normalised to the average of the loading control glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). 
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2.15 Alamar blue® viability assay 

To determine cell viability, 10 µL of Alamar blue (Life Technologies) was added for two 

hours at 37°C with 95% air/5% CO2 to cells cultured in 100 µl of media in a 96 well plate. 

Fluorescence (Ex 544/ Em 590) was read on a FLUOStar Optima plate reader (BMG 

Labtech). Fluorescence intensity values were normalised to cell number using imaging of 

Hoechst 33258 positive cells. Fluorescence intensity values of wells containing no cells were 

subtracted from all samples and values were then normalised to vehicle control.  

2.16 Lactate dehydrogenase cytotoxicity assay 

To determine cellular toxicity, extracellular lactate dehydrogenase (LDH) was detected as per 

manufacturer’s instructions (Roche, Switzerland). Briefly, a positive control was first 

prepared by lysing cells with addition of DMEM/F12 containing 1% Triton X-100 (Sigma-

Aldrich). The culture media from all samples was then transferred to a new plate and 

centrifuged at 160 x g for 10 minutes at room temperature. To a new 96 well plate, 50 µL of 

centrifuged media was transferred and 50 µl of LDH reaction mixture was added. The plate 

was incubated at room temperature for 30 minutes and absorbance measured at 540 nm on a 

FLUOStar Optima plate reader (BMG Labtech). Absorbance of culture media containing no 

cells was subtracted from all values and the absorbance normalised to that of the positive 

control (100% cytotoxicity).  

2.17 ReadyProbes® Cell Viability Imaging Kit 

As another indicator of cell viability the ReadyProbes® Cell Viability Imaging Kit 

(Molecular Probes) was used. Two drops of both NucBlue® Live reagent and NucGreen® 

Dead reagent was added to 1 mL of DMEM/F12, 10% FBS, and 1% PSG and a complete 

media change was performed on cells. After a 15 minute incubation, live imaging of healthy 

or compromised cells were acquired using an EVOS™ FL Auto Imaging System (Invitrogen) 

and the DAPI (Ex 357/44, Em 447/60) and GFP (Ex 445/45, Em 510/42) Light Cubes. 
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2.18 Scratch wound migration assay 

To examine the ability of pericytes to migrate into a scratch wound cells were grown until a 

~100% confluent monolayer was formed. This took ten days when plated at 2,500 cells/well 

in a 96 well plate. The cell monolayer was scratched down the centre of the well with a 

sterile 200 µl pipette tip and thoroughly washed with PBS to remove detached cells. Cells 

were cultured for a further 48 hours to allow for migration to occur. Cells were stained with 

Coomassie Brilliant Blue R250 (0.25% in 10% glacial acetic acid, 45% methanol; Gibco) for 

30 minutes which allows for visualisation of total protein expression and therefore cell 

density, before removing this solution and allowing to air dry. Wells were acquired at 4 x 

magnification using brightfield imaging on the automated microscope ImageXpress® Micro 

XLS (Version 5.3.0.1, Molecular Devices) and cells were identified by an inclusive 

threshold. The gap area, defined as the percentage of the site imaged, was quantified by (total 

area-inclusive area)/total area x 100% using the show region statistics module on 

MetaXpress® software (Molecular Devices) as per 2.24 

2.19 Real time quantitative reverse transcriptase polymerase chain 

reaction 

At endpoint, cells were washed in PBS and RNA extraction and purification was performed 

using the RNeasy® mini kit (Qiagen, Limberg Netherlands) or the RNAqueous®-Micro 

Total RNA isolation Kit (Ambion, CA, USA)  as per manufacturer’s instructions. RNA 

concentration was quantified using a Nanodrop (Thermo Fisher Scientific, MA, USA) with 

260/230 and 260/280 ratios all above 1.8. RNA was treated with DNase (1 µg DNase per 1 

µg RNA) using the RQ1 RNase-free DNAse kit (Promega, WI, USA) and 3 µg 

complimentary DNA (cDNA) was made using the Superscript® First-Strand Synthesis kit 

(Life Technologies). Real time quantitative reverse transcriptase polymerase chain reaction 

(qRT-PCR) was performed using Platinum® SYBR® Green qPCR SuperMix-UDG with 

Rox (Life Technologies) on a 7900HT Fast Real-Time PCR system (Applied Biosystems, 

CA, USA). Standard curves were run for all primers and efficiencies were all 100 ± 10% 

(Table 3). Relative gene expression analysis was performed using the 2-ΔΔCt method to the 

housekeeping gene GAPDH.  
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Table 3: List of primers used for qRT-PCR 

Gene Protein  Sequence Amplicon size  
GAPDH  GAPDH Fw CATGAGAAGTATGACAACAGCCT 113 bp 
  Rv AGTCCTTCCACGATACCAAAGT  
ICAM1  ICAM-1 Fw GAACCAGAGCCAGGAGACAC 84 bp 
  Rv GAGACCTCTGGCTTCGTCAG  
IL6  IL-6 Fw TTCGGTCCAGTTGCCTTCTC 80 bp 
  Rv TCTTCTCCTGGGGGTACTGG  
IL8  IL-8 Fw CAGAGACAGCAGAGCACACA 70 bp 
  Rv GTGAGATGGTTCCTTCCGGT  
SOD2  SOD2 Fw GCCCTGGAACCTCACATCAA 79 bp 
  Rv TCAGGTTGTTCACGTAGGCC  
PTGS2  COX-2 Fw AGGGTTGCTGGTGGTAGGAA 76 bp 
  Rv TCTGCCTGCTCTGGTCAATG  
CEBPD  C/EBPδ Fw TTCAGCGCCTACATCGACTC 80 bp 
  Rv TTGAAGAGGTCGGCGAAGAG  
CEBPB C/EBPβ Fw AGAGCAAGGCCAAGAAGAC 77 bp 
  Rv CACGGCGATGTTGTTGC  
CEBPA  C/EBPα Fw GCCGGGAGAACTCTAACTCC 82 bp 
  Rv TGCAGGTGGCTGCTCAT  
IL1B  IL-1β Fw CTCACTTAAAGCCCGCCTGA 70 bp 
  Rv GGAGCGAATGACAGAGGGTT  
MCP1  MCP-1 Fw CAGCCAGATGCAATCAATGCC 190 bp 
  Rv TGGAATCCTGAACCCACTTCT  
TNFA TNFα Fw CATCCAACCTTCCCAAACGC 81 bp 
  Rv GAGCCAGAAGAGGTTGAGGG  
ACTA2 αSMA Fw ACGTGGGTGACGAAGCACAGA 84 bp 
  Rv CGTCCCAGTTGGTGATGATGCC  
COL4A1  Collagen-IV Fw CCCGAAAGGCCAGCAAGGTGTT 77 bp 
  Rv GGGCACCGTCAAACCCAGGAAT  
PDGFRB  PDGFRβ Fw CGCAAAGAAAGTGGGCGGCT 80 bp 
  Rv TGCAGGATGGAGCGGATGTGGT  
P4HA2 P4H Fw TCCAGTTGGGTGATCTGCACCG 77 bp 
  Rv AGCTCGTTCGTGGCTTGGGT  
NG2  NG2 Fw ATGGGAGGTTGGCTTGGCGT 81 bp 
  Rv GGCCACGCAACAGGTCTTCA  
FN1  Fibronectin Fw CGAGAGTGCCCCTACTACAC 84 bp 
  Rv TGTTGGTGAATCGCAGGTCA  
VCAM1  VCAM-1 Fw TTGACTTGCAGCACCACAGG 85 bp 
  Rv TCGTCACCTTCCCATTCAGTG  
CX3CL1  CX3CL1 Fw  CATGCTGCCCTGTGAGTACT 74 bp 
  Rv AATCAGGTTGCAGGGAGTGG  
MMP2 MMP-2 Fw  GCAGTGGGGGCTTAAGAAGA 77 bp 
  Rv AGCTGGTTGGTTCATGCACT  
NOX4 NOX4 Fw  GTTGGGGCTAGGATTGTGTCT 85 bp 
  Rv TCGGCACATGGGTAAAAGGA  
CD36  CD36 Fw AAAATGGGCTGTGACCGGAA 72 bp 
  Rv TCCAAACACAGCCAGGACAG  
CD47  CD47 Fw TTGGGGTTCGCTCTTGGATC 90 bp 
  Rv GTGGCATTGTCTAGGGCAGT  
CD68  CD68 Fw CACAGTCCTGCCACCACTAG 92 bp 
  Rv TGGGCAGAACTGGTGAATCC  
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2.20 Microarray 

Cells destined for microarray experiment were treated for 24 hours with vehicle (0.1% BSA 

in PBS) or 10 ng/mL IL-1β and IFNγ (Chapter 3), or 72 hours with vehicle (1 mM citric acid, 

pH 3 with 0.1% BSA) or 10 ng/mL TGFβ1 (Chapter 4). Cells were washed in PBS and lysed 

in 1 mL of TRIzol reagent (Life Technologies). To this, 200 µL of chloroform was added and 

samples were vigorously shaken and centrifuged at 12,000 x g for 15 minutes at 4 °C. The 

upper aqueous phase was transferred to a new tube and an equal volume of 70% ethanol 

added. RNA purification was performed using the RNeasy® mini kit as per qRT-PCR 

experiments (2.19). RNA quality was analysed using the Experion™ system (BioRad) and 

the Experion™ RNA StdSens Analysis kit (BioRad; Chapter 3) or a 2100 Bioanalyzer 

(Agilent Technlogies, CA, USA; Chapter 4). RNA was labelled and hybridised to Affymetirx 

Genechip® Primeview™ Human Gene Expression Arrays (Santa Clara, CA, USA) according 

to manufacturer’s instructions. Microarray was performed and analysed by New Zealand 

Genomics Limited (NZGL). 

2.21 Immunocytochemistry 

Cells were fixed in 4% PFA for 15 minutes and washed in PBS with 0.1% Triton X-100 

(PBS-T). Cells were incubated with primary antibodies (Table 4) overnight at 4°C in goat 

ICC immunobuffer (1% goat serum (Gibco), 0.2% Triton X-100 and 0.04% thiomersal 

(Sigma-Aldrich) in PBS). Cells were washed in PBS-T and incubated with appropriate anti-

species fluorescently conjugated or biotin conjugated secondary antibodies diluted in goat 

ICC immunobuffer (Table 4) overnight at 4°C. Cells were washed in PBS-T and biotin 

conjugated samples were incubated for three hours at room temperature with ExtrAvidin 

conjugated horse radish peroxidase (HRP; Sigma-Aldrich, MO, USA) diluted 1:500 in 

immunobuffer, washed in PBS-T, and incubated with 3,3′-diaminobenzidine 

tetrahydrochloride (DAB) solution  containing 0.5 mg/mL DAB, 0.1 M phosphate buffer and 

0.01% H2O2 (Sigma-Aldrich) until a colour change was observed. For fluorescent 

immunocytochemistry nuclei were counterstained by a 20 minute incubation with Hoechst 

33258 (Sigma-Aldrich) diluted 1:500 in PBS. In certain instances cells were not 

permeabilised in order to identify extracellular staining only. In these cases cells were 
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washed with PBS after PFA fixation and primary antibodies were diluted in goat ICC 

immunobuffer excluding Triton X-100.   

2.22 Immunohistochemistry 

To investigate pericyte association with Aβ in situ (Chapter 5), human hippocampal tissue 

from a single neurologically normal (H180) or pathologically confirmed AD case (AZ90; 

Table 5) donated to the Neurological Foundation of New Zealand Human Brain Bank was 

processed and cut as described previously (Waldvogel, Curtis et al. 2006). Blocks of unfixed 

frozen hippocampal tissue were cut on a cryotome into 12 µm sections and mounted on to 

glass slides, then kept at -80oC until further use. For immunohistochemistry (IHC) staining, 

tissue was thawed and immediately fixed in ice-cold acetone (15 seconds) and ice-cold 95% 

ethanol (15 seconds) before being washed in PBS. Sections were blocked in 10% goat serum 

in PBS. Primary antibodies (Table 4) were diluted in goat IHC immunobuffer (1% goat 

serum (Gibco) in PBS) containing endothelial-specific biotinylated UEA lectin (4 µg/mL; 

L8262, Sigma-Aldrich) and incubated overnight at 4oC in a humidified chamber. Sections 

were washed in PBS and secondary antibodies (Table 4) were diluted in goat IHC 

immunobuffer  containing streptavidin-conjugated Cy5 (1:500 dilution; 016170-084, Jackson 

ImmunoResearch, PA, USA) and added for two hours at room temperature. Sections were 

washed three times with PBS, and incubated with a 1:10,000 dilution of Hoechst 33258 

(Sigma-Aldrich) in PBS for 10 minutes. Tissue was coverslipped with ProLong ProLong® 

Gold Antifade Mountant (Molecular Probes). 

To visualise microglia and pericyte interactions in situ (Chapter 8), neurologically 

normal adult human brain tissue (H238, H195, and H187; Table 5) donated to the 

Neurological Foundation of New Zealand was processed and cut as described previously 

(Waldvogel, Curtis et al. 2006). IHC procedures were performed on free-floating, formalin 

fixed, 50 µm tissue sections. Tissue was permeabilised by an overnight incubation at 4°C in 

PBS-T and incubated for a further three days at 4°C with primary antibodies (Table 4) in 

donkey IHC immunobuffer (1% donkey serum (Gibco) in PBS). Tissue was washed three 

times in PBS-T and incubated overnight with appropriate donkey anti-species fluorescently 

conjugated antibodies diluted in donkey IHC immunobuffer (Table 4). Tissue was washed  a 

further three times in PBS-T and incubated for 15 minutes hour at room temperature with a 
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1:10,000 dilution of Hoechst 33258 (Sigma-Aldrich) in PBS. Tissue was mounted onto glass 

slides using PBS and cover slipped with ProLong® Gold Antifade Mountant (Molecular 

Probes).  

Table 4: List of antibodies used for immunocytochemistry, immunohistochemistry, and 

western blotting 

Antigen Source Catalogue # ICC/IHC/western dilution 
Mouse anti-C/EBPδ Santa Cruz SC-365546 1:250 (ICC) 
Rabbit anti-C/EBPδ LS Bio LS-B10190 1:500 (western) 
Mouse anti-NG2 Santa Cruz SC-53389 1:500 (ICC) 
Mouse anti-HLA,DR,DP,DQ DAKO M0775 1:500 (ICC) 
Mouse anti-COX-2 BD Pharmingen 610204 1:250 (ICC) 
Mouse anti-ICAM-1 Santa Cruz SC-107 1:500 (ICC) 
Rabbit anti-αSMA Abcam Ab5694 1:100 (ICC) 
Mouse anti-αSMA DAKO IS611 1:5 (ICC) 
Mouse anti-CD45 Abcam Ab8216 1:500 (ICC) 
Rabbit anti-PU.1 Cell Signaling 2258 1:500 (ICC) 
Mouse anti-CD68 Abcam AB955-500 1:500 (ICC) 
Rabbit anti-M-CSFR Santa Cruz SC-692 1:100 (ICC) 
Rabbit anti-DAP12 Santa Cruz SC-20783 1:500 (ICC) 
Rabbit anti-NF-κB p65 Santa Cruz SC-372 1:500 (ICC) 
Goat anti-IBA Abcam Ab5076 1:1000 (IHC) 
Mouse anti-SMAD2/3 Santa Cruz SC-133098 1:500 (ICC) 
Rabbit anti-cleaved caspase 3 Cell Signaling 9661L 1:100 (ICC) 
Rabbit anti-fibronectin DAKO A0245 1:10000 (ICC) 
Mouse anti-collagen IV DAKO M6785 1:500 (ICC) 
Rabbit anti-collagen IV Abcam Ab6586 1:500/1000 (ICC/IHC)  
Rabbit anti-PDGFRβ Cell Signaling mAb3169 1:500 (ICC) 
Rabbit anti-PDGFRβ Abcam Ab32570 1:100 (IHC) 
Rabbit anti-P4H Sigma-Aldrich HPA0075991 1:500 (ICC) 
Rabbit anti-GFAP DAKO Z0334 1:10000 (ICC) 
Rabbit anti-MCP1 Abcam Ab74121 1:500 (ICC) 
Mouse anti-LAMP-1 DSHB H4A3 1:100 (ICC) 
Mouse anti-GAPDH Abcam Ab9484 1:1500 (western) 
Mouse anti-α-tubulin Sigma-Aldrich T6074 1:500(ICC) 
Mouse anti-beta amyloid DAKO M0872 1:500/100 (ICC/IHC) 
Goat anti-mouse Alexa Fluor® 488 Invitrogen A11001 1:500 (ICC/IHC) 
Goat anti-mouse Alexa Fluor® 594 Invitrogen A11005 1:500 (ICC/IHC) 
Goat anti-rabbit Alexa Fluor® 488 Invitrogen A11008 1:500 (ICC/IHC) 
Goat anti-rabbit Alexa Fluor® 594 Invitrogen A11012 1:500 (ICC/IHC) 
Donkey anti-rabbit Alexa Fluor® 647 Abcam Ab150075 1:500 (ICC/IHC) 
Donkey anti-mouse Alexa Fluor® 647 Abcam Ab150107 1:500 (ICC/IHC) 
Donkey anti-goat Alexa Fluor® 488 Abcam Ab150129 1:500 (IHC) 
Goat anti-mouse IRDye-680LT Li-COR 926-68020 1:20000 (western) 
Goat anti-rabbit IRDye-800CW Li-COR 926-32211 1:20000 (western) 
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Table 5: Cases used for IHC 

Case Age Sex Post-mortem  
delay  

Cause of death Pathology 

AZ90 73 Male 4 hr Gastrointestinal haemorrhage Definite AD: Braak Stage IV 

H180 73 Male 33 hr Ischaemic heart disease Control specimen: No significant 
pathological changes  

H238 63 Female 16 hr Dissecting aortic aneurysm Control specimen: No significant 
pathological changes 

H195 65 Male 18 hr Ischaemic heart disease Control specimen: No significant 
pathological changes 

H187 98 Female 16 hr Caecal carcinoma Control specimen: Age related 
non-specific changes 

 

2.23 Live cell imaging 

Phase contrast images of live cells were taken to investigate differences in cell morphology. 

Images were captured at 10 x (0.25 NA) magnification using a Leica DMIRB inverted 

microscope (Leica, Germany). Phase contrast and fluorescent images of live cells for 

phagocytosis or viability analysis were captured at 10 x (0.30 NA) using a EVOS™ FL Auto 

Imaging System (Invitrogen) and the DAPI (Ex 357/44, Em 447/60) and GFP (Ex 445/45, 

Em 510/42) Light Cubes. 

2.24 Automated image analysis of multi-well plates 

Images of cells cultured in 96 well plates were acquired using the automated fluorescence 

microscope ImageXpress® Micro XLS (Molecular Devices) using either the 10 x (0.30 NA) 

or 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and Lumencor Spectra 

X configurable light engine source. Excitation and emission filters are listed in Table 6. 

Exposure times and autofocus settings were optimised for each plate due to plate differences 

and antibody efficiency. Internal controls were included in each plate and all data was 

normalised to control wells to maintain consistency between experiments. Quantitative 

analysis of several measures including total cell number (Figure 2.1), percentage positive 

nuclear staining (Figure 2.2), percentage positive cytoplasmic staining (Figure 2.3), nuclear 

or cytoplasmic transcription factor location (Figure 2.4), and intensity of diffuse staining 
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(Figure 2.5) was performed using the cell scoring, translocation, and show region statistics 

analysis  modules on MetaXpress® software (Molecular Devices). Roughly 500-1000 cells 

were scored per well with multiple wells (at least three) analysed per sample.   

Table 6: Filter parameters for ImageXpress® Micro XLS. 

Cube Filters Lumencor light 
engine 

Ex range Ex peak Dichroic Em range Em peak 

Triple 4 DAPI UV (380-410) 381-399 390/18 436 445-469 457 
Triple 4 FITC Cyan (460-490) 484-504 494/20 514 518-542 530 
Triple 4 TRED Green (535-600) 561-590 575/25 604 612-643 628 
Quad 5 DAPI UV (380-410 381-399 390/18 410 419-460 440 
Quad 5 FITC  Cyan (460-490) 474-496 485/20 504 507/533 521 
Quad 5 CY5 Red (620-750) 644-656 650/13 669 675-723 700 

 

Figure 2.1: Cell scoring assay for determination of cell number  
In many instances it was necessary to determine the number of cells in a selected site or an 
entire well. In order to achieve this, the cell scoring assay was used. This assay allows for 
detection of nuclei based on their size and fluorescent intensity above the local background. 
Positive classification of nuclei is shown in red. This assay was utilised to determine changes 
in cell number with treatments or as an estimation of the number of cells per well for which 
CBA concentrations could be normalised when samples had different cell numbers. Scale bar 
= 100 µm.  
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Figure 2.2: Cell scoring assay for determination of nuclear proteins 
The cell scoring assay was used to quantify the expression of nuclear proteins. This assay 
was similar to the assay described above but allows for the detection of cell nuclei and 
determination of a second marker by fluorescent intensity above a local background. 
Negatively scored cells are shown in red whilst positively stained cells are shown in green. A 
number of parameters can be determined from this assay including total cell number, 
percentage positively stained, and the intensity of the positive stain. Utilisation of this assay 
in the detection of EdU positive cells, indicative of cellular proliferation is shown. Scale bar 
= 100 µm. 

 

Figure 2.3: Cell scoring assay for determination of cytoplasmic proteins 
The cell scoring assay can also be used to quantify the expression of cytoplasmic proteins 
when they are localised surrounding cell nuclei. This assay was similar to the assay described 
above but allows for the detection of cell nuclei and determination of a second cytoplasmic 
marker by fluorescent intensity above a local background. Negatively scored cells are shown 
in red whilst positively stained cells are shown in green. A number of parameters can be 
determined from this assay including total cell number, percentage positively stained, and the 
intensity of the positive stain. Utilisation of this assay in the induction of MCP-1 positive 
cells (which exhibits perinuclear staining), with IL-1β treatment is shown. Scale bar = 100 
µm.  
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Figure 2.4: Translocation assay for determination of cytoplasmic or nuclear localisation 
The translocation assay was used to determine the localisation of NF-κB in cells. This assay 
allows for the detection of cell nuclei, as above, and scores cells as having either cytoplasmic 
or nuclear expression of the transcription factor based on its overlap with the nuclear stain. 
Cells demonstrating cytoplasmic expression are shown in red whilst cells with nuclear 
expression are shown in green. Utilisation of this assay in the IL-1β induced nuclear 
translocation of NF-κB is shown. Scale bar = 100 µm. 
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Figure 2.5: Show region statistics assay for determination of diffuse staining 
Certain proteins do not associate closely with a cell nuclei making analysis by the previous 
assays difficult. For such proteins, the show region statistics assay was utilised. Positive 
staining was determined by an inclusive threshold, the intensity of which was determined per 
experiment but kept consistent within each 96 well plate. The integrated intensity was 
determined for each site which was then normalised to cell number as described previously. 
Utilisation of this assay in the quantification of IL-1β induced ICAM-1 expression is shown. 
Scale bar = 100 µm.  
 

2.25 Confocal laser scanning microscopy 

For selected immunocytochemistry samples, confocal microscopy was performed. In these 

cases, cells were cultured on glass coverslips, fixed in 4% PFA, processed for 

immunocytochemistry as per 2.21, and mounted onto glass slides using fluorescent mounting 

medium (DAKO, Denmark). Confocal images were acquired at a 63 x magnification (1.40 

NA) with an oil immersion lens in a Z-series with a step of 0.8 µm using a Zeiss LSM 710 

inverted confocal microscope (Zeiss, Germany; Biomedical Imaging Research Unit, 

University of Auckland). Orthogonal projections and maximum intensity Z-projections were 

generated using the Fiji plugin (http://fiji.sc/Fiji) for ImageJ software 

(http://imagej.nih.gov/ij/). 

For all immunohistochemistry samples, confocal images were acquired at 60 x 

magnification using an oil immersion lens (1.35 NA) in a Z-series with a step of 0.5 µm 

using a Olympus FV1000 confocal microscope (Olympus, Japan; Biomedical Imaging 

Research Unit, University of Auckland). Maximum intensity Z-projections were generated 

using the Fiji plugin (http://fiji.sc/Fiji) for ImageJ software (http://imagej.nih.gov/ij/). 

2.26 Statistical analysis 

Unless otherwise stated, all experiments were performed at least three independent times 

from three different tissue donors. Data is typically displayed as mean ± standard error of the 

mean (SEM) from ≥ 3 pooled independent experiments (tissue donors). Certain experiments 

(as designated) display mean ± SEM from one representative experiment (of ≥ 3 independent 

tissue donors). Other experiments are performed from a single tissue donor due to a unique 

situation which could not be replicated with available tissue.  For statistical testing, refer to 
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the statistical analysis section in the corresponding chapter. For statistical analysis of qRT-

PCR data, ΔCt values were used. 
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CHAPTER 3: An anti-inflammatory role for C/EBPδ in human 

brain pericytes 

3.1 Introduction 

Neuroinflammation contributes to the development and progression of epilepsy (Kleen and 

Holmes 2008), traumatic brain injuries (Morganti-Kossmann, Rancan et al. 2002), stroke (del 

Zoppo, Ginis et al. 2000), and many neurodegenerative diseases (Glass, Saijo et al. 2010). 

Microglia, and to a lesser extent astrocytes, are believed to be the primary initiators of 

neuroinflammation and can promote neuronal loss through the secretion of neurotoxic 

molecules (Streit, Mrak et al. 2004; Li, Zhao et al. 2011). In addition to brain glia, pericytes 

also contribute to the CNS inflammatory response (Kovac, Erickson et al. 2011; Guijarro-

Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 2014; Pieper, Marek et al. 2014). 

Brain pericytes are situated surrounding and contacting endothelial cells of brain capillaries 

and together with astrocytes, neurons, and microglia they form the neurovascular unit 

(Guillemin and Brew 2004). Vascular coverage by brain pericytes is essential for the 

formation and maintenance of the BBB and the regulation of cerebral blood flow, 

highlighting its importance in CNS homeostasis (Armulik, Genove et al. 2010; Daneman, 

Zhou et al. 2010; Armulik, Genove et al. 2011). 

Like brain glia, pericytes can also respond to a range of immunogenic stimuli to 

induce pro-inflammatory molecules including cytokines (IL-6), chemokines (MCP-1, IL-8, 

and IP-10), and adhesion molecules (ICAM-1 and VCAM-1) (Guijarro-Munoz, Compte et al. 

2013; Jansson, Rustenhoven et al. 2014; Pieper, Marek et al. 2014). Induction of these 

mediators can promote leucocyte infiltration (D'Mello, Le et al. 2009; Proebstl, Voisin et al. 

2012; Stark, Eckart et al. 2013), as well as local microglial cell migration (Peterson, Hu et al. 

1997), proliferation (Cross and Woodroofe 1999; Hinojosa, Garcia-Bueno et al. 2011), and 

activation (Basu, Krady et al. 2002), enhancing the pro-inflammatory phenotype of the brain 

and potentially contributing to neuronal loss. 

Cellular inflammatory responses are orchestrated largely through transcription factor 

mediated gene expression (Yi, Park et al. 2007). By virtue of conserved promoter or enhancer 
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DNA sequences, a single transcription factor may regulate the expression of numerous 

inflammatory genes making them an attractive target for anti-inflammatory interventions. 

Involvement of the prototypical inflammatory transcription factor NF-κB has previously been 

identified in pericyte activation (Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven 

et al. 2014). However, evidence concerning additional transcription factor involvement in 

pericyte inflammatory responses is currently lacking and warrants further investigation.  

A role in mediating pro-inflammatory gene expression has recently been observed 

with several members of the C/EBP family of transcription factors, particularly C/EBPα 

(Ponomarev, Veremeyko et al. 2011), C/EBPβ (Fields and Ghorpade 2012), and C/EBPδ 

(Ejarque-Ortiz, Gresa-Arribas et al. 2010; Valente, Straccia et al. 2013). C/EBPs are 

members of the bZIP family of transcription factors and many inflammatory genes include 

CCAAT binding motifs in their promoter or enhancer regions (Poli 1998). C/EBP family 

members require dimerisation for DNA binding and do so by forming homodimers or 

heterodimers with other C/EBP family members, or associated transcription factors including 

NF-κB (Stein, Cogswell et al. 1993).  

Many tissues display C/EBPδ induction following exposure to inflammatory stimuli. 

In the AD brain and in spinal cord of amyotrophic lateral sclerosis (ALS) patients, both of 

which have a significant inflammatory component, enhanced C/EBPδ protein expression has 

been observed in astrocytes and microglia respectively (Li, Strohmeyer et al. 2004; Valente, 

Straccia et al. 2013). The functional effects of this induction however remain unclear. Studies 

utilising rodent glia have suggested C/EBPδ contributes to neuroinflammation by enhancing 

pro-inflammatory gene transcription (Ejarque-Ortiz, Gresa-Arribas et al. 2010; Valente, 

Straccia et al. 2013). Indeed this has also been seen in other tissues, including the liver and 

lung, where attenuation of C/EBPδ expression dampened inflammatory responses (Juan, 

Wilson et al. 1993; Do-Umehara, Chen et al. 2013; Yan, Johnson et al. 2013). However, 

C/EBPδ induction has also been shown to inhibit pro-inflammatory gene expression in the 

pancreas (Moore, Santin et al. 2012), whilst C/EBPδ deficiency enhanced tubulointerstitial 

fibrosis, a renal condition with an inflammatory component (Duitman, Borensztajn et al. 

2014). Furthermore, induction of the closely related family member C/EBPβ has both anti-

inflammatory (Fields and Ghorpade 2012) and pro-inflammatory roles in the brain (Rahman, 
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Schroeder-Gloeckler et al. 2007). As such, it appears C/EBP family members including 

C/EBPδ act in a cell and context dependent manner allowing it to differentially respond to the 

cell’s situation.  

Whilst the contribution of human brain pericytes to neuroinflammation is being 

increasingly recognised, little is understood regarding immune-related gene transcription in 

these cells and to date the role of C/EBPδ has not been studied. It was therefore investigated 

whether this inflammatory-related transcription factor was expressed by pericytes and how its 

regulation modified their immune response.  

3.2 Methods 

 Tissue Source 3.2.1

Biopsy human brain tissue was obtained, with informed written consent, from the MTG of 

patients undergoing surgery for medically refractory epilepsy. All protocols used in this study 

were approved by the Northern Regional Ethics Committee (New Zealand) and all methods 

were carried out in accordance with the approved guidelines. 

 Mixed glial cultures isolated from adult human brain tissue 3.2.2

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue and used at passage two, or cultured until passage five to obtain pure 

pericyte populations as described previously (2.2).  

 Immunogen treatments 3.2.3

To investigate inflammatory responses, primary human brain pericytes were treated with 0-

10 ng/mL IL-1β, IFNγ, LPS, TNFα, IL-6, or vehicle (0.1% BSA in PBS) for 0-24 hours. 

Immunogens were added by a 1:100 dilution of a 100 x stock. 
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 siRNA transfection 3.2.4

Primary human brain pericytes were transfected with synthetic C/EBPδ siRNA (Santa Cruz, 

SC-37722, CA, USA) or control non-sense siRNA (Santa Cruz, SC37007) for 48 hours as 

described previously (2.8). 

 Collection of conditioned media and cytokine measurement by CBA 3.2.5

Conditioned media from primary human brain pericytes was collected and the concentration 

of secreted proteins determined by CBA as described previously (2.9). For comparisons of 

gene expression and cytokine secretion from the same samples, media was collected from 

cells grown in a six-well plate. 

 Immunocytochemistry 3.2.6

Mixed glial cultures at passage two or pericyte cultures at passages five-nine were fixed and 

immunostained as described previously (2.21). 

 Automated image analysis of multi well plates 3.2.7

Pericytes cultured in 96 well plates were imaged on the automated fluorescence microscope 

ImageXpress® Micro XLS and the cell scoring and show region statistics modules on 

MetaXpress® software were utilised as described previously (2.24).  

 Western blotting and densitometry analysis 3.2.8

Protein lysates from primary human brain pericytes were obtained, ran, probed, and analysed 

as described previously (2.14). 

 qRT-PCR 3.2.9

RNA extraction was performed using the RNeasy® Mini Kit and DNase treatment, cDNA 

synthesis, and quantitative real time-PCR performed as described previously (2.19). 
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 Microarray 3.2.10

Microarray analysis of pericytes (n = three donors per treatment) treated with vehicle (0.1% 

BSA in PBS) or 10 ng/mL IL-1β and IFNγ for 24 hours was performed as described 

previously (2.20). 

 Statistical analysis 3.2.11

Unless otherwise stated, all experiments were performed at least three independent times 

from three different tissue donors. Statistical analysis was carried out using either a one-way 

analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test to compare 

treatments versus vehicle control or a two-way ANOVA with Bonferroni post-test to 

compare between siRNA transfections and cytokine treatments (Graphpad Prism 5.02). For 

statistical analysis of qPCR data Δ cycle threshold (Ct) values were used. Statistical analysis 

of microarray experiment was performed as previously described (Jansson, Rustenhoven et 

al. 2014). 

3.3 Results 

 Characterisation of adult human brain pericyte cultures 3.3.1

Immunocytochemical analysis of early passage cell cultures obtained from human MTG 

tissue revealed a mixed population of astrocytes, microglia, and pericytes as described 

previously (Jansson, Rustenhoven et al. 2014). Under the in vitro culture conditions 

described in 2.2, microglia and astrocytes do not proliferate and are diluted out in subsequent 

passages. To ensure there was no contamination from brain glia in pericyte cultures, these 

were grown until passage five before use. Late passage cultures showed positive 

immunocytochemical staining for the pericyte markers αSMA (Figure 3.1a), PDGFRβ 

(Figure 3.1b), and NG2 (Figure 3.1c) as well as the fibroblast markers prolyl-4-hydroxylase 

(P4H; Figure 3.1d) and fibronectin (Figure 3.1e). There were no cells positive for the 

microglia marker CD45 or the astrocyte marker glial fibrillary acidic protein (GFAP; Figure 

3.1f) at passage five onwards. Positive controls of GFAP (Figure 3.1g) and CD45 (Figure 

3.1h) staining at passage two are shown. 
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Figure 3.1:Characterisation of adult human brain pericyte cultures 
Primary human brain cell cultures at passage five were fixed and stained for Hoechst (blue) 
and cell specific markers αSMA (a), PDGFRβ (b), NG2 (c), P4H (d), fibronectin (e), CD45 
and GFAP (f). Positive controls of astrocytes (GFAP; g) and microglia (CD45; h) at passage 
two are included.  Scale bar = 50 μm. 
 

 C/EBPδ is induced in human brain pericytes by IL-1β and IFNγ 3.3.2

Microarray analyis of human brain pericytes treated with IL-1β and IFNγ revealed an 

induction of numerous inflammatory genes (Jansson, Rustenhoven et al. 2014). Due to the 

ability of the C/EBP family of transcription factors to modify cellular inflammatory 

responses, the induction of three members, C/EBPα, C/EBPβ, and C/EBPδ, were investigated 

in this dataset. By microarray analysis, C/EBPδ was found to be significantly increased by 

IL-1β and IFNγ treatment (p < 0.001), whilst C/EBPα (p > 0.05) and C/EBPβ (p < 0.05) were 

not affected (Figure 3.2a). To confirm these changes, qRT-PCR was performed on 

independent RNA samples which demonstrated an induction of C/EBPδ (p < 0.001), whereas 

no significant change in C/EBPα (p > 0.05) or C/EBPβ (p > 0.05) was observed (Figure 

3.2b), consistent with the microarray data.  



    Chapter 3: An anti-inflammatory role for C/EBPδ in human brain pericytes 
 

 59 

 

 

Figure 3.2:C/EBPδ is induced in human brain pericytes by IL-1β and IFNγ 
Human brain pericytes were treated with vehicle or 10 ng/mL IL-1β and IFNγ for 24 hours 
and RNA was extracted. Expression of C/EBPα, C/EBPβ, and C/EBPδ was determined by 
microarray (Jansson, Rustenhoven et al. 2014) (a) and qRT-PCR (b). Data are displayed from 
five independent cases (a) or three independent cases (b). *** = p < 0.001 (Students t-test) 
 

 C/EBPδ is differentially induced by IFNγ, IL-1β, and LPS 3.3.3

Having observed an induction of C/EBPδ with a combination of IL-1β and IFNγ, it was next 

investigated how individual inflammatory stimuli affect this response. IL-1β, IFNγ, and LPS 

were investigated based on prior evidence for their involvement in pericyte inflammatory 

responses (Jansson, Rustenhoven et al. 2014). As determined by immunocytochemistry, the 

basal expression of C/EBPδ in pericyte cultures is low (Figure 3.3a, b). Enhanced nuclear 

expression was observed with IL-1β alone (p < 0.001) and a combination of IL-1β and IFNγ 

(p < 0.001). Neither IFNγ (p > 0.05) or LPS (p > 0.05) were sufficient to significantly induce 

C/EBPδ expression, however a trend towards an induction was seen (Figure 3.3a, b). Western 

blot analysis revealed a similar trend with both IL-1β alone (p < 0.05), and in combination 

with IFNγ (p < 0.01), significantly enhancing C/EBPδ expression. Again both IFNγ (p > 

0.05) and LPS (p > 0.05) failed to significantly alter C/EBPδ expression, although like 

immunocytochemistry data, they trended towards an increase (Figure 3.3c, d).  

 



    Chapter 3: An anti-inflammatory role for C/EBPδ in human brain pericytes 
 

 60 

 

 

Figure 3.3: C/EBPδ is differentially induced by IFNγ, IL-1β, and LPS 
Human brain pericytes were treated with vehicle or 10 ng/mL IL-1β, IFNγ, LPS, or IL-1β 
and IFNγ for 24 hours. Representative images of cells fixed and immunostained for C/EBPδ 
and nuclei counterstained with Hoechst are shown (a).  The percentage of cells classified as 
positive for nuclear C/EBPδ was determined by immunocytochemistry (b) and the intensity 
of C/EBPδ expression was analysed by western blotting (c, d). Blots are cropped to improve 
clarity. Full-length blots are presented in Figure 10.1. Data are from three independent 
experiments. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 compared to vehicle control (one-
way ANOVA with Dunnett’s post-test). Scale bar = 100 μm. 
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 Time-course and concentration-dependent induction of C/EBPδ expression 3.3.4

As IL-1β treatment resulted in the greatest induction of C/EBPδ, all subsequent experiments 

were performed using this inflammatory cytokine. To further understand the profile of 

C/EBPδ expression in human brain pericytes, a concentration-response curve of IL-1β-

induced expression was performed. Using immunocytochemistry, C/EBPδ was found to be 

induced by IL-1β in a concentration-dependent manner (Figure 3.4a, b). A significant 

induction was observed by concentrations as low as 0.1 ng/mL IL-1β (p < 0.001) with 

maximal induction by 10 ng/mL (p < 0.001). Western blotting revealed a significant 

induction of C/EBPδ with 1 ng/mL (p < 0.05) and 10 ng/mL (p < 0.05) IL-1β (Figure 3.4c, 

d). In order to investigate the temporal profile of C/EBPδ induction a time-course was 

performed with 10 ng/mL IL-1β. By immunocytochemistry, C/EBPδ was induced as early as 

two hours after IL-1β stimulation (p < 0.05), maximally induced four hours after treatment (p 

< 0.001) and remained elevated 48 hours later (p < 0.001; Figure 3.4e). Western blotting 

analysis revealed a similar trend with significant induction of C/EBPδ at two (p < 0.05), four 

(p < 0.05) and 24 hour treatments (p < 0.05) with IL-1β. However, it was not significantly 

elevated at 48 hours (p > 0.0.5; Figure 3.4f, g).  

 Knockdown of C/EBPδ using siRNA 3.3.5

C/EBPδ has been widely reported to modify inflammatory gene expression in various cell 

types. To investigate its effects on human brain pericyte inflammatory responses, a C/EBPδ 

siRNA construct was employed. Transfection of 50 nM C/EBPδ siRNA significantly reduced 

IL-1β induced C/EBPδ expression at four hours (p < 0.001), 24 hours (p < 0.001) and 48 

hours (p < 0.001), however, had no effect on basal levels (p > 0.05) as determined by 

immunocytochemistry (Figure 3.5a, b). Using qRT-PCR a reduction in both basal (p < 0.001) 

and IL-1β induced gene expression (p < 0.001; Figure 3.5c) was observed with C/EBPδ 

siRNA. Western blotting analysis revealed no basal change in C/EBPδ with siRNA treatment 

(p > 0.05), however a significant attenuation of IL-1β induced expression was observed (p < 

0.001; Figure 3.5d, e).  
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Figure 3.4: Time-course and concentration-dependent induction of C/EBPδ expression 
Human brain pericytes were treated with vehicle or 0.01-10 ng/mL IL-1β for 24 hours. 
Representative images of cells fixed and immunostained for C/EBPδ and nuclei 
counterstained with Hoechst are shown (a). The percentage of cells classified as positive for 
nuclear C/EBPδ was determined by immunocytochemistry (b) and C/EBPδ intensity was 
analysed by western blotting (c, d). Blots are cropped to improve clarity. Full-length blots are 
presented in Figure 10.1. Human brain pericytes were treated with 10 ng/mL IL-1β for 0-48 
hours. The percentage of C/EBPδ positive cells was determined by immunocytochemistry (e) 
and C/EBPδ intensity was analysed by western blotting (f, g). Data are from three 
independent experiments. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 compared to vehicle 
control (one-way ANOVA with Dunnett’s post-test). Scale bar = 100 μm. 
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Figure 3.5: Knockdown of C/EBPδ using siRNA 
Human brain pericytes were transfected with 50 nM of control or C/EBPδ siRNA for 48 
hours. Following transfection, cells were treated with vehicle or 10 ng/mL IL-1β for four-48 
hours. Representative images of cells fixed and immunostained for C/EBPδ and nuclei 
counterstained with Hoechst are shown (a). The percentage of cells classified as positive for 
nuclear C/EBPδ was quantified (b). RNA was extracted following a six hour treatment with 
IL-1β and C/EBPδ transcript expression was determined via qRT-PCR (c). Protein was 
extracted following a 24 hour treatment with IL-1β and C/EBPδ expression determined by 
western blotting (d, e). Blots are cropped to improve clarity. Full-length blots are presented in 
Figure 10.1. Data are from three independent experiments. *** = p < 0.001 (two-way 
ANOVA with Bonferroni post-test). Scale bar = 100 µm.  
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 C/EBPδ knockdown modifies IL-1β-induced inflammatory gene expression 3.3.6

Having shown that C/EBPδ siRNA was effective in blocking IL-1β-induced C/EBPδ 

expression, it was investigated how this modified the expression of several inflammatory 

mediators previously found to be expression by pericytes (Jansson, Rustenhoven et al. 2014).. 

C/EBPδ knockdown resulted in increased IL-1β-induced expression of IL-1β (p < 0.001; 

Figure 3.6a), ICAM-1 (p < 0.001; Figure 3.6b), MCP-1 (p < 0.001; Figure 3.6c), and IL-8 (p 

< 0.001; Figure 3.6d). In contrast, attenuated expression was observed for superoxide 

dismutase-2 (SOD2; p < 0.01; Figure 3.6e) and cyclooxygenase-2 (COX-2; p < 0.001; Figure 

3.6f), whilst a non-significant decrease was observed for IL-6 (p > 0.05; Figure 3.6g). The 

basal expression of all inflammatory genes showed no change with C/EBPδ or control siRNA 

(p > 0.05). 

 

Figure 3.6: C/EBPδ knockdown modifies IL-1β-induced inflammatory gene expression 
Human brain pericytes were transfected with 50 nM of control or C/EBPδ siRNA for 48 
hours. Following transfection, cells were treated with vehicle or 10 ng/mL IL-1β for six hours 
and RNA was extracted. The effect of C/EBPδ knockdown on IL-1β (a), ICAM-1 (b), MCP-1 
(c), IL-8 (d), SOD2 (e), COX-2 (f), and IL-6 (g) was assayed by qRT-PCR. Data are from 
four independent cases ** = p < 0.01, *** = p < 0.001 (two-way ANOVA with Bonferroni 
post-test).   



    Chapter 3: An anti-inflammatory role for C/EBPδ in human brain pericytes 
 

 65 

 

 C/EBPδ knockdown enhances IL-1β-induced MCP-1 and ICAM-1 protein 3.3.7

expression 

In order to determine whether changes at the mRNA level correlated with altered protein 

expression, immunocytochemistry for ICAM-1 and MCP-1 was performed. Unstimulated 

pericytes showed low basal expression of ICAM-1 and this was unaffected by C/EBPδ 

siRNA (p > 0.05; Figure 3.7a, b). A significant induction of ICAM-1 expression was 

observed with IL-1β treatment at four (p < 0.001), 24 (p < 0.001), and 48 hours (p < 0.001; 

Figure 3.7a, b). Compared to the control siRNA, C/EBPδ siRNA further increased IL-1β 

stimulated ICAM-1 expression at four (p < 0.01), 24 (p < 0.001), and 48 hours (p < 0.01; 

Figure 3.7a, b). Immunocytochemical analysis of MCP-1 demonstrated low basal levels 

which were also unaffected by C/EBPδ siRNA (p > 0.05; Figure 3.7c, d). The percentage of 

MCP-1 positive cells was significantly increased following IL-1β treatment at two (p < 

0.001), four (p < 0.001;), 24 (p < 0.001), and 48 hours (p < 0.001; Figure 3.7c, d). Compared 

to control siRNA, C/EBPδ siRNA further increased IL-1β stimulated MCP-1 expression at 

two-48 hours (p < 0.001; Figure 3.7c, d). 

 C/EBPδ knockdown modifies pericyte secretion of inflammatory mediators 3.3.8

Secreted cytokines and chemokines are essential in modulating cellular cross-talk and 

inflammatory responses. In order to determine whether the observed changes in mRNA and 

protein expression correlated with increased secretion, cytokine concentrations in pericyte 

conditioned media were measured using a CBA. Unstimulated pericytes demonstrated basal 

expression of soluble ICAM-1 (sICAM-1), MCP-1, IL-8, and IL-6, which were not 

significantly altered by C/EBPδ siRNA; (p > 0.05; Figure 3.8a-d). IL-1β treatment 

significantly increased the concentration of all measured cytokines in the media (ICAM-1, p 

< 0.001; MCP-1, p < 0.001; IL-8, p < 0.001; and IL-6, p < 0.001; Figure 3.8a-d). Compared 

to the control siRNA condition, C/EBPδ siRNA significantly enhanced the IL-1β-induced 

secretion of ICAM-1 (p < 0.001; Figure 3.8a) and MCP-1 (p < 0.001; Figure 3.8b); however, 

did not modify IL-8 (p > 0.05; Figure 3.8c) or IL-6 secretion (p > 0.05; Figure 3.8d). 
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Figure 3.7: C/EBPδ knockdown enhances IL-1β-induced MCP-1 and ICAM-1 protein 
expression 
Human brain pericytes were transfected with 50 nM of control or C/EBPδ siRNA for 48 
hours. Following transfection, cells were treated with vehicle or 10 ng/mL IL-1β for two-24 
hours, fixed, and immunostained for ICAM-1 and MCP-1. Nuclei were counterstained with 
Hoechst. Representative images of ICAM-1 and MCP-1 immunostaining are shown (a, c). 
Intensity of ICAM-1 staining (b) and the percentage of MCP-1 positive cells (d) were 
determined. Data are from three independent experiments. ** = p < 0.01, *** = p < 0.001 
(two-way ANOVA with Bonferroni post-test). Scale bar = 100 μm. 
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Figure 3.8: C/EBPδ knockdown modifies pericyte secretion of inflammatory mediators 
Human brain pericytes were transfected with 50 nM of control or C/EBPδ siRNA for 48 
hours. Following transfection, cells were treated with vehicle or 10 ng/mL IL-1β for 24 hours 
and conditioned media collected. Concentration of sICAM-1 (a), MCP-1 (b), IL-8 (c), and 
IL-6 (d) in media was determined by a multiplexed CBA. Data are displayed as one 
representative experiment from three independent cases. *** = p < 0.001 (two-way ANOVA 
with Bonferroni post-test). 
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Figure 3.9: Comparison of RNA changes with cytokine secretion following 
inflammatory stimulation 
Human brain pericytes were treated with vehicle or 1-50 ng/mL of IL-1β, IFNγ, LPS, TNFα, 
or IL-6 for 24 hours and conditioned media was collected and cytokine secretion determined 
by a multiplexed CBA (a). From the same samples, RNA was extracted and qRT-PCR 
performed (b). Data are displayed as one experiment from a single case. 
 

3.4 Discussion 

C/EBPδ was found to be induced in human brain pericyte cultures by the pro-inflammatory 

cytokine IL-1β. Several studies have reported induction of C/EBPδ expression in microglia 

and astrocytes following inflammation (Li, Strohmeyer et al. 2004; Ejarque-Ortiz, Gresa-

Arribas et al. 2010; Valente, Straccia et al. 2013), however, C/EBPδ expression in brain 

pericytes has not been previously observed. Utilising siRNA, C/EBPδ induction following 

immune challenge was attenuated, allowing for an examination of its contribution to the 

pericyte immune response. 

Consistent with literature from rodent microglia and astrocytes, C/EBPδ knock-down 

attenuated COX-2 expression; however it did not significantly alter IL-6 expression (Ejarque-

Ortiz, Gresa-Arribas et al. 2010; Valente, Straccia et al. 2013). COX-2 is an inducible 

enzyme that catalyses prostaglandin formation, many of which have roles in inflammation. 

Whilst typically thought to have a pro-inflammatory response, anti-inflammatory roles of 

many prostaglandins are now being recognised (Ricciotti and FitzGerald 2011). 
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Prostaglandin I2 (PGI2) is the most prominent prostaglandin synthesised by cells of the 

vasculature, including endothelial cells and VSMCs, and its production is predominantly 

catalysed by COX-2 (McAdam, Catella-Lawson et al. 1999; Kawabe, Ushikubi et al. 2010). 

Furthermore, PGI2 is the major prostaglandin product generated by retinal pericyte cells 

(Hudes, Li et al. 1988). PGI2 inhibits leucocyte adhesion to vascular endothelium and 

therefore may attenuate immune infiltration (Jones and Hurley 1984). In order to understand 

the specific inflammatory role of COX-2 induction in pericytes the composition of 

prostaglandins needs to be studied in context of the system. Similarly, a dual role in both 

anti-inflammatory and pro-inflammatory responses has been observed for IL-6, with 

evidence supporting a neuroprotective role in the brain (Juttler, Tarabin et al. 2002; Scheller, 

Chalaris et al. 2011). Care should be taken when classifying these as either pro or anti-

inflammatory due to their context dependent nature.  

Attenuation of IL-1β-induced SOD2 expression was also observed with C/EBPδ 

knock-down. SOD2 induction has been previously shown with a range of inflammatory 

stimuli and its promoter region contains a C/EBP binding site (Visner, Dougall et al. 1990; 

Jones, Ping et al. 1997). SOD2 regulates oxidative stress in cells by converting superoxide 

into hydrogen peroxide. Superoxide ions enhance recruitment of immune cells, precipitate 

DNA damage, and were found to augment behavioural deficits in a mouse model of AD 

(Warren, Yabroff et al. 1990; Keyer, Gort et al. 1995; Esposito, Raber et al. 2006). 

Furthermore, oxidative stress is a major contributor to neuronal damage in inflammatory 

conditions and elimination of superoxide by SOD2 is considered to be beneficial (Barnham, 

Masters et al. 2004). The finding that C/EBPδ enhances SOD2 induction may indicate an 

anti-oxidant anti-inflammatory role for this transcription factor following inflammation.  

Interestingly, C/EBPδ knock-down was also found to enhance the expression of 

several IL-1β-induced inflammatory genes including IL-8, ICAM-1, MCP-1, and IL-1β. Two 

of which, MCP-1 and ICAM-1, were confirmed to be upregulated by immunocytochemical 

analysis and secretions into culture media. Several cells in the CNS, including microglia, 

astrocytes, and pericytes, secrete MCP-1 under inflammatory conditions where it functions as 

a potent monocyte chemokine (Jansson, Rustenhoven et al. 2014). In the context of CNS 

immune responses, pericyte-derived MCP-1 may therefore aid the trafficking of monocytes, 
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or indeed other leucocytes, from the blood into the brain (Stamatovic, Shakui et al. 2005; 

Sagar, Lamontagne et al. 2012). Infiltration of these cells into the brain parenchyma may 

further enhance CNS immune responses through potentiated leucocyte-derived inflammatory 

cytokine production. Furthermore, MCP-1 stimulates local microglial proliferation and 

promotes their migration to injured sites (Hinojosa, Garcia-Bueno et al. 2011). As the brain’s 

predominant immune cell, increased microglial presence and activation may further worsen 

inflammatory responses, contributing to neuronal death. Indeed, enhanced MCP-1 expression 

has been observed in several neurological disorders and may worsen disease progression 

(Ishizuka, Kimura et al. 1997; Henkel, Engelhardt et al. 2004; Galimberti, Fenoglio et al. 

2006). Following inflammatory responses, the finding that C/EBPδ induction acts to dampen 

MCP-1 expression in brain pericytes suggests a role in reducing peripheral immune cell 

infiltration. Interestingly, the only study currently proposing an anti-inflammatory role of 

C/EBPδ utilised pancreatic beta cells to show that C/EBPδ knock-down enhanced IL-β and 

IFNγ induced chemokine expression, corroborating the changes seen here (Moore, Santin et 

al. 2012).  

ICAM-1 is a transmembrane protein involved in stabilising cell-cell interactions 

(Stark, Eckart et al. 2013).  It is a ligand for the CD11 family of leucocyte adhesion 

molecules which are widely expressed and inducible on leucocytes, and this interaction aids 

their attachment to brain vasculature and subsequent extravasation (Ayres-Sander, Lauridsen 

et al. 2013). ICAM-1 expression was found to be minimal in unstimulated pericytes, but it 

was significantly elevated by the pro-inflammatory cytokine IL-1β. Induction of ICAM-1 on 

pericytes assists leucocyte extravasation in vivo, as well as enhancing leucocyte adhesion in 

vitro, potentially worsening CNS inflammatory responses (Proebstl, Voisin et al. 2012; 

Ayres-Sander, Lauridsen et al. 2013; Guijarro-Munoz, Compte et al. 2013; Stark, Eckart et 

al. 2013). The finding that C/EBPδ knockdown enhances ICAM-1 expression on brain 

pericytes suggests that C/EBPδ induction during immune challenge may be beneficial in 

preventing ICAM-1-mediated immune cell infiltration, highlighting another anti-

inflammatory role for this transcription factor. Interestingly, C/EBPβ knockdown in human 

astrocytes was also found to enhance IL-1β-induced ICAM-1 expression, suggesting that this 

protein may be largely regulated by C/EBP family members (Fields and Ghorpade 2012). 
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C/EBPδ knockdown also enhanced IL-1β-induced IL-8 and IL-1β gene expression. 

IL-8 is a potent neutrophil chemokine that has previously been found to be secreted by brain 

pericytes and enhances CNS immune cell infiltration (Guijarro-Munoz, Compte et al. 2013; 

Pieper, Pieloch et al. 2013). Like MCP-1 and ICAM-1, it represents another mechanism 

whereby pericytes can enhance leucocyte entry into the brain parenchyma. Interestingly, the 

induction in IL-8 mRNA expression with C/EBPδ knockdown did not translate to a 

significant enhancement in protein secretion. The reasons for this discrepancy are currently 

unclear. IL-8 was the most concentrated of all secreted proteins measured in culture media 

and perhaps saturation of secretory pathways was observed at the measured time-point. 

C/EBPδ regulation of IL-8 therefore warrants further investigation.  

Due to the use of IL-1β to stimulate pericytes, its secretion into culture media was 

unable to be determined. IL-1β is a potent inflammatory stimulus, and therefore its induction 

following C/EBPδ knockdown would appear to contradict several of the anti-inflammatory 

functions of C/EBPδ induction in pericytes. However, pericyte stimulation with other 

inflammatory stimuli, including IFNγ, TNFα, and IL-6 (Figure 3.9), revealed an increase in 

IL-1β mRNA, which did not translate to IL-1β secretion and this may indeed be the case for 

IL-1β as well.  

In conclusion, it was found that C/EBPδ induction following immune challenge 

functions to regulate the inflammatory response of human brain pericytes. Contrary to 

previous studies involving brain glia, an anti-inflammatory role for C/EBPδ induction in the 

CNS was observed. This is achieved through limiting pericyte MCP-1 and ICAM-1 

expression, which in turn may attenuate peripheral immune cell infiltration into the CNS. Of 

course whether these changes induced by C/EBPδ knock-down would actually lead to altered 

inflammatory events in vivo is not clear. Currently, it is unknown whether the concentrations 

of cytokines, chemokines or adhesion molecules measured in vitro are biologically relevant. 

Despite this, the involvement of pericytes in neuroinflammation is becoming increasingly 

recognised and further studies investigating opportunities to control this response are 

warranted. 
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CHAPTER 4: TGFβ1 regulates human brain pericyte 

inflammatory processes involved in neurovasculature function 

4.1 Introduction 

In the previous chapter it was investigated how C/EBPδ, a transcription factor which was 

induced in pericytes following immune challenge, could modify pericyte-mediated 

neuroinflammation. Transcription factors represent an attractive target for anti-inflammatory 

interventions as their signalling allows for a coordinated modification of numerous immune-

related genes. However, endogenous cytokines often signal through multiple transcription 

factors, allowing them to elicit an even more varied immune response. Indeed, inflammatory 

cytokines are key mediators of the CNS immune response and associated neurodegeneration 

(Ramesh, MacLean et al. 2013). Whilst the functions of several classical pro-inflammatory 

cytokines, including IL-1β, IFNγ, and TNFα, have been studied in pericytes (Jansson, 

Rustenhoven et al. 2014; Pieper, Marek et al. 2014), how they respond to TGFβ1 in a 

neuroinflammatory context is unknown. 

TGFβ is a pleiotropic cytokine in the brain and regulates cell proliferation, 

differentiation, survival, and scar formation (Lindholm, Castren et al. 1992; Logan, Berry et 

al. 1994; Tesseur, Zou et al. 2006; Falk, Wurdak et al. 2008). Furthermore, TGFβ 

orchestrates both pro- and anti-inflammatory responses in a cell and context dependent 

manner (Benveniste, Kwon et al. 1994; Hurwitz, Lyman et al. 1995; Paglinawan, Malipiero 

et al. 2003).  TGFβ exists in three isoforms (TGFβ1-3), of which TGFB1 was the first 

identified and is the most widely studied. TGFβ exerts its actions through the serine/threonine 

kinase receptors, transforming growth factor beta receptor 1 (TGFBR1), TGFBR2, and 

TGFBR3. Activation of TGFBRs by TGFβ ligand binding initiates a signal transduction 

pathway predominantly through mothers against decapentaplegic homolog (SMAD) 

transcription factors (Moustakas, Souchelnytskyi et al. 2001).  

Several cell types in the CNS are capable of producing TGFβ1. Endothelial cells 

secrete this growth factor under basal conditions and this is enhanced by co-culture with 

pericytes (Antonelli-Orlidge, Saunders et al. 1989; Sato, Tsuboi et al. 1990). TGFβ1 is also 
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induced by the presence of a GBM, likely as a result of the increased and abnormal 

angiogenesis (Merrilees and Sodek 1992; Wesolowska, Kwiatkowska et al. 2008; Kaminska, 

Kocyk et al. 2013). Following CNS injury, microglia and astrocytes produce large 

concentrations of TGFβ1 (Lindholm, Castren et al. 1992; Morgan, Nichols et al. 1993; 

McNeill, Williams et al. 1994), and it is elevated in several  inflammatory conditions 

including AD, Type 1 diabetes mellitus, and ischaemic stroke (Chao, Ala et al. 1994; Chao, 

Hu et al. 1994; Krupinski, Kumar et al. 1996; Zorena, Malinowska et al. 2013).  

A number of immunologically active brain cells express TGFBRs and can therefore 

respond to secretions of this growth factor. Microglia are the brain’s predominant immune 

cell and the most widely studied with respect to their inflammatory response (Block and 

Hong 2005). TGFβ1 promotes a strong anti-inflammatory phenotype in microglia through 

attenuated cytokine, chemokine, adhesion molecule, and ROS production, however, it has no 

effect on HLA antigen presentation complexes (Lodge and Sriram 1996; Brionne, Tesseur et 

al. 2003; Paglinawan, Malipiero et al. 2003; Smith, Graham et al. 2013). Furthermore, TGFβ1 

enhances microglial phagocytosis of Aβ, thereby reducing plaque burden (Wyss-Coray, Lin 

et al. 2001). Astrocytes show a more complex regulation of immune responses by TGFβ1 

stimulation, with reports of both enhancement and inhibition of chemokine and cytokine 

production (Benveniste, Kwon et al. 1994; Hurwitz, Lyman et al. 1995; Wyss-Coray, Lin et 

al. 2000; Cekanaviciute, Dietrich et al. 2014). Other cells, including those derived from the 

choroid plexus and leptomeninges, also display attenuated inflammatory responses with 

TGFβ1 treatment (Smith, Graham et al. 2013; Dragunow, Feng et al. 2015).  

Previous work in our lab using human brain pericytes demonstrated a reduction in 

IFNγ-induced HLA-DR,DP,DQ expression with TGFβ1 treatment, suggesting an anti-

inflammatory role (Smith, Graham et al. 2013). Several labs, including our own, have also 

shown that pericytes can contribute to the brain’s immune response through cytokine, 

chemokine, and adhesion molecule expression and that they display phagocytic potential 

(Balabanov, Washington et al. 1996; Kovac, Erickson et al. 2011; Guijarro-Munoz, Compte 

et al. 2013; Jansson, Rustenhoven et al. 2014; Pieper, Marek et al. 2014). However, prior data 

obtained from human brain pericytes suggests that they display cell-type specific responses 

and these may not necessarily mimic the inflammatory response of parenchymal CNS 



Chapter 4: TGFβ1 regulates human brain pericyte inflammatory processes involved in 
neurovasculature function 

 74 

 

immune cells. This is particularly evident with respect to the role of the transcription factor 

C/EBPδ as described in Chapter 3.  

The function of TGFβ1 on pericytes has been briefly studied, however, largely with 

respect to differentiation, proliferation, or angiogenesis (Sieczkiewicz and Herman 2003; 

Wu, Chiang et al. 2013). Little is known regarding the outcome of TGFβ1 signalling in the 

context of pericyte immune function. Given the potential for pericyte-specific responses and 

the importance of TGFβ1 in neuroinflammation, the role of this cytokine on primary human 

brain pericyte immune responses was examined.  

4.2 Methods 

 Tissue source 4.2.1

Biopsy human brain tissue was obtained, with informed written consent, from the MTG of 

patients undergoing surgery for medically refractory epilepsy. All protocols used in this study 

were approved by the Northern Regional Ethics Committee (New Zealand) and all methods 

were carried out in accordance with the approved guidelines. 

 Mixed glial cultures isolated from adult human brain tissue 4.2.2

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue and cultured until passage five to obtain pure pericyte populations as 

described previously (2.2).  

 Cytokine treatments 4.2.3

Pericytes were treated with 0-10 ng/mL TGFβ1  (vehicle – 1 mM citric acid, pH 3 with 0.1% 

BSA) and/or IL-1β (vehicle – 0.1% BSA in PBS) for 0-72 hours. To control for different 

vehicles, both TGFβ1 and IL-1β vehicles were used for combined TGFβ1 and IL-1β 

experiments and the relevant vehicle was added in the absence of each cytokine. Cytokines 

were added by a 1:100 dilution of a 100 x stock. 



Chapter 4: TGFβ1 regulates human brain pericyte inflammatory processes involved in 
neurovasculature function 

 75 

 

 Collection of conditioned media and cytokine measurement by CBA 4.2.4

Conditioned media from primary human brain pericytes was collected and the concentration 

of secreted proteins determined by CBA as described previously (2.9). To control for TGFβ1-

induced alterations in cell number, CBA data was normalised to cell counts performed by 

Hoechst imaging of wells utilised for CBA experiments. 

 Immunocytochemistry 4.2.5

Primary human brain pericyte cultures (passage five-nine) were fixed and immunostained as 

described previously (2.21).   

 Automated image analysis of multi well plates 4.2.6

Pericytes cultured in 96 well plates were imaged on the automated fluorescence microscope 

ImageXpress® Micro XLS and the cell scoring module on MetaXpress® software was 

utilised as described previously (2.24).  

 Phagocytosis assays 4.2.7

Fluoresbrite® YG carboxylate microspheres (1 µm diameter; 1:1,000 dilution; 0.025% final 

concentration as described in 2.12) were added to cells and centrifuged at 160 x g for five 

minutes. Microscopy and flow cytometry-based phagocytosis assays were performed as 

described previously (2.13). 

 Confocal laser scanning microscopy 4.2.8

Confocal microscopy and orthogonal projections were utilised to confirm internalisation of 

Fluoresbrite® YG carboxylate microspheres (1 µm diameter; 1:10,000 dilution; 0.0025% 

final concentration as described in 2.12 ) as described previously (2.25).  

 EdU proliferation assay 4.2.9

Pericyte proliferation was determined by a 24 hour treatment with EdU prior to completion of 

experiment. Visualisation and quantification of EdU positive cells was performed as 

described previously (2.10). 



Chapter 4: TGFβ1 regulates human brain pericyte inflammatory processes involved in 
neurovasculature function 

 76 

 

 Alamar blue viability assay 4.2.10

Pericyte viability was determined by an Alamar blue assay as described previously (2.15). 

 LDH cytotoxicity assay 4.2.11

Pericyte cytotoxicity was determined through detection of extracellular LDH as described 

previously (2.16). 

 qRT-PCR 4.2.12

RNA extraction was performed using the RNeasy® Mini Kit and DNase treatment, cDNA 

synthesis, and qRT-PCR performed as described previously (2.19). 

 Microarray 4.2.13

Microarray analysis of pericytes (n = three per treatment, single donor) treated with vehicle 

(1 mM citric acid, pH 3 with 0.1% BSA) or 10 ng/mL TGFβ1 for 72 hours was performed by 

Miranda Aalderink, a research technician in the Centre for Brain Research, as described 

previously (2.20). Candidate microarray hits for qRT-PCR and CBA validation were selected 

based on the magnitude of change, statistical significance, and prior evidence for 

involvement in immune responses, but do not include all modified inflammatory genes. 

 Statistical analysis 4.2.14

Unless otherwise stated, all experiments were performed at least three independent times on 

tissue from three different donors. Statistical analysis was carried out using an unpaired 

Student’s t-test, one-way ANOVA with Dunnett’s multiple comparison test to compare 

treatments versus vehicle control, one-way ANOVA with Newman-Keuls multiple 

comparison test to compare all conditions, or a two-way ANOVA with Bonferroni post-test 

to compare the effect of both time and cytokine stimulation (Graphpad Prism 5.02. Statistical 

analysis of microarray data was performed as described previously (Jansson, Rustenhoven et 

al. 2014) 
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4.3 Results 

 TGFβ1 modifies inflammatory gene expression in human brain pericytes 4.3.1

The role of TGFβ1 in modifying several pericyte functions including scarring, proliferation, 

and differentiation has been previously studied (Sieczkiewicz and Herman 2003; Wu, Chiang 

et al. 2013).  However, its effect on pericyte-mediated immune responses has not been well 

characterised. Previous work from our lab has identified a potential anti-inflammatory role 

for TGFβ1 in pericytes through prevention of IFNγ-induced HLA-DR expression (Smith, 

Graham et al. 2013). In order to further understand the inflammatory phenotype adopted by 

TGFβ1 stimulated brain pericytes, microarray analysis was undertaken. As expected, several 

inflammatory genes showed attenuated expression, including IL-8; p = 8.09-4, chemokine C-

X3-C motif ligand 1 (CX3CL1); p = 3.09-6, MCP-1; p = 2.98-6
, and VCAM-1; p = 5.57-7 

(Figure 4.1a). Surprisingly a number of inflammatory-related genes were also found to be 

induced by TGFβ1 treatment, including NOX4; p = 1.12-6, COX-2; p = 1.35-6, MMP-2; p = 

1.09-4
,
 and IL-6; p = 2.03-4 (Figure 4.1a). These changes were confirmed by qRT-PCR with 

TGFβ1-induced up-regulation of NOX4 (p < 0.001; Figure 4.1b), COX-2 (p < 0.001; Figure 

4.1c), MMP-2 (p < 0.05; Figure 4.1d), and IL-6 (p < 0.05; Figure 4.1e) and attenuation of IL-

8 (p < 0.05; Figure 4.1f), CX3CL1 (p < 0.01; Figure 4.1g), MCP-1 (p < 0.001; Figure 4.1h), 

and VCAM-1 (p < 0.001; Figure 4.1i) at 72 hours. Furthermore, several changes were 

apparent as early as 24 hours after TGFβ1 treatment including NOX4 (p < 0.001; Figure 

4.1b), COX-2 (p < 0.001; Figure 4.1c), IL-8 (p < 0.01; Figure 4.1f), MCP-1 (p < 0.001; 

Figure 4.1h), and VCAM-1 (p < 0.001; Figure 4.1i).  
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Figure 4.1: TGFβ1 modifies inflammatory gene expression in human brain pericytes 
Primary human brain pericytes were treated with vehicle (1 mM citric acid, pH 3 with 0.1% 
BSA) or 10 ng/mL TGFβ1 for 72 hours. RNA was extracted and expression of inflammation-
related genes determined by microarray (a). Changes in gene expression (NOX4; b, COX-2; 
c, MMP-2; d, IL-6; e, IL8; f, CX3CL1; g, MCP-1; h, and VCAM-1; i) were confirmed by 
qRT-PCR from three independent experiments with 0-72 hour treatments with 10 ng/mL 
TGFβ1. Data are from technical triplicates of one experiment (a) or three independent 
experiments (b-i) * = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus 0 hour time point (one-
way ANOVA with Dunnett’s post-test). 
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 TGFβ1 modifies inflammatory protein secretion in human brain pericytes 4.3.2

Having identified a role for TGFβ1 in modifying pericyte inflammatory gene expression, it 

was investigated whether this translated to a change in protein levels. Several of the genes 

affected by TGFβ1 are secreted cytokines, chemokines, or cleavable/secreted adhesion 

molecules. The concentration of these proteins in conditioned media from TGFβ1-treated 

pericytes was therefore examined by a CBA. All tested inflammatory mediators were found 

to be secreted basally by pericytes and consistent with microarray and qRT-PCR results, a 72 

hour treatment with TGFβ1 attenuated this secretion of soluble VCAM-1 (sVCAM-1; p < 

0.001; Figure 4.2a), CX3CL1 (p < 0.001; Figure 4.2b), and MCP-1 (p < 0.001; Figure 4.2c). 

Interestingly, the expression of IL-8 was found to be unchanged (p > 0.05, Figure 4.2d). 

Furthermore, IL-6 secretion was significantly enhanced by TGFβ1 treatment (p < 0.001; 

Figure 4.2e). Secretions of sVCAM-1 (p < 0.001; Figure 4.2a) and CX3CL1 (p < 0.05; 

Figure 4.2b) were significantly decreased after a 24 hour treatment with TGFβ1, whilst MCP-

1 attenuation (p < 0.001; Figure 4.2c) and IL-6 induction (p < 0.001; Figure 4.2e) was 

apparent at 48 hours. 

 Synergistic and preventative effects of TGFβ1 on IL-1β-induced inflammatory 4.3.3

protein secretion  

As TGFβ1 appears to be a critical modifier of the pericyte immune phenotype its ability to 

attenuate or synergise with the pro-inflammatory cytokine IL-1β was examined. IL-1β alone 

significantly enhanced the basal secretion of sVCAM-1 (p < 0.001; Figure 4.3a), CX3CL1 (p 

< 0.001; Figure 4.3b), MCP-1 (p < 0.001; Figure 4.3c), IL-8 (p < 0.001; Figure 4.3d), and IL-

6 (p < 0.001; Figure 4.3e). TGFβ1 was found to significantly reduce IL-1β-induced sVCAM-

1 (p < 0.001; Figure 4.3a), CX3CL1 (p < 0.001; Figure 4.3b), and MCP-1 (p < 0.001; Figure 

4.3c) secretions, however, had no effect on IL-8 expression (p > 0.05, Figure 4.3d). 

Furthermore, co-stimulation of pericytes with IL-1β and TGFβ1 showed a synergistic release 

of IL-6, well above that seen with IL-1β treatment alone (p < 0.001, Figure 4.3e).  
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Figure 4.2: TGFβ1 modifies inflammatory protein secretion in human brain pericytes 
Primary human brain pericytes were treated with vehicle (1 mM citric acid, pH 3 with 0.1% 
BSA) or 10 ng/mL TGFβ1 for 0-72 hours and conditioned media was collected. 
Concentration of secreted proteins (sVCAM-1; a, CX3CL1; b, MCP-1; C, IL-8; d, and IL-6; 
e) was determined by a multiplexed CBA. Data are displayed as one representative 
experiment from three independent experiments. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 
versus vehicle control at each time point (two-way ANOVA with Bonferroni post-test). 
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Figure 4.3: Synergistic and preventative effects of TGFβ1 on IL-1β-induced 
inflammatory protein secretion 
Primary human brain pericytes were treated with vehicle (1 mM citric acid, pH 3 with 0.1% 
BSA) or 10 ng/mL TGFβ1 for 24 hours followed by a further 24 hours in the presence of 10 
ng/mL IL-1β or vehicle (0.1% BSA in PBS). Conditioned media was collected and the 
concentration of secreted proteins (sVCAM-1; a, CX3CL1; b, MCP-1; C, IL-8; d, and IL-6; 
e) was determined by a multiplexed CBA. Data are displayed as one representative 
experiment from three independent experiments. *** = p < 0.001 (two-way ANOVA with 
Bonferroni post-test). 
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 TGFβ1 signals through SMAD2/3 transcription factors but does not affect NF-κB 4.3.4

translocation  

Inflammatory protein expression is largely controlled by transcription factor-mediated gene 

transcription. In order to further understand how TGFβ1 modifies the pericyte immune 

response, the ability of this cytokine to modify the localisation of two transcription factors, 

SMAD2/3 and NF-κB, was investigated. Whilst SMAD2/3 displayed a low level of basal 

nuclear expression, this was significantly enhanced by a two hour treatment with TGFβ1 (p < 

0.001; Figure 4.4a, b) and its expression remained slightly elevated (albeit not significantly) 

at 48 hours (p > 0.05; Figure 4.4a, b). IL-1β was found to have no effect on SMAD2/3 

nuclear expression at two, 24, or 48 hours (p > 0.05) alone and did not alter TGFβ1-induced 

expression at any time point (p > 0.05; Figure 4.4a, b). IL-1β significantly enhanced nuclear 

translocation of NF-κB at two hours (p < 0.001), but not 24 (p > 0.05), or 48 hours (p > 0.05) 

whilst TGFβ1 has no effect at any time-point (p > 0.05; Figure 4.4a, c). Furthermore, TGFβ1 

did not modify IL-1β-induced NF-κB translocation at two (p > 0.05), 24 (p > 0.05), or 48 

hours (p > 0.05; Figure 4.4a, c). 
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Figure 4.4: TGFβ1 signals through SMAD2/3 transcription factors but does not affect 
NF-κB translocation 
Primary human brain pericytes were treated for 0-48 hours with combinations of vehicle (1 
mM citric acid, pH 3 with 0.1% BSA – TGFβ1 or 0.1% BSA in PBS – IL-1β), 10 ng/mL 
TGFβ1 and 10 ng/mL IL-1β. Cells were fixed and immunostained for NF-κB p65 and 
SMAD2/3. Nuclei were counterstained with Hoechst. Representative images at two hours are 
shown (a). The intensity of nuclear NF-κB (b) and nuclear SMAD2/3 (c) was determined by 
automated image analysis from four independent experiments. *** = p < 0.001 versus vehicle 
control at each time point (two-way ANOVA with Bonferroni post-test). Scale bar = 50 µm. 
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 TGFβ1 attenuates phagocytosis by pericytes 4.3.5

Phagocytosis is a critical function of the innate immune system and is necessary to clear 

pathogenic substances from the brain (Sokolowski and Mandell 2011). Inflammatory 

cytokines, including TGFβ1, have previously been shown to modify the phagocytic ability of 

parenchymal brain cells, particularly microglia and astrocytes.  Given the ability of TGFβ1 to 

modify pericyte inflammatory responses, it was queried whether it could also influence 

phagocytosis by these cells. A 24 hour treatment with TGFβ1 significantly attenuated pericyte 

phagocytosis of fluorescent polystyrene beads at 1 ng/mL (p < 0.01) and 10 ng/mL (p < 

0.001) as determined by an automated imaging-based assay (Figure 4.5a, b). Confocal 

microscopy was performed to confirm that beads were internalised and not simply bound to 

the cell membrane (Figure 4.5c). A flow cytometry based assay was also employed which 

revealed a significant reduction in pericyte phagocytic ability following a 24 hour treatment 

with 10 ng/mL TGFβ1 (p < 0.05, Figure 4.5d, e), whilst lower concentrations trended towards 

a reduction. 

 TGFβ1 reduces gene expression of scavenger receptors 4.3.6

Scavenger receptors have a key role in recognising and coordinating the uptake of a wide 

range of macromolecules, including fluorescent beads and disease related proteins such as Aβ 

(Paresce, Ghosh et al. 1996; Jones, Minogue et al. 2013). As TGFβ1 was found to inhibit the 

phagocytic ability of pericytes, its ability to modify the expression of receptors involved in 

scavenging macromolecules was determined. A 24 hour treatment with TGFβ1 was found to 

significantly attenuate pericyte expression, as determined by qRT-PCR, of the receptors 

CD36 (p < 0.001, Figure 4.6a), CD68 (p < 0.05, Figure 4.6b), and CD47 (p < 0.05, Figure 

4.6c), highlighting a possible mechanism behind TGFβ1-reduced phagocytic ability. 
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Figure 4.5: TGFβ1 attenuates phagocytosis by pericytes 
Pericytes were treated for 24 hours with 0-10 ng/mL TGFβ1 in 1 mM citric acid, pH 3 with 
0.1% BSA, followed by a further 24 hours in the presence of a 1:1,000 dilution of 1 µm 
diameter fluorescent polystyrene beads. Cells were fixed and nuclei counterstained with 
DRAQ5. Representative images for vehicle and 10 ng/mL TGFβ1 treatments are shown (a). 
The percentage of phagocytic pericytes was determined by automated image analysis from 
five independent experiments (b). Confocal microscopy of pericytes plated on glass 
coverslips, incubated for 24 hours with a 1:10,000 dilution of 1 µm diameter fluorescent 
polystyrene beads and immunostained with PDGFRβ confirmed internalisation of beads (c). 
Pericytes were treated for 24 hours with 0-10 ng/mL TGFβ1 in 1 mM citric acid, pH 3 with 
0.1% BSA. For an additional two hours cells were incubated in the presence or absence of a 
1:1,000 dilution of 1 µm diameter fluorescent polystyrene beads. Phagocytosis was 
determined by flow cytometry. One representative plot is shown (d) and the MFI of five 
independent experiments was determined (e). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 
versus vehicle control (one-way ANOVA with Dunnett’s post-test). Scale bar = 50 µm. 
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Figure 4.6: TGFβ1 reduces gene expression of scavenger receptors 
Primary human brain pericytes were treated with vehicle (1 mM citric acid, pH 3 with 0.1% 
BSA) or 10 ng/mL TGFβ1 for 24 hours. RNA was extracted and expression of CD36 (a), 
CD68 (b), and CD47 (c) and determined by qRT-PCR from three independent experiments. * 
= p < 0.05, *** = p < 0.001 versus vehicle control (Student’s t-test). 
 

 TGFβ1 reduces pericyte proliferation but does not affect their viability 4.3.7

Functional responses of cells, including phagocytosis, can be influenced by general changes 

in cell viability. In order to exclude the possibility that TGFβ1 modifies phagocytosis through 

compromising pericyte viability, a range of assays with respect to examining cell health were 

undertaken. TGFβ1 was unable to stimulate pericyte apoptosis, as determined by antibody 

labelling and imaging of the early apoptotic marker cleaved caspase 3 (CC3) at any time 

point (p > 0.05; Figure 4.7a, b). Due to the low basal level of pericyte apoptosis, validation of 

the CC3 antibody was determined by okadaic acid (OA; 50 nM)-induced apoptosis (Figure 

4.7a, b). TGFβ1 treatment did result in a significant reduction of EdU positive cells, 

indicative of reduced cell proliferation, at 24, 48, and 72 hours (p < 0.001; Fig. 7c, d). 

However, these proliferative changes resulted in only small, albeit significant, reductions in 

cell number (48 hours, p < 0.01; 72 hours, p < 0.001; Figure 4.7e). Cellular cytotoxicity, as 

determined by LDH release, revealed no change with TGFβ1 treatment at any time point (p > 

0.05; Figure 4.7f) whilst an Alamar blue viability assay showed an increase at 24, 48, and 72 

hours (p < 0.001; Figure 4.7g). 
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Figure 4.7: TGFβ1 decreases pericyte proliferation but does not affect their viability 
Primary human brain pericytes were treated with vehicle (1 mM citric acid, pH 3 with 0.1% 
BSA) or 10 ng/mL TGFβ1 for 0-72 hours. Cells were fixed and immunostained for cleaved-
caspase 3 (CC3). Nuclei were counterstained with Hoechst. Cells treated for 24 hours with 50 
nM okadaic acid (OA) were used as a positive control. Representative images from the 24 
hour time point are shown (a). The percentage of CC3 positive cells was determined by 
automated image analysis from three independent experiments (b). Primary human brain 
pericytes were treated with vehicle (1 mM citric acid, pH 3 with 0.1% BSA) or 10 ng/mL 
TGFβ1 for 0-72 hours. For the final 24 hours cells were incubated with 10 µM EdU. Cells 
were fixed, EdU visualised, and nuclei counterstained with Hoechst. Representative images 
from the 72 hour time point are shown (c). The percentage of EdU positive cells (d) and the 
number of cells per field of view was determined by automated image analysis from three 
independent experiments (e). Primary human brain pericytes were treated with vehicle (1mM 
citric acid, pH 3 with 0.1% BSA) or 10 ng/mL TGFβ1 for 0-72 hours. Cytotoxicity was 
determined from three independent experiments by an LDH release assay using cells lysed 
with DMEM/F12 containing 1% Triton-X 100 as a positive control (f). Viability was 
determined from three independent experiments by a two hour treatment with Alamar blue 
(g). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus vehicle control or as designated for 
each time point (two-way ANOVA with Bonferroni post-test). Scale bar = 50 µm. 
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4.4 Discussion 

TGFβ1 is a pleotropic cytokine that has been widely studied with respect to CNS 

inflammatory responses. Due to a ubiquitous anti-inflammatory microglial phenotype in 

response to TGFβ1 stimulation, several studies have suggested utilisation of TGFβ1 in 

limiting brain inflammation (Lodge and Sriram 1996; Brionne, Tesseur et al. 2003; 

Paglinawan, Malipiero et al. 2003; Smith, Graham et al. 2013). However, microglia are not 

the only immunologically active cells in the brain and investigating the effect of TGFβ1 on 

other cell types is warranted. Several labs, including our own, have shown that human brain 

pericytes can produce inflammatory responses in vitro and that these do not necessarily 

mimic microglial responses (Smith, Graham et al. 2013; Matsumoto, Takata et al. 2014).  

To investigate transcriptome-wide changes in inflammatory mediators, microarray 

analysis of human brain pericytes treated with TGFβ1 was first performed.  Whilst several 

inflammatory mediators displayed an attenuated expression as expected, a number of 

inflammatory genes were also found to be up-regulated following TGFβ1 stimulation. Eight 

genes were chosen for qRT-PCR validation consisting of four up-regulated genes (IL-6, 

MMP-2, NOX4, and COX-2) and four down-regulated genes (VCAM-1, IL-8, MCP-1, and 

CX3CL1). As observed previously, qRT-PCR data correlated strongly with microarray 

analysis, with all examined genes showing consistent trends (Jansson, Rustenhoven et al. 

2014). In order to confirm mRNA changes at the protein level, a CBA was employed to 

measure the concentration of the aforementioned cytokines, chemokines, and cleaved 

adhesion molecules in culture media. With the exception of IL-8, TGFβ1 was found to 

modify inflammatory mediator secretions in a manner consistent with microarray and qRT-

PCR data. Furthermore, when co-stimulated with TGFβ1 and the pro-inflammatory cytokine 

IL-1β, IL-6 expression was synergistically induced whilst MCP-1, CX3CL1, VCAM-1, and 

MCP-1 all demonstrated reduced secretions.  

Like TGFβ1, the function of IL-6 in the brain has been widely studied but is not well 

defined. In certain instances IL-6 appears to act as a pro-inflammatory cytokine, further 

enhancing CNS immune responses (Gadient and Otten 1997; Penkowa, Moos et al. 1999). 

Paradoxically, IL-6 also appears to have anti-inflammatory functions and can aid neuronal 

survival in the presence of inflammation (Hama, Miyamoto et al. 1989; Gadient and Otten 
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1997). Similarly, COX-2 induction has been widely debated with regards to its inflammatory 

phenotype. Whilst initially perceived to have a solely pro-inflammatory function, many of the 

COX-2-derived prostaglandins can have anti-inflammatory effects in a cell- and context-

dependent manner (Minghetti 2004; Tzeng, Hsiao et al. 2005; Ricciotti and FitzGerald 2011). 

Whether TGFβ1-induced expression of these mediators is beneficial or harmful is therefore 

unclear. With regards to COX-2 induction, a thorough investigation of prostaglandin 

formation would be required and warrants further investigation. Furthermore, whilst IL-6 has 

no effect on pericyte immune responses as shown in Chapter 3, it has been implicated in 

precipitating endothelial dysfunction, enhancing their permeability, and may therefore be 

detrimental to the BBB (Maruo, Morita et al. 1992; Wassmann, Stumpf et al. 2004). 

MMP-2 induction represents another mechanism by which TGFβ1 could produce 

disruption of the BBB. MMP-2 is a matrix metalloproteinase involved in the breakdown of 

ECM proteins, including type IV collagen (COL-IV), a major constituent of  the cerebral 

basement membrane (Liabakk, Talbot et al. 1996). MMP-2 expression in the vasculature 

promotes BBB disruption through reduced basement membrane load and endothelial tight 

junction breakdown, subsequently enhancing leucocyte infiltration (Liu, Jin et al. 2012; Dal-

Pizzol, Rojas et al. 2013; Song, Wu et al. 2015). MMP-2 also facilitates cancer cell invasion 

in GBM, a brain tumour in which TGFβ1 is highly expressed (Forsyth, Wong et al. 1999; 

Wick, Platten et al. 2001; Joseph, Balasubramaniyan et al. 2013). Furthermore, MMP-2 can 

cleave non ECM substrates, including latent TGFβ1, which can promote an increased release 

of its active form generating a positive feedback loop (Wang, Zhao et al. 2006). TGFβ1-

enhanced MMP-2 expression has been recently observed in brain pericytes, corroborating the 

changes described here (Takahashi, Maki et al. 2014).  

NOX4 is a member of the NADPH oxidase family and contributes to cellular 

superoxide production. NOX family members are highly expressed in professional 

macrophages and reactive oxidative species (ROS) are crucial in the killing of phagocytosed 

microorganisms (Bedard and Krause 2007). However, NOX-derived ROS have also been 

implicated in arteriosclerosis, disturbance of vascular tone, disruption of the BBB, and 

endothelial cell apoptosis through oxidative stress (Sorescu, Weiss et al. 2002; Kahles, 

Luedike et al. 2007; Basuroy, Bhattacharya et al. 2009). NOX4 induction is a characteristic 
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feature of vascular-associated cells, showing expression in the endothelium (Ago, Kitazono 

et al. 2004; Datla, Peshavariya et al. 2007), VSMCs (Hilenski, Clempus et al. 2004; Clempus, 

Sorescu et al. 2007), and more recently human brain pericytes  (Kuroda, Ago et al. 2014).  

Like IL-6 and MMP-2, TGFβ1-mediated NOX4 induction may have a significant impact in 

the disruption of CNS vasculature following injury.  

Several of the TGFβ1-mediated genes encode for proteins that are secreted or cleaved 

into culture media and indeed for cytokines and chemokines this form produces the 

functional response. As such, CBA analysis was performed to examine sVCAM-1, MCP-1, 

IL-8, and CX3CL1 secretions. Whilst sVCAM-1, MCP-1, and CX3CL1 all showed 

attenuated secretions with TGFβ1, the level of IL-8 was not significantly altered. A similar 

response was observed in Chapter 3 whereby C/EBPδ knockdown enhanced IL-1β-induced 

IL-8 mRNA which did not correlate with IL-8 secretions. The reasons for this discrepancy 

are currently unclear.  

VCAM-1 is an adhesion molecule expressed by cells of the vasculature, including 

endothelial cells and pericytes (Elices, Osborn et al. 1990; Guijarro-Munoz, Compte et al. 

2013). Unlike the related adhesion molecule ICAM-1, VCAM-1 was found to be expressed 

under basal conditions by human brain pericytes. VCAM-1 expression in pericytes aids the 

adhesion and subsequent transmigration of leucocytes across brain vasculature (Greenwood, 

Wang et al. 1995). This interaction occurs via VLA-4 binding, an integrin which undergoes 

conformational changes to allow VCAM-1 mediated adhesion after chemotactic activation 

(Elices, Osborn et al. 1990; Greenwood, Wang et al. 1995; Chigaev, Waller et al. 2007; Ley, 

Laudanna et al. 2007). Whilst VCAM-1 is typically implicated in endothelial-leucocyte 

interactions, pericytes can also control immune cell adhesion and migration across the BBB. 

In particular, they assist the crawling of leucocytes to gaps between pericyte processes, 

allowing for proper access to the brain parenchyma (Guijarro-Munoz, Compte et al. 2013; 

Stark, Eckart et al. 2013).  

MCP-1 is a monocyte chemokine that attracts immune cells through a concentration-

dependent gradient and like VCAM-1, represents a mechanism to enhance CNS leucocyte 

entrance. Elevated MCP-1 expression is observed in several brain cells following an insult, 

including pericytes, microglia, and astrocytes, and chemoattracts parenchymal microglia as 
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well as circulating leucocytes to the injured site, thereby contributing to a pro-inflammatory 

CNS phenotype (Stamatovic, Shakui et al. 2005; Hinojosa, Garcia-Bueno et al. 2011; Sagar, 

Lamontagne et al. 2012). Attenuated VCAM-1 and MCP-1 expression could therefore 

represent an anti-inflammatory function of TGFβ1 through limiting peripheral immune cell 

infiltration. 

Fractalkine (CX3CL1) is a unique protein which functions as an adhesion molecule 

when membrane-bound, or a leucocyte chemokine in its soluble form (Bazan, Bacon et al. 

1997; Imai, Hieshima et al. 1997; Pan, Lloyd et al. 1997; Umehara, Goda et al. 2001). Like 

MCP-1 and VCAM-1, attenuated expression of this mediator could thereby limit peripheral 

immune cell CNS entry. However, the effects of CX3CL1 are exerted specifically through 

the CX3C chemokine receptor 1 (CX3CR1) and whilst circulating leucocytes express this 

receptor (Imai, Hieshima et al. 1997; Fong, Robinson et al. 1998), in the brain CX3CR1 

expression is limited predominantly to microglia (Cardona, Pioro et al. 2006). CX3CL1-

CX3CR1 interactions in the CNS promote a strong anti-inflammatory microglial phenotype, 

whilst CX3CR1 knockout mice showed microglial-mediated neurotoxicity (Nishiyori, 

Minami et al. 1998; Cardona, Pioro et al. 2006; Sheridan and Murphy 2013). CX3CL1 

signalling therefore appears to be vital in controlling microglial inflammatory responses. 

CX3CL1 is currently believed to be expressed predominantly by neurons in the CNS 

(Nishiyori, Minami et al. 1998). The data reported here constitutes the first evidence of 

fractalkine secretion by brain pericytes and highlights a possible role for these cells in 

modulating microglial inflammation. TGFβ1-attenuated CX3CL1 expression in pericytes may 

therefore deregulate microglial-mediated immune responses.  

Modifications of cellular inflammatory responses are largely controlled through 

transcription factor-mediated gene transcription. Consistent with previous literature, TGFβ1 

produced a pronounced induction of nuclear SMAD2/3 (Papetti, Shujath et al. 2003; Town, 

Laouar et al. 2008). However, it failed to induce nuclear translocation of NF-κB alone, or 

modify the IL-1β-induced expression of NF-κB. Previous studies, albeit in different cell 

types, report both TGFβ1-mediated NF-κB translocation or lack thereof (Obata, Biro et al. 

1996; Hsieh, Wang et al. 2010). This discrepancy highlights the cell-specific effects of 

TGFβ1. Indeed, cell type-dependent responses with TGFβ1 have been observed previously in 
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our lab with respect to pericyte, astrocyte, and microglial inflammatory responses (Smith, 

Graham et al. 2013). Surprisingly, although TGFβ1-induced SMAD2/3 nuclear localisation 

was largely absent after 24 hours, the induction of several inflammatory mediators 

approached their peak 72 hours after TGFβ1 treatment. It is therefore unlikely that SMAD2/3-

modifed gene transcription was directly involved in stimulating certain TGFβ1-induced 

inflammatory changes. Instead, it is possible that the early induction of specific proteins, 

particularly NOX4, could influence the expression of other inflammatory mediators.  Indeed 

pericyte-derived NOX4 has been previously implicated in BBB breakdown through enhanced 

neuroinflammatory responses, including MMP-9 induction (Nishimura, Ago et al. 2015). 

Whilst it is currently unclear precisely how TGFβ1 modifies pericyte inflammatory responses, 

it appears that it is not through the prototypical inflammatory transcription factor NF-κB. 

Further studies examining a role for SMAD transcription factors in pericyte immune 

responses are therefore required. 

Aside from their role in expressing inflammatory mediators, brain pericytes also 

possess phagocytic ability with respect to polystyrene beads and other particulate matter 

(Balabanov, Washington et al. 1996; Thomas 1999). Confocal microscopy analysis 

confirmed that pericyte cultures were capable of phagocytosis in vitro and this function was 

able to be quantitatively determined by microscopy and flow cytometry-based assays. TGFβ1 

was found to significantly reduce the phagocytic uptake of polystyrene beads in a 

concentration dependent fashion. Interestingly, enhanced expression of TGFβ1 in the brain 

significantly elevates fibrillar Aβ deposition exclusively in the vasculature (Wyss-Coray, 

Masliah et al. 1997; Wyss-Coray, Lin et al. 2001). These results suggest that TGFβ1-

attenuated phagocytic function could contribute to the increased vasculature-associated Aβ 

load. Due to their phagocytic ability and anatomical location, it is possible that pericytes have 

a key role in clearing pathogenic substances from the brain parenchyma. Indeed, pericytes 

can internalise Aβ and their absence accelerates cerebral amyloid angiopathy (CAA) (Sagare, 

Bell et al. 2013). Despite pericytes being capable phagocytes, it is important to note that their 

rate of bead uptake was significantly lower than that of microglia, as evidenced in Chapter 7.  

Whilst it is currently unclear precisely how TGFβ1 reduced pericyte phagocytic 

function, it was found to decrease the expression of the scavenger receptors CD36, CD47, 
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and CD68. These receptors recognise a range of macromolecules, including polystyrene 

beads and Aβ, and stimulate their internalisation (Gough and Gordon 2000; Husemann, Loike 

et al. 2002). Inhibition of CD36 and CD47 can prevent phagocytic function (Bamberger, 

Harris et al. 2003; Koenigsknecht and Landreth 2004; Jones, Minogue et al. 2013) whilst 

TGFβ1 has previously been found to attenuate CD36 expression in macrophages (Draude and 

Lorenz 2000; Han, Hajjar et al. 2000). 

As well as specific receptor involvement, alterations in phagocytosis may be achieved 

simply by modifying cell viability. Due to the range of inflammatory mediators induced by 

TGFβ1, this was certainly a possibility. Indeed, TGFβ1-induced NOX4 has been shown to 

precipitate endothelial cell apoptosis through oxidative stress (Yan, Wang et al. 2014). In 

order to exclude a generalised loss of pericyte viability in explaining this phagocytic 

response, the effect of TGFβ1 on pericyte health was examined. Whilst a decrease in cell 

number was observed with TGFβ1 treatment, this was explained by a reduction in pericyte 

proliferation and not apoptotic or necrotic death or alterations in viability.  

Aside from pericytes, several other cells of the neurovascular unit, including 

microglia (Block and Hong 2005), astrocytes (Benveniste, Kwon et al. 1994), and endothelial 

cells (Yan, Wang et al. 2014) contain TGFBRs and may therefore contribute to TGFβ1-

induced immune responses. Whilst TGFβ1 has been previously studied with respect to in vivo 

neurovasculature function, the ability of numerous cell types to respond to this growth factor 

compromises the ability to study cell-type specific functions, particularly secreted cytokines, 

chemokines, and ROS production. Indeed in differing in vivo models, TGFβ1 was found to 

both exacerbate BBB permeability through MMP-9 induction (McMillin, Frampton et al. 

2015) or prevent BBB breakdown through MMP-9 suppression (Cai, Liu et al. 2015). Whilst 

understanding the role of TGFβ1 in each cell type is vital in understanding whole-organism 

changes, it should be emphasised that isolated pericyte cultures lack the paracrine signalling 

with other parenchymal brain cells present in vivo and the functional outcomes of TGFβ1 

expression in the neurovasculature could differ as a result. 

TGFβ1 attenuated the expression of key chemokines and adhesion molecules involved 

in CNS leucocyte trafficking and the control of microglial function, as well as reducing their 

phagocytic ability. However, it also enhanced the expression of classical pro-inflammatory 
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cytokines and enzymes which can disrupt BBB function. Together these data suggest that 

TGFβ1 induction following brain injury stimulates a unique phenotype in brain pericytes 

which is neither specifically pro- nor anti-inflammatory. The functional in vivo outcome of 

TGFβ1-stimulation on brain pericytes is therefore difficult to predict. However, the reduction 

in pericyte proliferation, combined with elevated IL-6, MMP-2, and NOX4 expression, as 

well as attenuated phagocytic functioning suggests a detrimental action of TGFβ1 on the 

neurovasculature. 
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CHAPTER 5: Phagocytosis by human brain pericytes: 

implications for Alzheimer’s disease 

5.1 Introduction 

Pericytes participate in multiple aspects of the CNS immune response. In particular, a 

role for pericytes in assisting leucocyte extravasation through adhesion molecule 

expression and chemokine secretion is well documented (Chapters 3 and 4) (Proebstl, 

Voisin et al. 2012; Ayres-Sander, Lauridsen et al. 2013; Stark, Eckart et al. 2013; 

Jansson, Rustenhoven et al. 2014). Furthermore, there is also evidence for antigen 

presentation, ROS production, and pro-inflammatory cytokine secretion (Chapters 3 and 

4) (Balabanov, Beaumont et al. 1999; Smith, Graham et al. 2013; Kuroda, Ago et al. 

2014). The previous chapters sought to expand on our understanding of inflammatory 

mediators expressed by human brain pericytes and examine how these can be controlled 

by transcription factors and inflammatory cytokines. However, compared to the 

aforementioned functions, whether pericytes participate in the innate immune function of 

phagocytosis has not been well characterised. Phagocytosis is a critical process in the 

removal of neurotoxic waste, misfolded proteins, or invading microbes, both in the normal 

brain and in neurodegenerative diseases such as AD. Like microglia and astrocytes, pericytes 

have been suggested to survey their local environment and ingest extracellular waste products 

(Balabanov, Washington et al. 1996; Thomas 1999). However, the fixed location of pericytes 

around the brain capillaries means that pericytes are exposed to a different repertoire of waste 

material than parenchymal brain phagocytes. This presents the exciting possibility that 

pericytes occupy a phagocytic niche and that they may represent a unique therapeutic target 

in neurodegenerative diseases including AD. 

The first suggestions of pericytes as CNS macrophages came from studies 

demonstrating that these cells can internalise and preferentially accumulate small molecule 

tracers injected either intravenously (Majno, Palade et al. 1961; Kristensson and Olsson 

1973; Van Deurs 1976) or intraventricularly  (Mato, Ookawara et al. 1980). More recently, 

pericytes have also been found to ingest larger molecules including whole erythrocytes 

(Castejón 2010), as well as mock “waste” in the form of 1-9 µm polystyrene beads 
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(Chapter 4) (Balabanov, Washington et al. 1996; Pieper, Marek et al. 2014). Whilst small 

molecules can be internalised by receptor-mediated endocytosis or non-specific 

macropinocytosis, solid particles greater than 0.5 µm are ingested predominantly via 

phagocytosis. This is a directed, energy-dependent process, involving receptor-mediated 

membrane reorganisation (pseudopod extension or membrane sinking) and subsequent 

engulfment of particles (Flannagan, Jaumouille et al. 2012; Hirota and Terada 2012). 

Internalised particles are compartmentalised in a phagosome which then fuses with a 

lysosome for proteolytic degradation. Early studies of their ultrastructure in animal models 

revealed that brain pericytes contain numerous dense lysosomal granules, suggesting that 

pericytes are structurally equipped to degrade CNS waste products following internalisation 

(Lafarga and Palacios 1975; Jeynes 1985). Furthermore, in response to numerous forms of 

BBB disruption including ischaemia (Jeynes 1985), stroke (Tagami, Nara et al. 1990) and 

tumour formation (Torack 1961; Bertossi, Virgintino et al. 1997), the number of granular 

brain pericytes or the granule content of individual pericytes is enhanced, suggesting that 

pericytes may play a specialised role in the removal of matter which breaches the BBB. To 

date, the preferred substrate size, kinetics, and subsequent degradation of extracellular 

waste ingestion by human brain pericytes have not been determined.  

Strikingly, pericytes have also been implicated in the removal of Aβ, a disease-

related protein in AD. Aβ has been detected within brain pericytes in human AD patients, 

which was initially interpreted to mean that pericytes were a source of vascular Aβ 

production (Wisniewski, Wegiel et al. 1992). However, pericytes express several 

receptors implicated in Aβ uptake, including those facilitating receptor-mediated 

endocytosis (LRP-1 and low density lipoprotein receptor (LDLR)) and phagocytosis 

(CD36 and CD68) (Chapter 4) (Wilhelmus, Otte-Höller et al. 2007; Pieper, Marek et al. 

2014). Indeed, a recent study suggests that pericytes may clear the interstitial fluid of Aβ 

monomers via an LRP-1-dependent mechanism (Sagare, Bell et al. 2013). Furthermore, 

disruption of brain pericytes in AD transgenic mice significantly increased Aβ deposition 

around cerebral blood vessels, supporting a role for pericytes in Aβ removal rather than 

production (Sagare, Bell et al. 2013).  
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In the non-diseased brain, Aβ encounters pericytes during perivascular drainage of 

interstitial fluid, whereby pericytes can internalise Aβ and potentially transport it to 

endothelial cells for subsequent CNS clearance (Tarasoff-Conway, Carare et al. 2015). In 

the AD brain, large Aβ aggregates are also deposited in perivascular regions, potentially 

as a consequence of impaired vascular drainage, in a process termed CAA (Hawkes, 

Jayakody et al. 2014; Morris, Carare et al. 2014). Importantly, perivascular deposition of 

Aβ promotes neurovasculature disruption which is a hallmark feature of AD, as well as 

preventing appropriate perivascular drainage (Zlokovic 2005). Attenuating vascular-

associated Aβ, either by preventing its deposition in the first instance or augmenting the 

clearance of mature plaques could prove beneficial. Whilst receptor-mediated endocytosis 

of soluble Aβ monomers has been shown by pericytes in rodent models (Sagare, Bell et 

al. 2013), it remains to be seen whether this is the case for humans and importantly 

whether these findings extend to aggregated forms of Aβ.  

Extracellular plaques comprised of Aβ1-42 aggregates are present in both the brain 

parenchyma and perivascular regions in AD and in old age (Serrano-Pozo, Frosch et al. 

2011). Whilst plaque burden is typically correlated with cognitive deficits, recent 

evidence suggests that oligomeric, or less organised forms of Aβ, may be more toxic 

(Glabe 2006; Serrano-Pozo, Frosch et al. 2011; Kayed and Lasagna-Reeves 2013). 

Whether pericytes participate in Aβ plaque clearance from the brain, or process Aβ 

aggregates into forms with greater or lesser toxicity, is of immense interest in the search 

for AD therapeutics.  

To further our understanding of how pericytes contribute to CNS clearance, primary 

human pericytes isolated from the adult human brain were utilised to characterise the 

molecular mechanisms, kinetics, and outcomes of phagocytosis. In particular, it was 

investigated whether pericytes can phagocytose Aβ1-42 aggregates as present in AD, and the 

immunological and viability outcomes of doing so.  
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5.2 Methods 

 Tissue source 5.2.1

For in vitro studies, biopsy human brain tissue was obtained, with informed written consent, 

from the MTG of patients undergoing surgery for medically refractory epilepsy. For 

immunohistochemistry studies, post-mortem adult human brain hippocampal tissue from 

neurologically normal or clinically and pathologically confirmed AD cases was obtained 

from the Neurological Foundation of New Zealand Human Brain Bank and processed as 

described previously (Waldvogel, Curtis et al. 2006). All protocols used in these studies were 

approved by the Northern Regional Ethics Committee (New Zealand) for biopsy tissue and 

the University of Auckland Human Participants Ethics Committee (New Zealand) for post-

mortem brain tissue. All methods were carried out in accordance with the approved 

guidelines. 

 Mixed glial cultures isolated from adult human brain tissue 5.2.2

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue and cultured until passage five to obtain pure pericyte populations as 

described previously (2.2). 

 Immunogen and drug treatments 5.2.3

To investigate mechanisms of pericyte phagocytosis, 1-50 µM of the actin polymerisation 

inhibitor cytochalasin D, 0.5-20 µM of the microtubule inhibitor colchicine, or vehicle (0.2% 

DMSO) was added to cells for 0.5-2 hours. Inhibitors were added through dilution in 

DMEM/F12, 10% FBS, and 1% PSG and a full media change was performed. To investigate 

inflammatory responses, primary human brain pericytes were treated with 0-10 ng/mL IL-1β 

or vehicle (0.1% BSA in PBS) for 0-24 hours. Immunogens were added by a 1:100 dilution 

of a 100 x stock. 
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 Fluorescent microsphere and Aβ1-42 addition 5.2.4

Fluoresbrite® YG carboxylate microspheres (0.1-2 µm diameter; 1:1000 dilution; 0.025% 

final concentration) or Aβ1-42 (2.5 µM) were prepared as described earlier (2.11 and 2.12), 

added to cells, and centrifuged at 160 x g for five minutes. Cells were incubated with beads 

or Aβ1-42 for 0-48 hours as required.  

 Thioflavin S staining of Aβ1-42 5.2.5

Aβ1-42 was made fluorescent through Thioflavin S staining as described previously (2.11). 

 Collection of conditioned media and cytokine measurement by CBA 5.2.6

Conditioned media from primary human brain pericytes was collected and the concentration 

of secreted proteins was determined by CBA as described previously (2.9). 

 Immunocytochemistry 5.2.7

Primary human brain pericyte cultures (passage five-nine) were fixed and immunostained as 

described previously (2.21). To visualise F-actin, ActinGreen 488® ReadyProbes (Molecular 

Probes) reagent was used as per manufacturer’s instructions after fixation.  

 Automated image analysis of multi well plates 5.2.8

Pericytes cultured in 96 well plates were imaged on the automated fluorescence microscope 

ImageXpress® Micro XLS and the cell scoring and show region statistics modules on 

MetaXpress® software were utilised as described previously (2.24).  

 Immunohistochemistry 5.2.9

Immunohistochemistry of fresh frozen hippocampal tissue from a single pathologically 

confirmed case of AD (AZ90) or an age-matched neurologically normal control (H180) was 

performed as described previously (2.22). 
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 Confocal laser scanning microscopy 5.2.10

Confocal microscopy and orthogonal projections were utilised to confirm microsphere and 

Aβ1-42 internalisation in immunocytochemistry samples and to image pericyte association 

with Aβ in human brain tissue immunohistochemistry samples as described previously 

(2.25).  

 Phagocytosis assays 5.2.11

Microscopy and flow cytometry-based phagocytosis assays were performed as described 

previously (2.13). 

 LDH cytotoxicity assay 5.2.12

Pericyte cytotoxicity was determined through detection of extracellular LDH as described 

previously (2.16). 

 Alamar blue viability assay 5.2.13

Pericyte viability was determined via an Alamar blue assay as described previously (2.15). 

 ReadyProbes® Cell Viability Imaging Kit 5.2.14

Pericyte viability was determined via the ReadyProbes Cell Viability Imaging Kit as 

described previously (2.17). 

 Statistical analysis 5.2.15

Unless otherwise stated, all experiments were performed at least three independent times 

using cells from three different tissue donors. Statistical analysis was carried out using either 

a one-way ANOVA with Dunnett’s multiple comparison test to compare treatments versus 

vehicle control or time-points to a 0 hour control, a one-way ANOVA with Newman-Keuls 

multiple comparison test to compare all conditions, or a two-way ANOVA with Bonferroni 

post-test to compare the effect of IL-1β and bead or Aβ addition (Graphpad Prism 5.02).  
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5.3 Results 

 Human brain pericytes internalise polystyrene beads of various sizes at rates 5.3.1

dependent upon particle size  

To begin to characterise waste uptake by human brain pericytes, the range of particle sizes 

which could be ingested and the uptake kinetics of particles of various sizes was determined. 

Human brain pericytes were incubated with fluorescent polystyrene beads of 0.1-2 µm 

diameter for various durations (0-24 hours) and bead uptake was determined by flow 

cytometry and fluorescent microscopy (Figure 5.1a-c). The beads are internally dyed, such 

that the MFI detected by flow cytometry was proportional to the total mass of plastic ingested 

by cells. Pericytes were found to internalise all tested bead sizes, however, the rate of uptake 

differed between bead sizes. The total fluorescence detected at each time point revealed a 

more efficient uptake of large particles (Figure 5.1b; Figure 5.2). Confirmation of bead (1 µm 

diameter) internalisation by human brain pericytes has been performed previously by 

confocal microscopy under identical conditions (Chapter 4).  

 Human brain pericytes internalise polystyrene beads by microtubule- and F-5.3.2

actin-dependent phagocytosis 

Large solid particles (> 0.5 µm), which were found to be most efficiently ingested by human 

brain pericytes, are internalised predominantly by phagocytosis. Phagocytosis is an active 

process achieved by the dynamic reorganisation of two key cytoskeletal elements; 1) 

microtubules, comprised of α/β-tubulin monomers, involved in both the tethering of particles 

to the cell membrane and their intracellular trafficking; and 2) actin filaments, comprised of 

actin monomers, which extend the cell membrane around particles to allow complete 

internalisation (Aderem and Underhill 1999). In order to examine their respective roles in 

pericyte phagocytosis, cells were incubated with inhibitors of filamentous (F-) actin assembly 

(cytochalasin D) or microtubule formation (colchicine), prior to the addition of beads. 

Optimal inhibitor concentrations were chosen by immunocytochemical assessment of F-actin 

or α-tubulin structure and lack of toxicity (Figure 5.3a-c). Whilst colchicine (10 µM) trended 

towards an attenuated uptake of polystyrene beads in a flow cytometry-based assay, 

cytochalasin D (20 µM) had little to no effect (Figure 5.4b). Interestingly, confocal 
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microscopy revealed that neither colchicine-treated nor cytochalasin D-treated pericytes 

internalised polystyrene beads to the same extent as untreated pericytes, but that beads were 

often tethered to the cell surface (Figure 5.4a). This suggests that both microtubule-dependent 

particle tethering and F-actin-dependent particle engulfment are required for pericyte 

phagocytosis. 
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Figure 5.1: Human brain pericytes internalise polystyrene beads of various sizes at 
rates dependent upon particle size 
Primary human brain pericytes were incubated with fluorescent polystyrene beads of 0.1-2 
µm diameter for 0-24 hours and bead uptake was measured by flow cytometry. Plots from 
one representative experiment (a) are shown and the MFI was determined from three 
independent experiments (b). Wide field fluorescent microscopy of pericytes from a single 
donor which were fixed and had nuclei stained with DRAQ5 demonstrated a perinuclear 
distribution for each bead size (c). Exposure time was adjusted for each bead size in order to 
display cellular distribution. For a summary of statistical analysis refer to Figure 5.2. Scale 
bar = 50 µm. 
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Figure 5.2: Statistical analysis of bead phagocytosis kinetics 
Statistical analysis of the effect of fluorescent polystyrene bead size on uptake kinetics by 
human brain pericytes (Figure 5.1). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 (two-way 
ANOVA with Bonferroni post-test). 
 

 Internalisation of polystyrene beads by human brain pericytes augments the 5.3.3

inflammatory response to the cytokine IL-1β 

Having shown that pericytes are able to internalise polystyrene beads and that this uptake is 

mediated by microtubule- and F-actin-dependent phagocytosis, the effect of bead uptake on 

the pericyte immune response was investigated. Pericytes were incubated with various sized 

beads (0.1-2 µm) for 24 hours followed by further 24 hour incubation in the presence or 

absence of the pro-inflammatory cytokine IL-1β. The expression of C/EBPδ (Figure 5.5a, b), 

ICAM-1 (Figure 5.5a, c), and MCP-1 (Figure 5.5a, d) was determined by 

immunocytochemistry, whilst secretions of sICAM-1 (Figure 5.5e), MCP-1 (Figure 5.5f), IL-

6 (Figure 5.5g), and IL-8 (Figure 5.5h) were determined by a multiplexed CBA. 

Inflammatory mediators where chosen based on previous evidence of involvement in human 

brain pericyte immune responses (Chapters 3 and 4) (Jansson, Rustenhoven et al. 2014). 

Bead uptake increased basal C/EBPδ expression whilst also enhancing the IL-1β-induced 

expression of C/EBPδ, ICAM-1, and MCP-1 (Figure 5.5a-d). This induction appeared to 

correlate with the amount of intracellular beads. However, bead internalisation had no effect 

on cytokine or adhesion molecule secretion, either basally or in response to IL-1β (Figure 

5.5e-h). 
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Figure 5.3: Optimisation of cytochalasin D and colchicine treatments 
Primary human brain pericytes were treated with 1-50 µM cytochalasin D, 0.5-20 µM 
colchicine, vehicle (0.2% DMSO), or left untreated. Representative images of pericytes from 
three independent cases which were fixed and immunostained for α-tubulin (a) or stained 
with ActinGreen488 ReadyProbes® reagent (F-actin stain; Molecular Probes; b) are shown. 
Nuclei were counterstained with Hoechst. Alamar blue was used to measure pericyte viability 
after inhibitor treatment (c). Viability was determined from triplicate wells of a single 
pericyte donor. No inhibitor treatments were significantly different from vehicle (one-way 
ANOVA with Dunnett’s post-test). Scale bar = 50 µm. 
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Figure 5.4: Human brain pericytes internalise polystyrene beads by microtubule- and 
F-actin-dependent phagocytosis 
Primary human brain pericytes were pre-treated with 20 µM cytochalasin D, 10 µM 
colchicine, or vehicle (0.2% DMSO) for 30 minutes prior to a two hour incubation with 0.1-2 
µm diameter fluorescent polystyrene beads. Pericytes were fixed, immunostained for the cell 
surface receptor PDGFRβ, and confocal microscopy was performed (a). Phagocytosis was 
determined by flow cytometry from four independent experiments (b). No drug treatments 
were significantly different from one another at each time point (one-way ANOVA with 
Dunnett’s post-test). Scale bar = 50 µm. 
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Figure 5.5: Internalisation of polystyrene beads by human brain pericytes augments the 
inflammatory response to the cytokine IL-1β 
Primary human brain pericytes were incubated with fluorescent polystyrene beads of 0.1-2 
µm diameter for 24 hours followed by further 24 hour incubation with 10 ng/mL IL-1β or 
vehicle (0.1% BSA in PBS). Cells were fixed and immunostained for C/EBPδ, ICAM-1, or 
MCP-1 and representative images are shown (a). Intensity of C/EBPδ (b), ICAM-1 (c), or 
MCP-1 (d) was determined by automated image analysis from three independent 
experiments. Immunocytochemistry images are pseudo-coloured green but depict Alexa 647 
staining imaged using the Cy5 filter to avoid bleed-through from fluorescent beads. Separate 
wells under identical conditions were stained with DRAQ5 to determine cell counts, such that 
the intensity of staining could be normalised to cell number. * = p < 0.05, ** = p < 0.01, *** 
= p < 0.001 versus the no bead control (two-way ANOVA with Bonferroni post-test). 
Cellular secretions of sICAM-1 (e), MCP-1 (f), IL-6 (g), and IL-8 (h) were determined by a 
multiplexed CBA of conditioned media. One representative experiment from three 
independent cases is shown. No bead sizes produced changes that were significantly different 
than the no bead control (two-way ANOVA with Bonferroni post-test). Scale bar = 50 µm.  
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 Human brain pericytes internalise aggregates of the AD-associated protein Aβ1-42 5.3.4

Whilst inert polystyrene beads have been previously utilised to study pericyte phagocytic 

function, whether these cells are able to internalise disease-related proteins is unknown but of 

significant interest. To investigate this, beta sheet-rich Aβ1-42 aggregates (mean size: 17.89 ± 

42.99 µm2 (SD), range: 0.03 - 678.50 µm2) similar to those seen in the brain of AD patients 

were prepared as described earlier (2.11). To determine whether pericytes internalised these 

aggregates, Aβ1-42 was first fluorescently labelled using Thioflavin S (Figure 5.6), which 

selectively binds beta sheet-rich aggregates but not monomers. Fluorescent Aβ1-42 was then 

incubated with pericytes for 0-24 hours and the amount internalised was determined by flow 

cytometry (Figure 5.7a). The MFI of the cell population was found to increase progressively 

over the time-course suggesting an uptake of Aβ1-42 (Figure 5.7b). Internalisation of Aβ1-42 at 

24 hours was confirmed by confocal microscopy using the pericyte-specific cell surface 

receptor PDGFRβ (Figure 5.7c).  

 Internalisation of Aβ1-42 aggregates by human brain pericytes does not influence 5.3.5

the inflammatory response to the cytokine IL-1β 

Phagocytosis of Aβ1-42 has been previously found to have either a pro-inflammatory, anti-

inflammatory or a neutral response depending on specific phagocytic receptor involvement 

(Aderem and Underhill 1999). To determine whether uptake of Aβ1-42 stimulated an immune 

response in pericytes, immunocytochemistry for C/EBPδ (Figure 5.8a, b), ICAM-1 (Figure 

5.8a, c), and MCP-1 (Figure 5.8a, d) was performed, whilst secretions of sICAM-1 (Figure 

5.8e), MCP-1 (Figure 5.8f), IL-6 (Figure 5.8g), and IL-8 (Figure 5.8h) were measured by a 

multiplexed CBA. Inflammatory markers were chosen based on prior evidence for 

involvement in pericyte mediated immune responses (Chapter 3 and 4) (Jansson, 

Rustenhoven et al. 2014). Neither Aβ1-42 alone, or in combination with IL-1β, altered the 

inflammatory phenotype adopted by pericytes.  
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Figure 5.6: Fluorescent labelling of Aβ1-42 
Lyophilised Aβ1-42 was resuspended in sterile water and stored at -20 °C until use. When 
prepared in this manner Aβ1-42 forms beta-sheet rich aggregates. To enable detection by flow 
cytometry, Aβ1-42 was fluorescently labelled with 0.01% Thioflavin S in 50% ethanol. 
Brightfield and fluorescent microscopy of Thioflavin S-labelled Aβ1-42 aggregates reveals 
green fluorescent staining of every particle visible by brightfield microscopy. Scale bar = 50 
µm.  
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Figure 5.7: Human brain pericytes internalise aggregates of the AD disease-associated 
protein Aβ1-42 
Primary human brain pericytes were incubated with 2.5 µM fluorescently labelled Aβ1-42 for 
0-24 hours and Aβ1-42 uptake was measured by flow cytometry. Plots from one representative 
experiment are shown (a) and the MFI was determined from three independent experiments 
(b). Confocal microscopy of pericytes treated with 2.5 µM fluorescently labelled Aβ1-42 for 
24 hours confirmed internalisation of aggregates by PDGFRβ-immunostained pericytes. * = 
p < 0.05, ** = p < 0.01, *** = p < 0.001 versues the 0 hour time point (one-way ANOVA 
with Dunnett’s post-test). Scale bar = 50 µm. 
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Figure 5.8: Internalisation of Aβ1-42 aggregates by human brain pericytes does not 
influence the inflammatory response to the cytokine IL-1β 
Primary human brain pericytes were incubated with 2.5 µM fluorescently labelled Aβ1-42 for 
24 hours followed by a further 24 hour incubation with 10 ng/mL IL-1β or vehicle (0.1% 
BSA in PBS). Cells were fixed and immunostained for C/EBPδ, ICAM-1, or MCP-1 and 
representative images are shown (a). Intensity of C/EBPδ (b), ICAM-1 (c), or MCP-1 (d) was 
determined by automated image analysis from three independent experiments. 
Immunocytochemistry images are pseudo-coloured green but depict Alexa 647 staining 
imaged using the Cy5 filter to avoid bleed-through from fluorescently labelled Aβ1-42. 
Separate wells under identical conditions were stained with DRAQ5 to determine cell counts, 
such that the intensity of staining could be normalised to cell number. Aβ1-42 treatments were 
not significantly different from vehicle control (two-way ANOVA with Bonferroni post-test). 
Cellular secretions of sICAM-1 (e), MCP-1 (f), IL-6 (g), and IL-8 (h) were determined by a 
multiplexed CBA of conditioned media. One representative experiment from three 
independent experiments is shown. Aβ1-42 treatments were not significantly different from 
vehicle control (two-way ANOVA with Bonferroni post-test). Scale bar = 50 µm.  
 

 Human brain pericytes disassemble internalised aggregates of Aβ1-42 5.3.6

The ability of pericytes to phagocytose aggregated forms of Aβ1-42 suggests a possible role 

for these cells in clearing the brain parenchyma or vasculature of this misfolded protein. 

Whilst pericytes have numerous lysosomal granules and therefore likely the appropriate 

machinery to degrade disease-related proteins (Lafarga and Palacios 1975; Jeynes 1985), 

whether these cells effectively break down internalised Aβ1-42 aggregates is unknown. To 

investigate this, pericytes were incubated with Aβ1-42 for 0-96 hours and total Aβ1-42 load and 
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aggregate size was visualised by immunocytochemistry (Figure 5.9a). Importantly, cells were 

not rinsed prior to fixation, such that the total fluorescence of Aβ1-42 was indicative of the 

amount of Aβ1-42 protein remaining, whether intracellular or extracellular. Interestingly, 

whilst the total Aβ1-42 load was unchanged over the time course (Figure 5.9b), the appearance 

of the Aβ1-42 aggregates changed distinctly over 96 hours with the formation of many small 

and some very large aggregates (Figure 5.9c). The distribution of aggregate size was 

therefore investigated which revealed that a 96 hour incubation of pericytes with Aβ1-42 

produced a shift towards smaller aggregates, suggesting a breakdown of larger Aβ aggregates 

(Figure 5.9d). Several larger aggregates were also present, likely due to extracellular 

clustering during pericyte movement or internal clustering after phagocytosis. Analysis of 

Aβ1-42 aggregate size in the absence of pericytes demonstrated that this change was not 

intrinsic to the aggregates themselves, but required the presence of pericytes (Figure 5.9f). 

Lastly, pericytes were found to contain numerous lysosomal-associated membrane protein-1 

(LAMP-1) containing lysosomal granules suggesting they contain the appropriate machinery 

for Aβ1-42 breakdown and this was unchanged with Aβ1-42 incubation (Figure 5.9e).   

 Aβ aggregates are found within pericytes in the human AD brain  5.3.7

To this point it was established that human brain pericytes are competent phagocytes in vitro, 

capable of ingesting and disassembling large aggregates of Aβ1-42 present in AD. Next it was 

investigated whether this phagocytic function of pericytes was evident in situ. Using 

immunohistochemistry, hippocampal brain sections from a patient with AD and an age-

matched neurologically normal control were labelled for Aβ, the pericyte marker PDGFRβ, 

and the vascular endothelial cell marker UEA lectin. The age-matched control brain showed 

no detectable Aβ pathology, such that PDGFRβ-positive pericytes ensheathing the lectin-

labelled vessels were not associated with Aβ (Figure 5.10). In contrast, pericytes in the AD 

brain were found to be associated with large perivascular Aβ aggregates, as well as 

displaying intracellular Aβ, possibly through ingestion of extracellular sources (Figure 5.10). 

These findings are consistent with the studies conducted using human brain pericytes in vitro 

and further support a role for pericytes in Aβ clearance from the human AD brain. 
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Figure 5.9: Human brain pericytes disassemble internalised aggregates of Aβ1-42 
Primary human brain pericytes were incubated with unlabelled 2.5 µM Aβ1-42 for 0-96 hours, 
fixed without washing, and immunostained for Aβ. Nuclei were counterstained with Hoechst. 
Representative images of Aβ1-42 distribution are shown (a) and the integrated intensity of Aβ1-

42 was determined by automated image analysis from three independent experiments (b). No 
time points were significantly different from the 0 hour Aβ1-42 treatment (one-way ANOVA 
with Dunnett’s post-test). Representative images of Aβ1-42 labelling at 0 and 96 hours 
demonstrates the difference in aggregate size (C) which was quantified from a single 
representative case of three independent experiments (d). Arrowheads display small Aβ1-42 
aggregates. Primary human brain pericytes were incubated with 2.5 µM of unlabelled Aβ1-42 
for 0-96 hours, fixed, and immunostained for LAMP-1. Nuclei were counterstained with 
Hoechst and representative images from three independent cases are shown (e). Fluorescently 
labelled Aβ1-42 (2.5 µM) was incubated for 0-96 hours in the absence of pericytes and the 
aggregate size was determined (f). Scale bar = 50 µm (a, b) or 25 µm (e). 
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Figure 5.10: Aβ aggregates are found within pericytes in the human AD brain 
Human hippocampal tissue from a pathologically confirmed AD case or an aged-matched 
neurologically normal control was immunostained for Aβ and the pericyte marker PDGFRβ. 
Blood vessels and cell nuclei were counterstained with UEA lectin and Hoechst respectively. 
Confocal microscopy revealed the presence of large vascular-associated Aβ structures in the 
AD brain, as well as small intracellular Aβ aggregates in pericytes. Aβ was largely absent 
from neurologically normal brain tissue. Small arrowheads represent Aβ aggregates; large 
arrowheads represent PDGFRβ-positive pericytes. Scale bar = 30 µm. 
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Figure 5.11: Aβ1-42 aggregates or fluorescent polystyrene beads do not alter pericyte 
viability 
Primary human brain pericytes were treated with fluorescent beads (0.1-2 µm), vehicle (H2O) 
or 2.5 µM Aβ1-42 for 24 hours and incubated with Alamar Blue for the final two hours to 
determine cell viability (a). To confirm that longer Aβ incubations didn’t affect viability due 
to Aβ processing, pericytes were incubated with 2.5 µM Aβ1-42 for 0-96 hours and cell 
viability was determined by a two hour incubation with Alamar blue (b), an LDH release 
assay (c), cell number (d), and the ReadyProbes Cell Viability Imaging Kit (e). All viability 
measurements were performed in triplicate wells of a single pericyte donor. * = p < 0.05 
versus no Aβ1-42 treatment (one-way ANOVA with Dunnett’s post-test). Scale bar = 50 µm.  
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5.4 Discussion 

This study is the first to comprehensively characterise the role of human brain pericytes as 

vascular phagocytes, particularly in the context of AD. Evidence is provided regarding the 

size preferences, kinetics, and intracellular mechanisms for extracellular particle uptake by 

human brain pericytes. Furthermore, it examines the inflammatory phenotype adopted by 

pericytes following the phagocytosis of polystyrene beads or Aβ1-42 and the ability of 

pericytes to ingest and break down large Aβ1-42 aggregates, supported by evidence from the 

human AD brain.  

Previous studies utilising isolated pericyte cultures or in vivo animal models have 

demonstrated that brain pericytes can take up a diverse range of extracellular material, from 

nanometre-sized tracer molecules to 9 µm diameter polystyrene beads (Majno, Palade et al. 

1961; Kristensson and Olsson 1973; Van Deurs 1976; Mato, Ookawara et al. 1980; 

Balabanov, Washington et al. 1996).  Furthermore, human brain pericytes in situ have been 

shown to have engulfed whole erythrocytes, in the order of 6-8 µm (Castejón 2010). Here it 

is shown that cultured human brain pericytes can ingest extracellular particles of various 

sizes, but that phagocytic uptake of large particles by pericytes is the most efficient.  

Phagocytosis begins with the recognition of extracellular antigens by specific cell 

surface receptors. This initial binding drives the formation of a phagocytic cup which tethers 

the antigenic particle to the cell in a potentially microtubule-dependent but actin-independent 

fashion (May and Machesky 2001; Harrison and Grinstein 2002; Herant, Heinrich et al. 

2005). Particle envelopment within a phagosome is completed by receptor-mediated 

signalling to extend the cell membrane, predominantly through F-actin reorganisation and to 

a lesser extent microtubule formation (May and Machesky 2001; Harrison and Grinstein 

2002). Finally, fusion of the phagosome with a lysosome enables the degradation of 

pathogenic material through myeloperoxidase-derived, hypochlorous acid-mediated killing, 

or proteolytic enzyme degradation.  

In the current study, disruption of either F-actin or microtubule formation inhibited 

the ability of human brain pericytes to properly envelop fluorescent polystyrene beads. 

However, the flow cytometry-based phagocytosis assay was unable to discriminate between 
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beads strongly tethered to the cell surface and those which had been fully internalised. The 

inability of cytochalasin D to modify bead tethering, while still preventing bead 

internalisation, has been observed previously (Sulahian, Imrich et al. 2008). However, using 

confocal microscopy, a role for both of these cytoskeletal networks in human brain pericyte 

phagocytosis was demonstrated. In professional macrophages, microtubule dynamics appear 

dispensable for phagocytosis mediated by Fc receptors (FCRs), but necessary for 

phagocytosis mediated by either complement receptors (CRs) or scavenger receptors 

(Newman, Mikus et al. 1991; Allen and Aderem 1996; Aderem and Underhill 1999; 

Sulahian, Imrich et al. 2008). FCRs and CRs recognise antibodies or complement proteins 

respectively, which specifically opsonise pathogenic antigens thereby marking them for 

phagocytic removal (Hart, Smith et al. 2004). In contrast, scavenger receptors are capable of 

mediating an opsonin-independent phagocytic response and these receptors have been 

implicated in the recognition of inert polystyrene beads or Aβ aggregates (El Khoury, 

Hickman et al. 1996; Paresce, Ghosh et al. 1996; Gough and Gordon 2000; Wilkinson and El 

Khoury 2012; Jones, Minogue et al. 2013).  

The array of phagocytic receptors in human brain pericytes remains poorly 

characterised. Whilst rodent pericytes have been suggested to express certain FCRs and CRs, 

this has not been confirmed for humans (Thomas 1999). Previous studies suggest that 

professional and non-professional phagocytes can be differentiated by the lack of FCRs and 

CRs, thereby restricting the range of matter recognised by the latter (Rabinovitch 1995). 

Certainly, the opsonins necessary for FCR or CR-dependent phagocytosis were not present in 

the phagocytosis assays described here, with heat-inactivated serum providing neither the 

correct species of IgG or intact complement proteins. It is therefore proposed that human 

brain pericytes phagocytosed polystyrene beads and aggregated Aβ1-42 via scavenger 

receptor-mediated recognition.  

The identity of the scavenger receptors responsible for aggregated Aβ1-42 uptake by 

human brain pericytes warrants further study. Soluble monomers or small oligomers of Aβ 

can be internalised by pericytes via LRP-1-dependent receptor-mediated endocytosis 

(Wilhelmus, Otte-Höller et al. 2007; Sagare, Bell et al. 2013). However, pericyte 

phagocytosis of aggregated Aβ has not previously been shown. In macrophages, scavenger 
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receptors (CD36 and CD68), integrins (α6β1 integrin), and miscellaneous receptors (CD14) 

can facilitate aggregated Aβ uptake (El Khoury, Hickman et al. 1996; Paresce, Ghosh et al. 

1996; Coraci, Husemann et al. 2002). Using the imaging and flow cytometry-based assays 

described here, it was previously shown that TGFβ1 inhibits polystyrene bead phagocytosis 

by human brain pericytes as well as reducing the expression of the scavenger receptors 

CD36, CD68, and CD47 (Chapter 4). It is possible that these receptors may also mediate Aβ1-

42 uptake by pericytes. 

It was also found that human brain pericytes that had ingested inert polystyrene beads 

showed augmented intracellular expression of ICAM-1, MCP-1, and C/EBPδ in response to 

the inflammatory cytokine IL-1β, without altering any tested protein secretions. It is currently 

unclear why the intracellular induction failed to correlate with an enhanced secretion. 

Importantly, the bead-induced expression of MCP-1 and ICAM-1 was predominantly in the 

perinuclear region where internalised polystyrene beads also cluster. It is possible that the 

intracellular presence of polystyrene beads interfered with extracellular secretory pathways, 

however, this warrants further investigation. Interestingly, the uptake of aggregated Aβ1-42 

did not modify the expression of intracellular or secreted inflammatory mediators alone, or in 

the presence of IL-1β.  

The functional response of a cell to antigen internalisation is highly dependent on the 

specific receptor phagocytic receptor which is bound. Whilst FCR binding triggers NF-κB 

translocation and initiates a cellular pro-inflammatory response, this does not occur with CR-

mediated uptake (Wright and Silverstein 1983; Aderem, Wright et al. 1985; Lentsch, 

Czermak et al. 1998; Aderem and Underhill 1999). In contrast, the recognition of ligands by 

scavenger receptors may trigger an anti-inflammatory response (Aderem and Underhill 

1999). The disparity in inflammatory outcomes observed by bead versus Aβ1-42 uptake may 

therefore imply differential receptor involvement. Alternatively, these differences could 

simply be a function of the greater amount of polystyrene bead material taken up by human 

brain pericytes when compared to Aβ1-42 aggregates.  

Importantly, neither polystyrene bead nor Aβ1-42 uptake was found to alter human 

brain pericyte viability (Figure 5.11). Previous studies have found that soluble Aβ monomers 

or oligomers can be harmful to pericytes, but that toxicity is dependent upon high Aβ 
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concentrations (around 10 µM) and the ability of the soluble Aβ to fibrillise (Verbeek, De 

Waal et al. 1997; Wilhelmus, Otte-Höller et al. 2007). Here, 2.5 µM of pre-aggregated Aβ1-42 

was introduced which was taken up and processed by pericytes without inducing toxicity, 

suggesting that human brain pericytes may also tolerate Aβ aggregates in vivo and contribute 

to their removal. 

Cerebral protein concentrations are a function of both steady-state production and 

clearance. Elevated production of Aβ, for example through mutations in amyloid precursor 

protein or presenilins, accounts for only a small number of AD cases, particularly those with 

early onset AD (Citron, Oltersdorf et al. 1992; Reiman, Quiroz et al. 2012; Potter, Patterson 

et al. 2013). Instead, the majority of late-onset AD cases demonstrate deficient Aβ clearance 

(Mawuenyega, Sigurdson et al. 2010; Tarasoff-Conway, Carare et al. 2015). Soluble Aβ is 

ordinarily cleared via several pathways; intracellular degradation by the neurons which 

produce it, uptake and degradation by non-neuronal cells, secreted proteinase-mediated 

degradation, transport across the BBB into the blood, or by flushing of the parenchyma by 

bulk flow or glymphatic drainage (Hawkes, Jayakody et al. 2014; Tarasoff-Conway, Carare 

et al. 2015) 

Whilst pericytes are able to take up soluble Aβ monomers, whether they can aid the 

removal of aggregated forms of Aβ associated with AD is unknown. In AD, parenchymal 

plaques are comprised predominantly of Aβ1-42 (Selkoe 1991). Ensheathing the brain 

vasculature, particularly the capillaries, pericytes are unlikely to play a major role in 

scavenging parenchymal Aβ aggregates; a role better suited to the brain’s professional 

phagocytes the microglia. However, pericytes are instead uniquely positioned to handle Aβ1-

40 and Aβ1-42 aggregates in the perivascular spaces, delivered there from the parenchyma by 

bulk interstitial (Weller, Subash et al. 2008) or glymphatic flow (Iliff, Wang et al. 2012), and 

which are a function of impaired perivascular drainage. Vascular Aβ deposition promotes 

CAA, neurovasculature dysfunction, and BBB disruption which are contributors to AD 

pathogenesis (Zlokovic 2005). Whilst Aβ1-40 and Aβ1-42 are both deposited in the vasculature 

in the AD brain, it is suggested that Aβ1-42 deposition occurs in the vessels prior to the 

parenchyma and this may be more highly correlated with cognitive decline than parenchymal 

deposition (DeKosky and Scheff 1990; Blennow, Bogdanovic et al. 1996; Thal, Griffin et al. 
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2008; Weller, Subash et al. 2008; Giacobini and Gold 2013; Thal, von Arnim et al. 2013). 

Specifically, Aβ1-42 deposited in the pericapillary spaces and glia limitans, rather than that in 

the total vasculature, correlates with gross AD pathology (Attems, Lintner et al. 2004). Given 

the finding that pericytes break down large Aβ1-42 aggregates into smaller species without any 

appreciable destruction it is possible that pericytes may “pre-process” Aβ before delivery to 

endothelial cells. Endothelial cells express a number of receptors for soluble Aβ, particularly 

LRP-1 (Storck, Meister et al. 2016), and can clear it from the brain into the blood via 

transcytosis.  

A recent avenue for AD treatment involves the use of anti-Aβ antibodies to opsonise 

Aβ plaques for phagocytic removal. Interestingly, results from these Aβ vaccination trials 

showed efficient clearance of plaques from the brain parenchyma but no improvement in 

cognitive performance (Pfeifer, Boncristiano et al. 2002; Patton, Kalback et al. 2006; Boche, 

Zotova et al. 2008; Weller, Preston et al. 2009). Parenchymal depletion by Aβ vaccination 

resulted in a transient increase in soluble Aβ1-42 followed by elevated perivascular deposition, 

likely due to inefficient clearance through saturation of removal pathways (Pfeifer, 

Boncristiano et al. 2002; Patton, Kalback et al. 2006; Boche, Zotova et al. 2008; Weller, 

Preston et al. 2009). Augmenting the pericyte-mediated removal of Aβ plaques in 

perivascular regions where soluble Aβ is normally cleared could therefore be highly 

beneficial in maintaining correct Aβ drainage and preventing vessel dysfunction. 

It is of course possible that the breakdown of Aβ1-42 aggregates by human brain 

pericytes is detrimental, rather than beneficial. Large Aβ aggregates are increasingly regarded 

as non-toxic, while the concentration of Aβ oligomers is more closely correlated with disease 

severity (McLean, Cherny et al. 1999). The assays described here did not seek to measure 

possible Aβ monomer or oligomer production by pericytes that had ingested Aβ aggregates, 

however, the cell viability assays suggest that no species toxic to pericytes were generated.  

It is also possible that the breakdown of Aβ1-42 aggregates, as shown to occur here in 

human brain pericytes cultured from temporal lobe epilepsy tissue, is impaired or altered in 

AD, particularly given that pericyte deficiencies have been reported in the disease (Zlokovic 

2005; Winkler, Sagare et al. 2014). Future studies using pericytes cultured from post mortem 

AD or control patient brains will be warranted in order to explore whether there are disease-
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intrinsic deficits in pericyte-mediated uptake and processing of aggregated Aβ1-42. 

Furthermore, it remains to be seen whether pericytes can also phagocytose Aβ1-40, which 

whilst less prone to aggregation than Aβ1-42, is the predominant form deposited in the 

neurovasculature.  

The removal of pathogenic misfolded proteins from the brain is of major interest in 

the treatment of several neurological disorders, particularly AD, which is characterised by a 

failure in the clearance of Aβ. Pericytes are ideally situated to facilitate the cerebral clearance 

of Aβ and whilst they are recognised to take up soluble forms, their potential to internalise 

large aggregated forms of Aβ present in perivascular regions of the AD brain was previously 

unknown. Here it is shown that human brain pericytes are effective phagocytes and can take 

up Aβ1-42 aggregates and contribute to their breakdown. Pericytes may therefore occupy a 

phagocytic niche in the brain and augmenting this function could prove beneficial in treating 

neurological disorders including AD. 
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CHAPTER 6: Pericyte culture media modifies in vitro 

phenotype and functional responses 

6.1 Introduction 

Brain pericytes are situated at a unique interface between the CNS and the periphery, 

allowing them to regulate multiple aspects of cerebral functioning. In particular, a role for 

pericytes in BBB formation, maintenance, and angiogenesis has been documented (Armulik, 

Genove et al. 2010; Daneman, Zhou et al. 2010; Ribatti, Nico et al. 2011), whilst there are 

controversial reports on their ability to control CNS blood flow (Fernández-Klett, 

Offenhauser et al. 2010; Fernández-Klett and Priller 2015; Hill, Tong et al. 2015).  

Pericytes also contribute to basement membrane formation through the secretion of 

ECM proteins, including COL-IV and fibronectin (Winkler, Bell et al. 2011; Park, Feisst et 

al. 2016). After a CNS insult, this ECM-secreting property in combination with their 

migratory potential allows pericytes to participate in cerebral scarring (Göritz, Dias et al. 

2011). Furthermore, brain pericytes can assist CNS leucocyte infiltration through MCP-1and 

IL-8 directed chemotaxis, and ICAM-1 and VCAM-1 mediated adhesion and transmigration 

(Chapter 3 and 4) (Proebstl, Voisin et al. 2012; Stark, Eckart et al. 2013; Jansson, 

Rustenhoven et al. 2014). Lastly, pericytes may be a source of CNS macrophages and 

demonstrate phagocytic ability, potentially aiding the cerebral clearance of foreign matter and 

waste products (Chapter 4 and 5) (Balabanov, Washington et al. 1996; Guillemin and Brew 

2004; Pieper, Marek et al. 2014). 

The versatility of brain pericytes can be partially explained by their highly plastic 

nature. Pericytes derived from peripheral tissues can differentiate into a range of cell types 

from mesodermal lineages including osteoblasts (Brighton, Lorich et al. 1992), chondrocytes 

(Farrington-Rock, Crofts et al. 2004), adipocytes (Iyama, Ohzono et al. 1979), and 

myofibroblasts (Humphreys, Lin et al. 2010). Indeed, pericytes are often considered a source 

of MSCs and show very similar cell surface marker and gene expression profiles (Caplan 

2008; Paul, Ozen et al. 2012; Guijarro-Munoz, Compte et al. 2013; Park, Feisst et al. 2016). 

However, forebrain pericytes originate from both the mesoderm and neuroectodermal-
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derived neural crest cells, suggesting that the mesenchymal nature of pericytes in the brain 

may be distinct from that of peripheral tissues (Winkler, Bell et al. 2011). Indeed, CNS 

pericytes can differentiate to express markers of neurons and astrocytes (Dore-Duffy, 

Katychev et al. 2006; Montiel‐Eulefi, Nery et al. 2012; Paul, Ozen et al. 2012; Nakagomi, 

Kubo et al. 2015), microglia (Ozen, Deierborg et al. 2014; Sakuma, Kawahara et al. 2016), 

and scar forming myofibroblasts (Göritz, Dias et al. 2011). 

In vivo, pericytes can be identified by their unique bump-on-a-log morphology and 

anatomical location (Mishra, O'Farrell et al. 2014). Identification of pericytes in vitro is more 

difficult and requires the use of pericyte-specific antigens. Several markers have been used to 

identify pericytes, including αSMA, PDGFRβ, and NG2 (Bergers and Song 2005; Armulik, 

Genove et al. 2011). Importantly, none of these are specific for pericytes but identify a range 

of cell types including MSCs, pericytes, VSMCs, and myofibroblasts (Bergers and Song 

2005; Armulik, Genove et al. 2011). This uncertainty makes the characterisation of true 

capillary-associated pericytes cultures difficult and indeed phenotypic discrepancies exist 

between in vitro pericyte cultures derived in different research groups. 

Cell differentiation and phenotypic changes, both in vivo and in vitro, are highly 

regulated by growth factors. In the context of pericytes, TGFβ1 and PDGFB are the most 

widely studied and modify several functional responses including survival, proliferation, 

migration, inflammation, differentiation, and scarring (Chapter 4) (Verbeek, Otte-Höller et al. 

1994; Armulik, Genove et al. 2011; Winkler, Bell et al. 2011). In vitro, growth factors are 

often provided at unknown amounts through the use of serum (e.g., FBS), or at specific 

concentrations in defined culture mediums. With regards to brain pericytes, culture media 

and serum concentrations vary from low serum-containing defined Pericyte Media (2%) with 

additional undisclosed growth factors, to high serum-containing DMEM (10-20%) (Table 7). 

Admittedly, variations in culture conditions extend far beyond media constituents, including 

differences in species, age, and isolation procedure (Table 7). Due to their highly plastic 

nature, it is conceivable that pericytes grown under different conditions adopt highly 

dissimilar phenotypes. Indeed a recent study demonstrated that pericytes grown in a stem cell 

media displayed a distinct morphology and  greater differentiation potential than those grown 

in  a defined Pericyte Medium (Huber, Volz et al. 2015).  
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Pericytes cultured in high FBS-containing DMEM/F12 or a defined Pericyte Media 

(ScienCell) encompass the majority of recent in vitro studies. As such, it was investigated 

how these distinct culture media maintained the pericyte phenotype and several functional 

responses including proliferation, migration, inflammation, phagocytosis, and ECM 

deposition. It is critical to establish whether pericytes behave similarly in distinct culture 

media. This will ensure that results obtained using different in vitro models can be reliably 

compared and allows for the suitability of each model in studying pericyte biology to be 

assessed. 

Table 7: In vitro culture conditions of brain pericytes in selected publications 

 
Reference Species Age Isolation procedure Culture media Study scope 
(Jansson, 
Rustenhoven et al. 
2014) 

Human Adult Whole tissue DMEM/F12, 10% FBS, 1% 
PSG Inflammation 

(Kovac, Erickson et 
al. 2011) Mouse N/A Microvessel 

DMEM/F12, 20% fetal calf 
serum, 2mM L-glutamine, 
gentamicin 

Inflammation 

(Guijarro-Munoz, 
Compte et al. 2013) Human N/A N/A (ScienCell, CA, 

USA) Pericyte Medium (ScienCell) Inflammation 

(Matsumoto, Takata 
et al. 2014) Rat Infant Whole tissue DMEM, 20% FBS Inflammation 

(Alcendor, Charest et 
al. 2012) Human N/A N/A (Cell Systems, 

WA, USA) Pericyte Medium (ScienCell) Inflammation 

(Pieper, Marek et al. 
2014) Pig Adult Whole tissue 

DMEM/F12, 10% normal calf 
serum, 1% PSG, 1% 
gentamycin 

Inflammation/ 
Phagocytosis 

(Balabanov, 
Washington et al. 
1996) 

Rat 6-8w Microvessel DMEM/F12, 10% FBS, 1% 
PSG Phagocytosis 

(Sagare, Bell et al. 
2013) Mouse 1-9m Microvessel 

DMEM, 10% FBS, 1% non-
essential amino acids, 1% 
vitamins, 1% antibiotic/mycotic 

Aβ 
internalisation 

(Tigges, Boroujerdi 
et al. 2013) Mouse 8w Whole tissue Pericyte Medium (ScienCell) Migration/ 

Proliferation 

(Takata, Dohgu et al. 
2011) Rat 3w Microvessel DMEM, 20% FBS, 50 µg/ml 

gentamicin Migration 

 

6.2 Methods 

 Tissue source 6.2.1

Biopsy human brain tissue was obtained, with informed written consent, from the MTG of 

patients undergoing surgery for medically refractory epilepsy. All protocols used in this study 
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were approved by the Northern Regional Ethics Committee (New Zealand) and all methods 

were carried out in accordance with the approved guidelines. 

 Mixed glial cultures isolated from adult human brain tissue 6.2.2

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue and cultured until passage five to obtain pure pericyte populations as 

described previously (2.2).  

 Cell plating 6.2.3

Cells were harvested as per (2.4) and plated at 2,500 cells/well in 96 well plates, 25,000 

cells/well in 24 well plates or 100,000 cells/well in six well plates, in either DMEM/F12, 

10% FBS, and 1% PSG or a defined Pericyte Medium (ScienCell, CA, USA). Cells were 

grown for five-ten days before being utilised for experiments and half media changes were 

performed every two days. For this chapter, cells will be referred to as either DMEM/F12 

cultured brain pericytes (DCBPs) or Pericyte Medium cultured brain pericytes (PCBPs).  

 Cytokine and growth factor treatment 6.2.4

To induce inflammatory responses, DCBPs and PCBPs were treated with 10 ng/mL IL-1β or 

vehicle (0.1% BSA in PBS) for 0-24 hours. To examine growth factor response, pericytes 

were treated with 10 ng/mL TGFβ1 (vehicle – 1 mM citric acid, pH 3 with 0.1% BSA) or 10 

ng/mL PDGFB (vehicle – 4 mM hydrochloric acid with 0.1% BSA) for 48 hours. To control 

for different vehicles, both TGFβ1 and PDGFB vehicles were added for combined growth 

factor experiments and the relevant vehicle was added in the absence of each growth factor. 

Cytokines and growth factors were added by a 1:100 dilution of a 100 x stock. 

 Collection of conditioned media and cytokine measurement by CBA  6.2.5

Conditioned media from DCBPs and PCBPs was collected and the concentration of secreted 

proteins was determined by CBA as described previously (2.9). To control for alterations in 

cell number between media conditions, CBA data was normalised to cell counts performed 

by Hoechst imaging of wells utilised for CBA experiments. 
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 Immunocytochemistry 6.2.6

DCBPs and PCBPs were cultured, fixed, and immunostained as described previously (2.21).   

 Automated image analysis of multi well plates 6.2.7

DCBPs or PCBPs cultured in 96 well plates were imaged on the automated fluorescence 

microscope ImageXpress® Micro XLS and the cell scoring and show region statistics 

modules on MetaXpress® software were utilised as described previously (2.24).  

 Live cell imaging  6.2.8

Imaging of DCBP and PCBP morphology three and seven days post plating was performed 

as described previously (2.23). 

 Phagocytosis assays 6.2.9

DCBPs or PCBPs were cultured for six-seven days and microscopy and flow cytometry-

based phagocytosis assays were performed as described previously (2.13). 

 EdU proliferation assay 6.2.10

DCBPs or PCBPs were cultured for five days and EdU was added for a further 48 hours. 

Visualisation and quantification of EdU positive cells was performed as described previously 

(2.10). 

 Scratch migration assay 6.2.11

DCBPs or PCBPs were cultured for ten days and their migration into a scratch wound was 

determined as described previously (2.18). 

 qRT-PCR 6.2.12

RNA extraction from DCBPs or PCBPs was performed using the RNeasy® Mini Kit and 

DNAse treatment, cDNA synthesis, and qRT-PCR performed as described previously (2.19). 
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 Statistical analysis 6.2.13

Unless otherwise stated, all experiments were performed at least three independent times 

using cells from three different tissue donors. Statistical analysis was carried out using an 

unpaired Student’s t-test or a two-way ANOVA with Bonferroni post-test (Graphpad Prism 

5.02).  

6.3 Results 

 Culture media alters pericyte phenotype and proliferation 6.3.1

In order to investigate phenotypic differences between DCBPs and PCBPs, cell morphology 

was investigated by brightfield microscopy at low confluence (three days post-plating) and 

high confluence (seven days post-plating). Whilst DCBPs displayed a disorganised 

cobblestone-like appearance with large cell bodies, PCBPs appeared bipolar with cells 

growing in an aligned manner when confluent (Figure 6.1a). Furthermore, PCBPs displayed 

smaller cell nuclei (p < 0.001; Figure 6.1b), significantly elevated cell numbers (p < 0.001; 

Figure 6.1c), and an increased proliferative capability (p < 0.001; Figure 6.1d) compared to 

DCBPs. 

 Culture media modifies expression of pericyte markers and functional proteins 6.3.2

Without the anatomical cues provided in situ, the expression of pericyte-specific markers is 

essential in identifying and characterising these cells under in vitro conditions. As distinct 

phenotypes were observed between PCBPs and DCBPs, the expression of several pericyte 

markers or associated functional proteins was examined in these cultures. 

Immunocytochemical analysis revealed a significant reduction in several pericyte/fibroblast 

markers in PCPBs compared to DCBPs; most strikingly αSMA, but also P4H, PDGFRβ, 

NG2, and fibronectin (p < 0.001; Figure 6.2a, b). A significant increase in COL-IV was also 

seen in PCBPs (p < 0.001; Figure 6.2a, b). Gene expression, as determined by qRT-PCR 

analysis, tended to correlate with protein expression, with a significant reduction in αSMA 

and fibronectin (p < 0.001; Figure 6.2C) and a trend towards attenuated P4H and NG2 

expression in PCBPs (p > 0.05, Figure 6.2C). However, PDGFRβ displayed a modest but 
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non-significant increase (p > 0.05; Figure 6.2C) whilst a significant reduction in COL-IV was 

observed (p < 0.001; Figure 6.2C). 

 Culture media modifies IL-1β-induced transcription factor expression in human 6.3.3

brain pericytes 

Several studies have demonstrated a role for human brain pericytes in neuroinflammation 

(Alcendor, Charest et al. 2012; Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven 

et al. 2014). As critical regulators of the immune response, transcription factors represent an 

attractive target to modify the expression of multiple inflammatory genes simultaneously. 

Chapter 3 revealed C/EBPδ as a key regulator of MCP-1 and ICAM-1 expression in 

pericytes, whilst NF-κB has been previously studied in the context of pericyte immune 

responses (Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 2014). Nuclear 

expression of both C/EBPδ and NF-κB has previously been shown to be induced in pericytes 

by the pro-inflammatory cytokine IL-1β (Chapters 3 and 4). It was therefore investigated how 

culture media modified the basal and IL-1β induced expression of these transcription factors. 

Under basal conditions, pericytes display cytoplasmic expression of NF-κB, irrespective of 

the media condition and a one hour stimulation with IL-1β produces an almost complete 

nuclear translocation in both DCBPs and PCBPs (p < 0.001; Figure 6.3a, c). Unlike NF-κB, 

basal C/EBPδ protein (p < 0.001; Figure 6.3b, d) and gene expression (p < 0.001; Figure 

6.3e) was significantly higher in PCBPs compared to DCBPs. Whilst both DCBPs and 

PCBPs displayed elevated C/EBPδ protein expression after 24 hours of IL-1β stimulation 

(DCBPs p < 0.001, PCBPs p < 0.001; Figure 6.3b, d), the IL-1β induced expression was 

significantly higher in PCBPs compared to DCBPs (p < 0.001; Figure 6.3b, d). Elevated 

C/EBPδ gene expression was observed in DCBPs after IL-1β treatment (p < 0.01; Figure 

6.3e), whilst PCBPs displayed an elevated expression which was non-significant (p > 0.05; 

Figure 6.3e). However, the IL-1β-induced gene expression of C/EBPδ was significantly 

higher in PCBPs compared to DCBPs (p < 0.001; Figure 6.3e).  
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Figure 6.1: Culture media alters pericyte phenotype and proliferation 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCBPs) or Pericyte Media (PCBPs). Representative brightfield 
imaging of pericyte morphology was performed three and seven days post plating (a). 
Pericytes were then fixed and the nuclei stained with Hoechst. The average nuclei area (b) 
and the total cell count (c) was determined by automated image analysis. Five days after 
plating, 10 µM EdU was added to select wells for an additional 48 hours. Representative 
images of cells which were fixed, EdU visualisation performed, and nuclei counterstained 
with Hoechst are shown (d). The percentage of EdU positive cells was determined by 
automated image analysis. Data are from three independent experiments. *** = p < 0.001 
versus DCBPs (Student’s t-test). Scale bar = 50 µm. 
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Figure 6.2: Culture media modifies expression of pericyte markers and functional 
proteins 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCBPs) or Pericyte Media (PCBPS) for seven days. At 
completion, pericytes were fixed and immunostained for the pericyte-associated markers 
αSMA, COL-IV, PDGFRβ, P4H, NG2, and fibronectin. Nuclei were counterstained with 
Hoechst. Representative images are shown (a). The integrated intensity/cell of pericyte 
marker expression was determined by automated imagining analysis (b). RNA was extracted 
from samples treated as above and qRT-PCR performed to determine pericyte marker gene 
expression (c). Data is from three independent experiments.  *** = p < 0.001 versus DCBPs 
(Student’s t-test). Scale bar = 50 µm. 
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Figure 6.3: Culture media modifies IL-1β-induced transcription factor expression in 
human brain pericytes 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCBPs) or Pericyte Media (PCBPs) for seven days. For the 
final one hour (a, c) or 24 hours (b, d), 10 ng/mL IL-1β or vehicle (0.1% BSA in PBS) was 
added. Pericytes were fixed and immunostained for the transcription factors NF-κB p65 or 
C/EBPδ. Nuclei were counterstained with Hoechst. Representative images of NF-κB p65 (a) 
or C/EBPδ (b) are shown. The percentage of cells displaying nuclear NF-κB p65 (c) or scored 
positive for C/EBPδ (d) was determined by automated image analysis. RNA was extracted 
from pericytes treated with 10 ng/mL IL-1β or vehicle (0.1% BSA in PBS) for the final 24 
hours of a seven day culture and C/EBPδ gene expression was determined by qRT-PCR (e). 
Data is from three independent experiments. NS = p > 0.05, ** = p < 0.01, *** = p < 0.001 
(two-way ANOVA with Bonferroni post-test). Scale bar = 50 µm. 
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 Culture media modifies IL-1β-induced inflammatory mediator expression in 6.3.4

human brain pericytes 

C/EBPδ was previously shown to modify the IL-1β-induced inflammatory response of human 

brain pericytes, particularly the expression of ICAM-1 and MCP-1 (Chapter 3). As C/EBPδ 

was significantly elevated in PCBPs compared to DCBPs, it was examined whether this 

would correlate with functional changes in ICAM-1 and MCP-1 expression. ICAM-1 was 

found to be expressed at a low basal level in both culture conditions by 

immunocytochemistry and CBA (Figure 6.4a-c). However, qRT-PCR analysis demonstrated 

that the gene transcript was significantly higher in PCBPs (p < 0.01; Figure 6.4d). Following 

a 24 hour stimulation with IL-1β, ICAM-1 protein expression and sICAM-1 secretion was 

significantly elevated in both DCBPs and PCBPs (p < 0.001; Figure 6.4a-d). However, the 

induction of both ICAM-1 protein expression, and sICAM-1 secretion was significantly 

lower in PCBPs (p < 0.001; Figure 6.4a-c). Interestingly, despite PCBPs showing a higher 

basal expression, the IL-1β-induced ICAM-1 gene expression was not significantly different 

between DCBPs and PCBPs suggesting a reduction in the functional induction (p > 0.05; 

Figure 6.4d). MCP-1 displays a modest basal expression and secretion in both culture 

conditions which were not significantly different from one another (p > 0.05; Figure 6.4a, e-

g). Like ICAM-1, MCP-1 expression and secretion was significantly increased following IL-

1β stimulation in both DCBPs and PCBPs (p < 0.001; Figure 6.4a, e-g). However the IL-1β-

induced protein expression (p > 0.05; Figure 6.4e) and secretion (p > 0.05; Figure 6.4f) were 

not significantly different in either media condition. Interestingly, despite showing no 

functional change, the gene expression of MCP-1 was significantly higher in PCBPs 

compared to DCBPs following IL-1β stimulation (p < 0.001; Figure 6.4g). 
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Figure 6.4: Culture media modifies IL-1β-induced inflammatory mediator expression in 
human brain pericytes 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCBPs) or Pericyte Media (PCBPs) for seven days. For the 
final 24 hours 10 ng/mL IL-1β or vehicle (0.1% BSA in PBS) was added. Pericytes were 
fixed and immunostained for the inflammatory mediators ICAM-1 or MCP-1. Nuclei were 
counterstained with Hoechst. Representative images are shown (a).The integrated intensity of 
ICAM-1/cell was determined by automated image analysis (b), the secretion of sICAM-1 was 
determined by a multiplexed CBA (c), and the gene expression of ICAM-1 was determined 
by qRT-PCR (d). Similarly, the integrated intensity of MCP-1/cell was determined by 
automated image analysis (e), the secretion of MCP-1 was determined by a multiplexed CBA 
(f), and the gene expression of MCP-1 determined by qRT-PCR (g). Immunocytochemistry 
and qRT-PCR data is from three independent experiments whilst CBA data is displayed as 
one representative case of three independent experiments. NS = p > 0.05, *** = p < 0.001 
(two-way ANOVA with Bonferroni post-test). Scale bar = 50 µm. 
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 Culture media modifies the phagocytic capacity of human brain pericytes 6.3.5

Phagocytosis is an important aspect of the innate immune system and pericytes display 

phagocytic ability with respect to a range of particulate matter including polystyrene beads 

and Aβ1-42 aggregates (Chapters 4 and 5) (Balabanov, Washington et al. 1996; Guillemin and 

Brew 2004; Pieper, Marek et al. 2014). Having shown that culture media can modulate the 

expression of several inflammatory mediators, the ability of DCBPs and PCBPs to 

differentially phagocytose fluorescent polystyrene beads was investigated. Following a two 

hour incubation, both DCBPs and PCBPs displayed phagocytic capacity for 1-2 µm diameter 

beads as determined by flow cytometry (Figure 6.5a-c). However, a significant increase in 1 

µm bead uptake (p < 0.001; Figure 6.5c) and a non-significant increase in 2 µm bead uptake 

(p > 0.05; Figure 6.5c) was observed in PCBPs compared to DCBPs. Internalisation and 

clustering of beads in the perinuclear region was evident after a 24 hour incubation with 

beads in both media conditions (Figure 6.5d).  

 Culture media modifies pericyte migration following a scratch wound injury 6.3.6

During both vasculogenesis and angiogenesis, pericyte migration is required to stabilise 

vessel formation (Stratman, Malotte et al. 2009; Ribatti, Nico et al. 2011). Furthermore, 

following a cerebral insult pericyte migration from perivascular regions can aid parenchymal 

astrocytes in the formation of a glial scar (Göritz, Dias et al. 2011; Cregg, DePaul et al. 

2014). Identifying modulators of pericyte migration is therefore of significant interest. As 

culture media was found to modify several other prototypical pericyte functions, it was 

investigated whether it also influenced their migratory potential. Pericytes were grown for ten 

days to allow for ~100% confluency and scratched down the centre of the well to form a gap 

into which cells can migrate. Importantly, despite the manual nature of scratches they 

displayed excellent consistency between wells (Figure 6.6a). A magnified view of 

representative wells demonstrates that in the absence of a scratch wound, PCBPs were 

slightly more confluent than DCBPs (p < 0.001; Figure 6.6b, c). Following a scratch wound 

injury, both DCBPs and PCBPs were able to migrate into the gap area, however, PCBPs did 

so at a significantly elevated rate (p < 0.001; Figure 6.6b, c). 
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Figure 6.5: Culture media modifies the phagocytic capacity of human brain pericytes 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCBPs) or Pericyte Media (PCBPs) for seven days. Cells were 
incubated with Fluoresbrite® YG Carboxylate microspheres of 1-2 µm diameter for two 
hours and the phagocytic capacity of pericytes was determined by flow cytometry. One 
representative plot for 1 µm beads (a) and 2 µm beads (b) is shown. The MFI from three 
independent experiments was determined (c). Pericytes were treated as above, except beads 
were incubated with cells for 24 hours, fixed, and nuclei counterstained with DRAQ5. 
Representative images from three independent experiments are shown (d). NS = p > 0.05, ** 
= p < 0.01 (Student’s t-test). Scale bar = 50 µm. 
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Figure 6.6: Culture media modifies pericyte migration following a scratch wound injury 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCPBs) or Pericyte Media (PCBPs) for ten days. The resulting 
confluent pericyte monolayer was scratched down the centre of the well using a sterile 200 µl 
pipette tip and wells were washed twice with PBS to remove detached cells. An equal amount 
of wells were left unscratched. Pericytes were incubated for a further 48 hours to allow 
migration into the scratch wound to occur. Cells were fixed, stained with Coomassie blue, 
and imaged by bright field microscopy. Consistency of scratches between wells can be 
observed (a). A magnified image of representative wells shows the difference in migratory 
potential (b). The gap area, defined as the percentage of each site devoid of Coomassie blue 
staining, was determined by automated imagining analysis (c). Data is from three 
independent experiments. *** = p < 0.001 (two-way ANOVA with Bonferroni post-test). 
Scale bar = 50 µm. 
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 Culture media alters pericyte responsiveness to the growth factors TGFβ1 and 6.3.7

PDGFB 

TGFβ1 and PDGFB are widely studied with respect to vascular cell biology and can modulate 

pericyte differentiation and ECM secretion (Armulik, Genove et al. 2011; Winkler, Bell et al. 

2011; Wu, Chiang et al. 2013). To determine if DCBPs and PCBPs responded similarly to 

TGFβ1 and PDGFB, the ability of these growth factors to alter αSMA expression as an 

indication of cell differentiation, and extracellular fibronectin and COL-IV expression as an 

indicator of ECM secretion was examined. As described earlier, DCBPs showed greater 

expression of αSMA than PCBPs and this could be enhanced (p < 0.01; Figure 6.7a, d) and 

attenuated (p < 0.001; Figure 6.7a, d) by TGFβ1 and PDGFB respectively. Despite trending in 

the same direction, no significant effect was observed with TGFβ1 or PDGFB on αSMA 

expression in PCBPs (p > 0.05; Figure 6.7a, d). Extracellular deposition of fibronectin was 

higher in DCBPs and was enhanced by TGFβ1 treatment (p < 0.001; Figure 6.7b, e) in 

DCBPs but not PCBPs (P > 0.05; Figure 6.7b, e), whilst PDGFB had not effect in either 

culture conditions (p > 0.05; Figure 6.7b, e). Lastly, extracellular COL-IV deposition was 

higher in PCBPs than DCBPs and was unchanged by TGFβ1 or PDGFB treatment in either 

culture condition (p > 0.05; Figure 6.7c, f). 
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Figure 6.7: Culture media alters pericyte responsiveness to the growth factors TGFβ1 
and PDGFB 
Human brain pericytes were plated at a low confluence and allowed to proliferate in either 
DMEM/F12 with 10% FBS (DCBPs) or Pericyte Media (PCBPs) for seven days. For the 
final 48 hours pericytes were incubated with 10 ng/mL TGFβ1, PDGFB, or vehicle (1 mM 
citric acid, pH 3 with 0.1% BSA – TGFβ1, 4 mM hydrochloric acid with 0.1% BSA – 
PDGFB). Representative images of cells fixed and immunostained for αSMA (a), fibronectin 
(b), or COL-IV (c) are shown. Nuclei were counterstained with Hoechst. Importantly, cells 
were not permeabilised for fibronectin and COL-IV immunocytochemistry to allow for 
extracellular protein expression only. The integrated intensity/cell of αSMA (d) fibronectin 
(e), and COL-IV (f) was determined by automated imagining analysis. Data is from three 
independent experiments. NS = p > 0.05, ** = p < 0.01, *** = p < 0.001 (two-way ANOVA 
with Bonferroni post-test). Scale bar = 50 µm. 
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6.4 Discussion 

Culture media can have a major influence on the phenotype and functional responses of cells 

grown in vitro. Here it is shown that human brain pericytes display differing morphology, 

proliferation rates, migratory ability, growth factor and immune responses, and phagocytic 

uptake when cultured in a defined Pericyte Medium compared to DMEM/F12 containing 

10% FBS. These data suggest careful consideration when comparing data obtained from 

pericytes cultured under differing in vitro conditions. 

Pericytes are a relatively poorly characterised cell type in the brain. Due to their 

similarities with several other vascular cells, particularly VSMCs and MSCs, the ascribed 

function and identification of pericytes in the literature varies significantly (Bergers and Song 

2005; Winkler, Bell et al. 2011). Issues with pericyte characterisation in vitro are further 

exacerbated due to a lack of anatomical cues enabling pericyte identification.  It is therefore 

difficult to determine which population, DCBPs or PCBPs, more accurately reflects that of 

pericytes seen in vivo. Several groups argue that true capillary-associated pericytes lack 

αSMA which is exclusive to VSMCs and myofibroblasts (Hill, Tong et al. 2015). Others 

have suggested that pericytes have a role in modulating cerebral blood flow, possibly through 

αSMA-mediated contractions (Bergers and Song 2005). Furthermore, pericytes in vivo are 

often associated with extracellular COL-IV expression which they secrete to aid basement 

membrane formation (Baluk, Morikawa et al. 2003) and together these data suggest that 

perhaps the PCBPs more accurately recapitulate the in vivo pericyte phenotype. Whilst 

PCBPs did show attenuated protein expression of other pericyte markers, namely PDGFRβ 

and NG2, this could potentially be a function of attenuated cell size and indeed the qRT-PCR 

data suggests no significant change in the expression of these pericyte markers. 

Under basal conditions, both DCBPs and PCBPs display cytoplasmic localisation of 

NF-κB suggesting that neither culture condition resulted in an immunological activation of 

pericytes. Similarly, both populations showed complete nuclear translocation of NF-κB 

following IL-1β stimulation. Interestingly, PCBPs showed a significantly greater basal and 

IL-1β-induced expression of C/EBPδ compared to DCBPs. C/EBPδ is a transcription factor 

implicated in modifying neuroinflammatory responses, particularly in microglia and 
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astrocytes (Ejarque-Ortiz, Gresa-Arribas et al. 2010; Fields and Ghorpade 2012; Valente, 

Straccia et al. 2013). However, Chapter 3 provided evidence of a role for C/EBPδ in 

attenuating pericyte-derived ICAM-1 and MCP-1, both of which facilitate leucocyte 

infiltration into the brain (D'Mello, Le et al. 2009; Proebstl, Voisin et al. 2012; Stark, Eckart 

et al. 2013). Interestingly, PCBPs displayed a weaker induction of ICAM-1 in response to IL-

1β stimulation, potentially due to enhanced C/EBPδ expression, although MCP-1 displayed a 

non-significant reduction. Furthermore, whilst both DCBPs and PCBPs were able to 

internalise fluorescent polystyrene beads as in indicator of their phagocytic ability, PCBPs 

trended towards being more efficient phagocytes. Despite the differences in morphology and 

marker expression between DCBPs and PCBPs, both cultures maintained functional immune 

responses which differed only in the magnitude of change. 

Pericyte migration is essential during embryonic development, tumour progression, 

and cerebral scarring (Stratman, Malotte et al. 2009; Göritz, Dias et al. 2011; Ribatti, Nico et 

al. 2011; Cheng, Huang et al. 2013). As such, several groups have sought to investigate 

modifiers of pericyte migration. Whilst both DCBPs and PCBPs were found to efficiently 

migrate into a gap area following a scratch wound, PCBPs did so at a significantly elevated 

rate. Importantly, this assay is likely to be influenced by the proliferative capacity of cells 

and PCBPs display enhanced proliferation compared to DCBPs. Nevertheless, both DCBPs 

and PCBPs are feasible options to investigate drugs which modify pericyte migration or 

proliferation.   

The differentiation state and several of the aforementioned functions of pericytes, 

including ECM secretion and inflammatory responses, have been examined in response to 

TGFβ1 or PDGFB stimulation (Chapter 4) (Bergers and Song 2005; Winkler, Bell et al. 

2011). As distinct phenotypic and functional differences were observed between DCBPs and 

PCBPs it is important to identify whether they respond similarly to these growth factors. This 

was investigated in these cells using αSMA as an indicator for cell differentiation, and COL-

IV and fibronectin as a measure of ECM production. Whilst TGFβ1  was found to enhance 

αSMA expression and extracellular fibronectin deposition in DCBPs, it was ineffective in 

modifying these processes in PCBPs. Furthermore, whilst PDGFB attenuated αSMA 

expression in DCBPs, it had no effect on PCBPs.  Differences in growth factor, or indeed 
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cytokine and drug responses, could have a significant impact on the translational ability of 

medicinal compounds tested in vitro. These results suggest that some caution is warranted 

when comparing data obtained from different culture conditions. 

It is important to note that the human brain pericytes used in this study were cultured 

for four-six passages in DMEM/F12,10% FBS, and 1% PSG before being transferred into the 

appropriate media for experimental analysis. However, pericytes have previously been 

cultured directly from tissue in both the defined Pericyte Media and DMEM/F12, 10% FBS, 

and 1% PSG, and whilst not all functional assays were performed, the phenotype adopted by 

these cells was identical to that of either PCBPs or DCBPs respectively. The ability of 

pericytes to drastically alter their phenotype in response to culture media reflects and 

confirms the highly plastic nature of these cells. 

Discrepancies between in vitro culture conditions of pericytes extend well beyond the 

media constituents (Table 7). However, as the pericyte phenotype and several functional 

responses can be considerably modified by the media composition alone, this raises questions 

about how other factors may influence in vitro and perhaps even in vivo data. A vital but 

often overlooked detail with respect to studying neuroinflammation is the vast differences in 

rodent immune cells compared to their human counterparts. This has been previously 

observed in the brain’s predominant immune cell, the microglia (Smith and Dragunow 2014), 

and in general, inflammatory responses are poorly correlated between species (Mestas and 

Hughes 2004). Indeed, the current (admittedly limited) evidence suggests that non-human-

derived pericytes display a significantly broader inflammatory secretome than human 

pericytes. Rodent or porcine pericytes secrete several classical pro-inflammatory mediators, 

including IFNγ, TNFα, IL-1β, and NO (Kovac, Erickson et al. 2011; Matsumoto, Takata et 

al. 2014; Pieper, Marek et al. 2014). However, these mediators appear absent from human 

pericyte cultures, although they do secrete several other inflammatory factors including IL-6, 

IL-8, MCP-1, sICAM-1, and sVCAM-1 (Chapter 3 and 4) (Guijarro-Munoz, Compte et al. 

2013). There is less direct evidence for the involvement of other variables, including age and 

the isolation procedure. However, like the culture media and species, these differences could 

potentially impact the pericyte phenotype and functional responses. 
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Although several functional outcomes did differ in terms of absolute values, it is 

important to emphasise that the actual responses between DCBPs and PCBPs were not 

dissimilar. Cells grown in both conditions maintained the capability to contribute to several 

innate immune functions including NF-κB translocation, C/EBPδ induction, ICAM-1 and 

MCP-1 expression and secretion, and phagocytosis. Furthermore, both DCBPs and PCBPs 

maintained proliferative capability and migrated after a scratch wound injury, although they 

did display differential responses to TGFβ1 and PDGFB. It therefore appears that whilst 

differences should be considered, both DCBPs and PCBPs are appropriate models to study 

functional pericyte responses. However, additional caution should be taken when 

investigating modification of these functions by pharmaceutical or biological agents. 
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CHAPTER 7: Isolation of primary human brain microglia for 

functional studies 

7.1 Introduction 

The previous chapters have provided a wealth of information regarding the role of human 

brain pericytes in neuroinflammation. In particular, it was examined how pericytes may 

directly contribute to CNS immune responses through phagocytosis and the expression of 

inflammatory chemokines, adhesion molecules, ROS, and enzymes. However, pericytes were 

also found to secrete a variety of cytokines which have been implicated in polarising 

parenchymal brain immune cells to a pro- or anti-inflammatory phenotype. An 

underappreciated but significant enquiry is how the inflammatory contribution of pericytes, 

particularly the cytokine secretion profile, may alter microglial function. Whilst isolated 

pericyte cultures have been routinely used in our lab, efficient methods to isolate adult human 

microglia have proved elusive. To this end, an optimised protocol to isolate primary human 

microglia from biopsy and autopsy tissue was established such that microglial-pericyte 

interactions could be investigated in vitro, as well as providing an invaluable tool for basic 

neuroscience research. 

The brain was once believed to be an immune privileged organ, implying it could 

tolerate antigen introduction without eliciting an inflammatory response (Ferguson and 

Griffith 1997). The identification of brain resident macrophages, termed microglia, helped to 

challenge this long held view (del Rio-Hortega 1932; Rezaie and Male 1999). In the 

mammalian brain microglia represent approximately 12% of the total cell number, however, 

this can vary significantly between regions (del Rio-Hortega 1932; Yang, Han et al. 2010). 

As the brain’s predominant immune cell, microglia extend long, mobile processes which 

constantly survey the CNS microenvironment. This enables microglia to detect any 

perturbations in the brain and subsequently respond to many forms of insult (Kreutzberg 

1996). On recognition of an insult, microglia become “activated” and demonstrate enhanced 

phagocytic ability, as well as the secretion of cytokines, chemokines, and neurotrophic 

factors.  Ultimately this process attempts to restore CNS homeostasis through the removal of 

invading pathogens, dead cells, and debris, hence promoting neuronal survival (Perry, Nicoll 
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et al. 2010). Whilst an acute microglial-mediated immune response appears necessary for 

correct CNS functioning, uncontrolled chronic microglial activation is believed to precipitate 

neuronal damage and subsequent death. As such, microglial activation is often referred to as 

a double-edged sword (Perry, Nicoll et al. 2010).   

A growing body of evidence suggests that significant differences exist between rodent 

and human microglia, both in their biochemistry and responsiveness to pharmacological 

substances. In particular, rodent microglia can be stimulated to secrete large quantities of NO, 

a ROS responsible for a significant amount of microglial-mediated neurotoxicity. However, 

this function appears either absent or significantly blunted in human microglia due to a lack 

of iNOS induction (Smith and Dragunow 2014). Furthermore, rodent and human microglia 

display opposing responses in phagocytic function and apoptotic cell death when treated with 

the anti-epileptic drug valproic acid (Smith, Gibbons et al. 2010; Gibbons, Smith et al. 2011). 

These differences highlight the need for primary human microglia to validate results from 

cell lines and rodent studies, understand basic microglial biology, and assist in drug 

discovery.  

This chapter describes a method to isolate primary human microglia from both biopsy 

and autopsy brain tissue. Microglial cultures generated in this manner display a high degree 

of purity that makes them suitable for almost all forms of in vitro studies, including 

examination of inflammatory cytokine and chemokine secretion and phagocytosis, two 

critical functions of these cells in vivo, as well as whole population transcriptome analysis. 

Furthermore, these isolated cultures allow for controlled in vitro models of microglia-pericyte 

interactions, such that the contribution of human brain pericytes on the microglial phenotype 

can be explored. 

7.2 Methods 

 Tissue source 7.2.1

Biopsy human brain tissue was obtained, with informed written consent, from several 

sources; the MTG of patients undergoing surgery for medically refractory epilepsy or various 

regions from patients with GBM resection. Autopsy tissue with a short (2.5 hours) and longer 
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(17.5 hours) post mortem delay was obtained from a single donor each of a patient with PD. 

All protocols used in this study were approved by the Northern Regional Ethics Committee 

(New Zealand) for biopsy tissue and the University of Auckland Human Participants Ethics 

Committee (New Zealand) for post-mortem brain tissue and all methods were carried out in 

accordance with the approved guidelines. 

 Mixed glial cultures isolated from adult human brain tissue 7.2.2

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue as described previously (2.2). 

 Microglia isolation from adult human brain tissue 7.2.3

Microglial isolation from adult human brain biopsy and autopsy tissue was performed as 

described previously (2.3). 

 Cell plating 7.2.4

Isolated microglia or mixed glial cultures were harvested and plated as described previously 

(2.4). 

 MACS 7.2.5

MACS of CD45+ microglia and the CD45- fraction was performed as described previously 

(2.5) by Hannah Gibbons, a Postdoctoral Research Fellow at the Centre for Brain Research. 

 Immunogen treatment 7.2.6

To investigate inflammatory responses, primary human microglia were treated with 0-10 

ng/mL IL-1β, IFNγ, LPS, or vehicle (0.1% BSA in PBS) for 0-24 hours. Immunogens were 

added by a 1:100 dilution of a 100 x stock. 

 Immunocytochemistry 7.2.7

Isolated microglial or mixed glial cultures were fixed and immunostained as described 

previously (2.21). 
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 Automated image analysis of multi well plates 7.2.8

Microglia cultured in 96 well plates were imaged on the automated fluorescence microscope 

ImageXpress® Micro XLS and the cell scoring module on MetaXpress® software was 

utilised as described previously (2.24).  

 Live cell imaging  7.2.9

Imaging of polystyrene bead distribution in microglia immediately prior to flow cytometry 

was performed using the EVOS™ FL Auto Imaging System (Invitrogen, CA, USA) and the 

DAPI (Ex 357/44, Em 447/60) and GFP (Ex 445/45, Em 510/42) Light Cubes. 

 Phagocytosis assays 7.2.10

Flow cytometry-based phagocytosis assays were performed as described previously (2.13). 

 Confocal scanning laser microscopy 7.2.11

Confocal microscopy and orthogonal projections were utilised to confirm microsphere 

internalisation as described previously (2.25).  

 Collection of conditioned media and cytokine measurement by CBA 7.2.12

Conditioned media from primary human brain pericytes was collected and the concentration 

of secreted proteins was determined by CBA as described previously (2.9). 

 Statistical analysis 7.2.13

Unless otherwise stated, all experiments were performed at least three independent times 

from three different tissue donors. Statistical analysis was carried out using either a one-way 

ANOVA followed by Dunnett’s multiple comparison test to examine treatments versus 

vehicle control or a two-way ANOVA with Bonferroni post–test to examine the effect of 

both growth factor and inflammatory treatments (Graphpad Prism 5.02).  
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7.3 Results 

 Characterisation of culture purity 7.3.1

The microglia isolation protocol described previously (2.3) and summarised in Figure 7.1, 

produced high purity microglial cultures from adult human brain tissue derived from epilepsy 

and GBM surgeries, as well as one PD autopsy case with a short post-mortem delay. 

Immunocytochemistry data shows representative images of epilepsy-derived microglia and 

quantification of all examined cases (Figure 7.2a, b). Whilst a similar purity was seen in all 

cultures, elevated microglial yields were obtained from GBM samples whilst autopsy tissue 

resulted in lower yields (data not shown). Regarding the cultures from GBM surgeries, the 

cells generated were likely a mix of microglia and infiltrating macrophages but appeared 

phenotypically similar to epilepsy-derived microglia (Figure 7.3).   

As demonstrated by immunocytochemical analysis, mixed glial cultures at passage 

two showed a relatively low abundance of microglia (5.97 ± 1.59 % CD45/PU.1 positive) 

compared to pericytes (93.92 ± 1.76 % PDGFRβ positive). A small proportion of astrocytes 

were also present (0.11 ± 0.03 % GFAP positive; Figure 7.2a, b). When cultured using the 

microglial isolation procedure, the microglial cultures were highly enriched (96.75 ± 0.39% 

CD45 and PU.1 positive; Figure 7.2a, b). Small amounts of contaminating cells remained 

present including pericytes (2.43 ± 0.18% PDGFRβ positive) and astrocytes (0.82 ± 0.11 % 

GFAP positive; Figure 7.2a, b). Microglia cultured from the same tissue sample using either 

the mixed glial culture protocol or the microglia culture protocol displayed similar purity and 

yields as above, confirming that the aforementioned results were due to the processing of the 

cultures and not tissue heterogeneity (Figure 7.4). Markers were chosen based on previous 

experience with the cell types our lab typically obtains from human biopsy tissue. The 

relative contribution of microglia, astrocytes, and pericytes equated to 100% suggesting that 

there are no other contaminating cell types.  
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Figure 7.1: Overview of isolation procedure 
Human brain biopsy or autopsy tissue was mechanically and enzymatically dissociated to 
achieve a single cell suspension. This suspension was strained and plated in NPC media for 
up to 24 hours. Floating and weakly attached cells were removed, replated into a new flask, 
and used to generate NPC cultures. Microglial culture media was added to the original flask 
and microglia were grown for five-seven days before harvesting and utilisation in 
experimental procedures. 
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Figure 7.2: Characterisation of culture purity 
Culture purity of the mixed glial isolation and microglial specific isolation was determined 
after fixation and immunocytochemistry for markers specific for microglia (CD45 and PU.1), 
pericytes (PDGFRβ), and astrocytes (GFAP). Nuclei were counterstained with Hoechst. 
Representative images of epilepsy-derived cultures are shown (a). The percentages of each 
cell type were determined (b). N = three for mixed glial culture isolation (all epilepsy), N = 
seven (three epilepsy, three GBM and one PD) for microglia isolation. Scale bar = 50 µm. 
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Figure 7.3: Epilepsy and GBM derived microglia both display CD45 and PU.1 
expression 
Microglia were isolated from the MTG of epilepsy biopsy tissue or the frontal lobe of GBM 
biopsy tissue. Cells were fixed and immunostained for microglial markers CD45 and PU.1. 
Nuclei were counterstained with Hoechst. Representative images are shown. Scale bar = 50 
µm. 

 

 

Figure 7.4: Characterisation of microglial purity from a single biopsy sample 
MTG epilepsy tissue was cultured according to either the mixed glial culture protocol or the 
microglial culture protocol. The percentage of microglia in each culture, as determined by 
PU.1 positivity, was determined at passage two using both methods.   
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 Isolated microglia express typical microglial markers  7.3.2

In order to confirm that the phenotype of the isolated PU.1 and CD45 positive cells reflected 

that of human microglia grown in a mixed glial culture, a more detailed immunocytochemical 

analysis was performed. Like primary human microglia grown as mixed cultures (Smith, 

Graham et al. 2013), isolated microglia displayed heterogeneous levels of HLA-DP, DQ, DR, 

but overall this expression was low indicating an un-activated state (Figure 7.5). 

Furthermore, every PU.1 or CD45 positive cell was found to co-express CD68, macrophage 

colony stimulating factor receptor (M-CSFR), or DNAX activating protein of 12KDa 

(DAP12), typical microglial markers both in vitro and in vivo (Figure 7.5). In order to 

compare the phenotype of isolated microglia to those in a mixed glial culture, these 

experiments were only performed on epilepsy-derived microglia. At present, not enough is 

known about human GBM-derived microglia and macrophages to determine whether 

potential differences in phenotype are a disease-related or protocol-related phenomenon.  

 Isolated microglia express cytoplasmic NF-κB under basal conditions which can 7.3.3

be translocated to the nucleus by IL-1β and LPS but not IFNγ 

In order to evaluate the activation state of microglia, immunocytochemical staining of NF-κB 

p65 was performed. As previously described in the mixed glial cultures, microglia isolated 

from epilepsy tissue display both cytoplasmic and nuclear NF-κB under basal conditions 

(Jansson, Rustenhoven et al. 2014). Likewise, both IL-1β and LPS significantly enhanced the 

nuclear expression of NF-κB (p < 0.001) whilst IFNγ did not (p > 0.05; Figure 7.6a, b), 

indicating that isolated microglia can be further activated by inflammatory stimuli and 

respond similarly to those grown in a mixed glial culture (Jansson, Rustenhoven et al. 2014)  
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Figure 7.5: Isolated microglia express typical microglial markers 
Isolated microglia were fixed and immunostained for the microglia markers HLA-DR, CD45, 
PU.1, M-CSFR, DAP12, and CD68. Nuclei were counterstained with Hoechst. Isolated 
microglia were found to express markers present on microglia derived from mixed glial 
cultures. All CD45 or PU.1 positive cells co-expressed CD68, M-CSFR, and DAP12 whilst 
displaying variable levels of HLA-DR. Representative images from three (all epilepsy) 
independent cases are shown. Scale bar = 50 µm. 
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Figure 7.6: Isolated microglia express cytoplasmic NF-κB under basal conditions which 
can be translocated to the nucleus by IL-1β and LPS but not IFNγ 
Microglia were treated with 10 ng/mL IL-1β, LPS, IFNγ, or vehicle (0.1% BSA in PBS) for 
one hour, fixed, and immunostained for NF-κB and CD45. Nuclei were counterstained with 
Hoechst. Representative images are shown (a). The intensity of nuclear NF-κB was 
determined (b). Data is from three independent experiments (all epilepsy). *** = p < 0.001 
versus vehicle control (one-way ANOVA with Dunnett’s post-test). Scale bar = 50 µm.  
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 Microglial HLA-DR, DP, DQ expression is induced by IFNγ but not IL-1β or 7.3.4

LPS 

To further examine the activation state of microglia and confirm a functional response to 

immune stimuli, HLA-DR, DP, DQ expression was examined in unstimulated cells or cells 

treated with IL-1β, IFNγ, or LPS. Under basal conditions HLA-DR, DP, DQ expression was 

heterogeneously expressed by microglia and was not significantly affected by IL-1β (p > 

0.05) or LPS (p > 0.05; Figure 7.7a, b). However, IFNγ significantly enhanced HLA-DR, DP, 

DQ expression (p < 0.001; Figure 7.7a, b), highlighting their stimulus-dependent immune 

response. 

 Isolated microglia can phagocytose fluorescent polystyrene beads 7.3.5

A critical function of microglia in vivo is the removal of apoptotic cells, cellular debris, and 

pathogenic material by phagocytosis. In order to determine whether isolated microglia 

maintain their phagocytic function, the ability to internalise polystyrene beads, a commonly 

used assay with respect to microglia, was utilised. Flow cytometry based assays provide a 

quick and powerful measurement of phagocytic ability. When incubated with fluorescent 

polystyrene beads for two hours, microglia produced a significant rightward shift in the MFI 

(FL2), indicative of internalised beads. More than 90% of microglia were found to have 

phagocytosed beads during this time indicating that microglia obtained in this manner are 

suitable for studies investigating phagocytosis (Figure 7.8a). Imaging of microglia 

immediately prior to trypsinisation for flow cytometric analysis revealed a perinuclear 

distribution of beads as seen previously in pericytes (Figure 7.8b). Confocal microscopy 

confirmed that beads were internalised by microglia and not simply bound to the cell surface 

(Figure 7.8c). 
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Figure 7.7: Microglial HLA-DR, DP, DQ expression is induced by IFNγ but not IL-1β 
or LPS 
Microglia were treated with 10 ng/mL IL-1β, LPS, IFNγ, or vehicle (0.1% BSA in PBS) for 
24 hours, fixed, and immunostained for HLA-DR, DP, DQ and PU.1. Nuclei were 
counterstained with Hoechst. Representative images are shown (a). The percentage of HLA, 
DR, DP, DQ positive cells was determined (b). Data is from three independent experiments 
(two epilepsy and one GBM). *** = p < 0.001 versus vehicle control (one-way ANOVA with 
Dunnett’s post-test). Scale bar = 50 µm.  
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Figure 7.8: Isolated microglia can phagocytose fluorescent polystyrene beads 
Microglia were cultured in the presence or absence of fluorescent polystyrene beads (1 µm 
diameter) for two hours. Cells were washed thoroughly to remove un-internalised beads and 
collected by trypsinisation and gentle scraping. Phagocytosis of beads was determined by a 
rightward shift in FL2 intensity via flow cytometry (a). One representative plot from three 
(two epilepsy and one GBM) independent experiments is shown. Brightfield and fluorescent 
imaging of cells immediately prior to trypsinisation shows the perinuclear distribution of 
beads within cells (b). Confocal scanning laser microscopy and orthogonal projections 
confirmed that microglia were able to internalise beads (c). Scale bar = 50 µm. 
 
 
 
 
 
 
 
 
 
 



 Chapter 7: Isolation of primary human microglia for functional studies 
 

 159 

 

 Measurement of cytokine and chemokine secretion from isolated microglia 7.3.6

Microglia secrete a range of inflammatory mediators which regulate the brain’s immune 

response. Under basal conditions, microglia isolated from epilepsy tissue were found to 

secrete IL-6, MCP-1, and IL-8, whilst IP-10 was absent (Figure 7.9a–d). IP-10 secretions 

were present following IFNγ (p < 0.001) and LPS stimulation (p < 0.001) whilst IL-1β 

treatment showed no induction (p > 0.05; Figure 7.9a). A significant induction of IL-8 was 

seen with IL-1β (p < 0.05) and LPS (p < 0.001), however, IFNγ displayed no change 

(p > 0.05; Figure 7.9b). MCP-1 was significantly elevated by IL-1β (p < 0.001) and LPS 

(p < 0.01) with IFNγ having no effect (p > 0.05; Figure 7.9c). IL-6 secretions were 

significantly enhanced by IL-1β (p < 0.001) and LPS (p < 0.001) whilst IFNγ showed no 

induction (p > 0.05; Figure 7.9d). Notably, the secretion profile of microglia varied 

significantly with differing stimuli, supporting previous observations of their stimulus-

dependent immune response.. Microglia isolated in this manner are therefore suitable for 

studies investigating inflammatory mediator secretions. 

 

 

Figure 7.9: Measurement of cytokine and chemokine secretion from isolated microglia 
Microglia were treated with 10 ng/mL IL-1β, IFNγ, LPS, or vehicle (0.1% BSA in PBS) for 
24 hours. Conditioned media was collected and concentrations of IP-10 (a), IL-8 (b), MCP-1 
(c), and IL-6 (d) determined in triplicate wells by a multiplexed CBA. One representative 
case from three (all epilepsy) independent experiments is shown. * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001 versus vehicle control (one-way ANOVA with Dunnett’s post-test). 
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Figure 7.10: Immune stimuli do not impact microglial phagocytosis 
Microglia were treated with vehicle (0.1% BSA in PBS) or 10 ng/mL IL-1β, IFNγ, or LPS 
for 24 hours. For the final two hours cells were incubated with fluorescent polystyrene beads 
(1 µm diameter) and phagocytosis was determined by flow cytometry. One representative 
plot (epilepsy) from three independent cases (one epilepsy and two GBM) is shown (a). The 
MFI (FL2) was determined from the three independent experiments, indicative of the 
quantity of beads internalised (b). No inflammatory treatments were significantly different 
from the vehicle control (one-way ANOVA with Dunnett’s post-test). 
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Figure 7.11: MACS-CD45 positive selection for human microglia 
Mixed glial cultures at passage two were subjected to MACS to isolate a cell fraction 
containing CD45-positive microglia (A-D). The negative fraction was also collected for 
analysis (E-H). Cells were then plated, fixed, and immunostained for CD45 (A, E), PU.1 (B, 
F, arrow heads in B), GFAP (C, G), and prolyl-4-hydroxylase (D, H). Representative images 
are shown. Scale bar = 100 µm. 
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Figure 7.12: NPC growth factors are not required for microglial survival but do not 
perturb microglial phenotype 
Microglia were cultured from a sample of cerebellum obtained during GBM resection (a, b, 
c, d, e) or a GBM in the superior frontal cortex (f) as per the microglial isolation protocol 
with slight modifications. At the final stage of processing, samples were split in half and 
cultured in the presence or absence of 40 ng/mL FGF-2, 40 ng/mL EGF, and 2 µg/mL 
heparin. The microglial phenotype in each culture was examined using cells fixed and 
immunostained for the microglial markers PU.1, CD45, HLA-DR, CD68, DAP12, and M-
CSFR. Nuclei were counterstained with Hoechst (a). Microglia were treated for one hour (b, 
c) or 24 hours (d, e) with 10 ng/mL IL-1β, IFNγ, LPS, or vehicle (0.1% BSA in PBS), fixed, 
and immunostained with HLA-DR and PU.1 (b, c) or CD45 and NF-κB (d, e). Nuclei were 
counterstained with Hoechst. Microglial phagocytosis in each condition was determined by 
flow cytometry after a two hour incubation with fluorescent polystyrene beads (1 µm 
diameter; f). * = p < 0.05, *** = p < 0.001 versus vehicle control (two-way ANOVA with 
Bonferroni post-test). Scale bar = 50 µm.  
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7.4 Discussion 

Mixed glial cultures containing pericytes, microglia, and astrocytes have been routinely used 

in our lab to examine microglial biology (Gibbons and Dragunow 2010; Smith, Gibbons et al. 

2013; Smith, Gibbons et al. 2013; Smith, Gibbons et al. 2013; Smith, Graham et al. 2013; 

Jansson, Rustenhoven et al. 2014). While these mixed cultures have the benefit of more 

accurately recapitulating the CNS environment, particularly the neurovascular unit, the 

presence of multiple cell types complicates data relating specifically to microglial function. 

Primary human microglia isolated using the protocol described here allow for investigations 

into cell secretions using CBA, flow cytometry-based analysis of phagocytosis, and 

microglial gene expression by qRT-PCR. Each of which is problematic in mixed cultures due 

to the ability of pericytes and astrocytes to contribute to immune responses. Furthermore, 

these isolated cultures allow for controlled in vitro interactions to be examined with other 

CNS immune cells, including pericytes. 

An important step in the development of this protocol was to determine whether 

microglia cultured in this manner appear, and indeed behave, the same as microglia in mixed 

glial cultures. Isolated cells displayed typical ramified microglial morphology, characteristic 

of ‘resting’ microglia, and expressed the human microglial markers CD45, PU.1, CD68, M-

CSFR, DAP12, and HLA-DR (Smith, Gibbons et al. 2013; Smith, Gibbons et al. 2013; 

Smith, Graham et al. 2013). The relatively low level of HLA-DR expression and the 

cytoplasmic NF-κB expression suggests that the isolation procedure did not fully activate the 

microglia. Importantly however, microglia retained the ability to mount an immune response 

and demonstrated nuclear translocation of NF-κB with IL-1β and LPS stimulation, as well as 

induction of HLA-DR, DP, DQ with IFNγ treatment, as described previously for microglia 

grown as mixed cultures (Smith, Graham et al. 2013; Jansson, Rustenhoven et al. 2014). 

Furthermore, microglial secretion of the inflammatory mediators IL-6, MCP-1, IP-10, and 

IL-8, could be enhanced by immunogenic stimuli. Interestingly the secretome profile was 

found to differ significantly between stimuli. Whilst microglia retained the ability for 

phagocytosis, a characteristic function both in vivo and in vitro, this was not altered by the 

inflammatory state (Figure 7.10a, b). Whilst pro-inflammatory mediators have been 

suggested to increase phagocytic uptake (von Zahn, Moller et al. 1997), previous work from 
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our lab demonstrated that macrophage-colony stimulating factor (M-CSF), a mitogen which 

polarises microglia to an anti-inflammatory state, enhanced phagocytosis by microglia in a 

mixed glial culture (Smith, Gibbons et al. 2013).  

Several other protocols exist for the isolation of (typically rodent) microglia. The 

majority of studies use either a Percoll® gradient followed by an extended centrifugation to 

isolate the microglial fraction (Cardona, Huang et al. 2006; Nikodemova and Watters 2012; 

Lee and Tansey 2013), extensive shaking of the flask to prevent attachment of other cells 

(Tamashiro, Dalgard et al. 2012), or sorting via MACS or FACS (Nikodemova and Watters 

2012; Olah, Amor et al. 2012; Olah, Raj et al. 2012). Previous attempts to isolate primary 

human microglia using MACS generated initially pure cultures, but at very low yields 

(Figure 7.11a-h). Furthermore, attempts to isolate human microglia by FACS resulted in 

impure cultures of activated microglia with contaminating pericytes quickly taking over 

(unpublished observations). In contrast, using the protocol described here it is possible to 

isolate large numbers of pure adult human microglia in a very simple manner, with the added 

advantage of also isolating separately, human NPCs. Thus, this isolation procedure has many 

advantages over other approaches. Furthermore, it is imperative that  the isolation and study 

of human microglia is performed utilising a variety of methods so that comparisons of 

microglial function can be made using different isolation protocols to determine true 

microglial functions.  

As described above, another major advantage of this protocol is the ability to generate 

NPC cultures in parallel. This methodology was originally established for the generation of 

NPCs from GBM specimens and neurogenic regions of the adult human brain and isolation 

of microglia was a serendipitous discovery. NPC isolation and subsequent differentiation can 

be performed using the cells removed from the flask after day one as described previously 

(Park, Monzo et al. 2012). In order to generate NPCs from human brain tissue, the growth 

factors EGF and FGF-2 and the carrier protein heparin are present in culture media. Whilst 

these factors are added solely for the benefit of NPC culture, growth factors can significantly 

influence a cells phenotype and functional inflammatory response (Chapters 4 and 6). 

Importantly, microglia cultured in the presence or absence of these factors for the first 24 

hours showed no differences with respect to yield, phenotype, or inflammatory state (Figure 
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7.12). Furthermore, when cultured as a mixed glial culture, microglia do not require these 

growth factors for survival (Smith, Gibbons et al. 2013). However, as human brain biopsy 

tissue is such a limited and valuable resource, these growth factors were added to each 

culture in order to maximise the possible cell types obtained. 

It should be noted that microglia cultured in this manner do not have a high 

proliferation rate in vitro. While other groups have used M-CSF to enhance microglial 

proliferation in culture, this mitogen significantly alters microglial biology, particularly 

receptor expression and phagocytic function, and so was avoided in this protocol (Smith, 

Gibbons et al. 2013; Smith, Graham et al. 2013).  

Whilst this protocol routinely and reliably produces healthy human microglia, several 

steps are important with respect to minimising variation. When unattached cells are removed 

on the second day of culture, the plate should be thoroughly washed to prevent any cells 

other than microglia remaining. Potential cell contaminants include astrocytes and pericytes 

and whilst astrocytes do not proliferate readily in vitro, pericytes do, and if not sufficiently 

removed will quickly take over cell cultures. To further avoid pericyte contamination, media 

changes should be kept minimal to supress their proliferation; often no change in media is 

required. It is also important to allow microglia to settle sufficiently until they begin to 

extend processes. The time taken for this to occur does vary, but if cells are detached too 

soon they do not reattach well, resulting in reduced yields. Lastly, once plated out, microglia 

quickly adhere and therefore should be used as soon as possible, preferably experiments 

should be started the next day. To account for the possibility of contaminating cells, a small 

number of wells should be plated out each time for characterisation of culture purity.  

Importantly, although comparable microglial purity was observed whether biopsy 

epilepsy or GBM tissue was used, likely phenotypic differences between microglia derived 

from these different sources was not investigated. This will form the basis of several future 

studies. However, the markers that were used to identify microglia (CD45 and PU.1) were 

expressed at similar levels for all cultures. 

Using the current protocol, it is possible to obtain >95% pure microglial cultures from 

human brain tissue that can be used to interrogate microglial functions in vitro, including 
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cellular phenotyping, transcriptome analysis, cytokine and chemokine release, and 

phagocytosis. Furthermore, these isolated microglia can be utilised in various co-culture 

systems allowing for controlled in vitro studies of microglia-pericyte interactions.  
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CHAPTER 8: Pericytes modulate microglial immune responses 

8.1 Introduction 

A growing body of evidence implicates pericytes in modifying CNS immune functions. 

Pericytes display a diverse phagocytic potential, including whole erythrocytes (Castejón 

2010), inert polystyrene beads (Chapter 5) (Balabanov, Washington et al. 1996), and Aβ 

aggregates (Chapter 5). Furthermore, pericytes can respond to inflammatory stimuli to 

secrete a range of chemokines and express membrane-bound and soluble adhesion molecules 

(Chapter 3, 4 and 6) (Guijarro-Munoz, Compte et al. 2013; Jansson, Rustenhoven et al. 

2014). Due to their anatomical location, this allows pericytes to assist the extravasation of 

circulating leucocytes into brain tissue (Ayres-Sander, Lauridsen et al. 2013; Stark, Eckart et 

al. 2013). Chapters 3 and 4 also demonstrated that pericytes can secrete both pro-

inflammatory cytokines (e.g., IL-6) and anti-inflammatory mediators (e.g., CX3CL1), 

suggesting they may be involved in coordinating other parenchymal brain cell immune 

functions. 

Several peripheral immune cells express the CX3CL1-receptor, CX3CR1, including 

tissue resident macrophages and circulating leucocytes (Fong, Robinson et al. 1998; 

Mantovani, Sica et al. 2004). In the brain however, its expression is limited to microglia 

(Wolf, Yona et al. 2015). Whilst CX3CL1 release in the CNS is believed to be restricted 

predominantly to neurons (Wolf, Yona et al. 2015), Chapter 4 identified human brain 

pericytes as a source of cerebral CX3CL1. Microglial recognition of CX3CL1 promotes a 

pronounced anti-inflammatory phenotype, involving attenuated secretion of pro-

inflammatory cytokines and enhancement of the phagocytic response (Zujovic, Benavides et 

al. 2000; Giunti, Parodi et al. 2012). Furthermore, CX3CR1 deficiency enhances 

neuroinflammatory responses and can precipitate neuronal death (Cardona, Pioro et al. 2006; 

Cardona, Mendiola et al. 2015). Together, these data suggest that pericytes may have a role 

in modulating microglial immune functions. Microglia are the resident macrophages in the 

brain and the primary mediators of neuroinflammation. Whilst a controlled and acute 

inflammatory response is necessary to maintain CNS homeostasis, chronic microglial 
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activation likely contributes to almost all neurological disorders and mechanisms to control 

this are therefore desirable (Wyss-Coray and Mucke 2002).  

Importantly, primary adult human microglia display a unique secretome profile 

compared to the more commonly utilised primary or cell line rodent microglia. In particular, 

human microglia display an absent or significantly blunted induction of iNOS after an 

inflammatory insult (Smith and Dragunow 2014). The iNOS-catalysed product NO is 

essential in microglia-mediated pro-inflammatory responses and associated neurotoxicity, 

either directly or through peroxynitrite formation (Gibbons and Dragunow 2006; Brown and 

Neher 2010). In the absence of microglial-derived NO, TNFα represents a major pro-

inflammatory and potentially neurotoxic mediator released from microglia (Brown and 

Vilalta 2015). Indeed CX3CL1-CX3CR1 interactions attenuate microglial-derived TNFα and 

this pathway represents an attractive mechanism for pericytes to specifically limit microglial 

activation.  

In the present study, isolated pericyte cultures and the previously described protocol 

to isolate adult human microglia (Chapter 7) were used to model microglial-pericyte 

interactions in vitro. These cells were grown under various co-culture systems, allowing for 

the immunomodulatory potential of pericytes in microglial-mediated inflammation to be 

examined. In particular, the ability of pericytes to modify TNFα secretion by adult human 

brain microglia was investigated. 

8.2 Methods 

 Tissue source 8.2.1

For in vitro studies, biopsy human brain tissue was obtained, with informed written consent, 

from the MTG of patients undergoing surgery for medically refractory epilepsy. For 

immunohistochemistry studies, post-mortem adult human brain tissue from the MTG of 

neurologically normal cases was obtained from the Neurological Foundation of New Zealand 

Human Brain Bank and processed as described previously (Waldvogel, Curtis et al. 2006). 

All protocols used in these studies were approved by the Northern Regional Ethics 

Committee (New Zealand) for biopsy tissue and the University of Auckland Human 
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Participants Ethics Committee (New Zealand) for post-mortem brain tissue. All methods 

were carried out in accordance with the approved guidelines 

 Mixed glial cultures isolated from adult human brain tissue 8.2.2

Mixed glial cultures containing microglia, astrocytes, and pericytes were isolated from adult 

human brain tissue and utilised at passage two or cultured until passage five to obtain pure 

pericyte populations as described previously (2.2).  

 Microglia isolation from adult human brain tissue 8.2.3

Microglial isolation from adult human brain tissue was performed as described previously 

(2.3). 

 RAW264.7 cell culture 8.2.4

RAW264.7 cells were used as a positive control for NO production. Cells were cultured in 

DMEM, high glucose with sodium pyruvate, supplemented with 10% FBS, and 1% PSG and 

brought into suspension by gentle scraping with a rubber scraper (Falcon). Cells were plated 

at 4,000 cells/well in a 96 well plate and treated with vehicle (0.1% BSA in PBS) or 10 

ng/mL LPS for 24 hours. Media was collected and utilised in a Griess assay as described 

previously (2.7).  

 Cell plating 8.2.5

Three different co-culture systems were utilised to investigate the effect of pericytes on 

microglial immune responses. 1) Microglia and pericytes were harvested as described 

previously (2.4) and 4,000 microglia, 4,000 pericytes or 4,000 microglia and 4,000 pericytes 

were plated in 96 well plates. 2) Microglia and pericytes were harvested as described 

previously (2.4) and 20,000 microglia (or cell-free media) were plated in a 24 well plate and 

20,000 pericytes (or cell-free media) was plated on a 0.4 µm PET track-etched membrane 

trans-well insert (Falcon). 3) Microglia and pericytes were harvested as described previously 

(2.4) and 4,000 pericytes were plated in a 96 well plate whilst 4,000 microglia were plated in 

a separate 96 well plate. When required, 50 µl of media was removed from microglia wells 

and replaced with 50 µl of pericyte conditioned media or cell-free media.  
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 Immunogen treatment 8.2.6

To investigate inflammatory responses, primary human brain pericytes or microglia were 

treated with 0-10 ng/mL IL-1β, IFNγ, LPS, or vehicle (0.1% BSA in PBS) for 0-24 hours. 

Inflammatory stimuli were added by a 1:100 dilution of a 100 x stock. 

 Immunocytochemistry 8.2.7

Isolated microglia, pericytes, or microglia and pericyte cultures, were grown under plating 

condition one, fixed, and immunostained as described previously (2.21).  

 Automated image analysis of multi well plates 8.2.8

Microglia and pericytes cultured in 96 well plates under plating condition one were imaged 

on the automated fluorescence microscope ImageXpress® Micro XLS and the cell scoring 

module on MetaXpress® software was utilised as described previously (2.24).  

 Phagocytosis assays 8.2.9

Flow cytometry-based phagocytosis assays were performed on isolated microglia grown in a 

24 well plate under plating condition two as described previously (2.13). 

 Collection of conditioned media and cytokine measurement by CBA 8.2.10

Conditioned media from primary human brain pericytes and microglia grown under plating 

conditions one-three was collected and the concentration of secreted proteins determined by 

CBA as described previously (2.9). 

 qRT-PCR 8.2.11

RNA extraction was performed from isolated microglia cultured under plating condition two 

using the RNAqueous®-Micro Total RNA isolation Kit and DNAse treatment, cDNA 

synthesis, and qRT-PCR was performed as described previously (2.19). 
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 Griess assay 8.2.12

A Griess assay was used as an indirect measure of NO production from microglia, pericytes, 

microglia and pericytes under plating condition one, mixed glial cultures, or RAW264.7 

macrophages as described previously (2.7). 

 Immunohistochemistry 8.2.13

Immunohistochemistry of neurologically normal adult human brain tissue was performed as 

described previously (2.22) 

 Confocal laser scanning microscopy 8.2.14

Confocal laser scanning microscopy was performed following immunohistochemistry of 

neurologically normal adult human brain tissue as described previously (2.25). 

 Statistical analysis 8.2.15

Unless otherwise stated, all experiments were performed at least three independent times 

from three different tissue donors. Statistical analysis was carried out using either a Student’s 

t-test to examine the effect of culture conditions on TNFα secretion or phagocytosis, a one-

way ANOVA followed by Dunnett’s multiple comparison test to examine treatments versus 

vehicle control or a two-way ANOVA with Bonferroni post-test to examine the effect of both 

cell type and treatment (Graphpad Prism 5.02). 

8.3 Results 

 Inflammatory secretions from mixed glial cultures 8.3.1

Mixed glial cultures have been routinely utilised in our lab to investigate microglia and 

pericyte biology. In order to identify candidate inflammatory mediators to investigate with 

respect to microglia-pericyte interactions, the secretory profile of these mixed glial cultures 

was explored by CBA analysis following stimulation with the pro-inflammatory mediators 

IL-1β, IFNγ, and LPS. IL-6, IL-8, and MCP-1 were all found to be secreted under basal 

conditions whilst IP-10 and TNFα secretions were absent (Figure 8.1a-e). MCP-1 secretion 
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was induced by all inflammatory stimuli (p < 0.001), IL-8 and IL-6 showed induction after 

IL-1β and LPS treatment (p < 0.001), and IP-10 was induced following IFNγ and LPS 

stimulation only (p < 0.001). TNFα was not secreted following IL-1β or IFNγ stimulation and 

displayed a very modest induction after LPS treatment. NO release in mixed glial cultures 

was entirely absent under basal or all inflammatory treatments (Figure 8.1f). 

 Microglia-pericyte interactions in situ and in vitro 8.3.2

Having examined the secretory capacity of mixed glial cultures, a paradigm was developed to 

allow for investigations of cell-specific contributions. In vivo, PDGFRβ-positive pericytes are 

embedded within COL-IV-containing basement membrane and ensheathe the cerebral blood 

vessels comprised of endothelial cells. Importantly, ionized binding adapter molecule 1 

(IBA1)-positive microglia are closely associated with the neurovasculature allowing for 

paracrine signalling between pericytes and microglia (Figure 8.2a). Utilising the previously 

described protocols to isolate primary human brain pericytes (2.2) or microglia (2.3), these 

cells were cultured alone, or at a ~1:1 ratio allowing for cell-cell interactions to be observed. 

Unlike microglia, pericytes proliferate readily in vitro and therefore their cell number was 

slightly higher at end point (Figure 8.2b, c). Neither pericytes nor microglia influenced the 

total cell number of one another. Importantly, these isolation procedures produce highly pure 

cultures of brain pericytes (~100%) and microglia (>95%) (Figure 8.2b, c).  
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Figure 8.1: Inflammatory secretions from mixed glial cultures 
Mixed glial cultures containing pericytes, microglia, and astrocytes were treated with vehicle 
(0.1% BSA in PBS) or 10ng/mL IL-1β, IFNγ, or LPS for 24 hours and conditioned media 
was collected. The concentration of secreted IP-10 (a), MCP-1 (b), TNFα (c), IL-8 (d), and 
IL-6 (e) was determined by a multiplexed CBA, or nitrite concentration as an indirect 
measure of NO release was determined via a Griess assay (f). One representative experiment 
from three independent experiments is shown. *** = p < 0.001 versus vehicle control (one-
way ANOVA with Dunnett’s post-test).  
 

 Pericytes attenuate microglia-derived TNFα production 8.3.3

Having isolated pure pericyte and microglial cultures, the ability of pericytes to modify 

microglia-derived inflammatory secretions was investigated. A simple paradigm consisting of 

either pericytes or microglia cultured alone, or in combination, was used to identify cell-

specific secretions and the ability of a co-culture to modify this. Several mediators were 

found to be secreted by both pericytes and microglia in response to IFNγ, IL-1β, or LPS 

stimulation, including IL-8 (Figure 8.3a), MCP-1 (Figure 8.3b), IP-10 (Figure 8.3c), and IL-6 

(Figure 8.3d). The concentration of these inflammatory mediators in the microglia-pericyte 

co-cultures appeared either additive (IL-8 and MCP-1) or synergistic (IP-10 and IL-6). 

However, using the same co-culture paradigm (Figure 8.3e), TNFα was found to secreted by 
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isolated microglia but not pericytes after LPS stimulation and co-culture with pericytes 

attenuated this production (p < 0.001; Figure 8.3f). Neither IFNγ nor IL-1β was able to 

stimulate TNFα release.  

Next it was examined whether the attenuation of microglia-derived TNFα was due to 

factors secreted by pericytes, or whether cell-cell interactions were required. To investigate 

this, microglia were cultured in standard multi-well plates and pericytes were cultured on 

trans-well inserts (pore size 0.4µm) allowing for the passage of soluble molecules but 

preventing cell-cell contact (Figure 8.3g). Again, microglia cultured alone displayed LPS-

induced TNFα secretion which was attenuated by the presence of pericytes (p < 0.001; Figure 

8.3h). To further confirm the role of soluble mediators in this response, conditioned media 

was taken from vehicle or LPS treated pericytes and added to microglia under basal or LPS-

stimulated conditions (Figure 8.3i). Interestingly, conditioned media obtained from untreated 

pericytes enhanced LPS-induced, microglia-derived TNFα, compared to media alone (p < 

0.05; Figure 8.3j). However, conditioned media from pericytes treated with 10 ng/mL LPS 

attenuated LPS-stimulated microglial TNFα secretion compared to media alone (p < 0.001), 

or basal pericyte conditioned media (p < 0.5), suggesting that pericytes must be 

immunologically activated in order to achieve this anti-inflammatory effect. Lastly, utilising 

a trans-well system (Figure 8.3k), the ability of pericytes to modify microglial TNFα gene 

expression was examined. As before, the presence of pericytes moderately, but not 

significantly, enhanced TNFα mRNA expression under basal conditions (p > 0.05, Figure 

8.3l).  However, it significantly reduced the LPS-induced increase in TNFα expression (p < 

0.001). 
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Figure 8.2: Microglia-pericyte interactions in situ and in vitro 
Human MTG tissue from three neurologically normal cases was immunostained for the 
microglia marker IBA1 and the pericyte markers PDGFRβ or COL-IV. Nuclei were 
counterstained with Hoechst. Confocal microscopy reveals the close proximity of microglia 
and pericytes in situ (a). Scale bar = 50 µm. Isolated pericytes or microglia were cultured 
alone or at a ~1:1 ratio in multiwall plates for 24 hours, fixed, and immunostained for 
PDGFRβ and the microglia marker CD45. Nuclei were counterstained with Hoechst. 
Representative images are shown (b). The number of PDGFRβ+ or CD45+

 cells was 
determined by automated image analysis (c). Scale bar = 50 µm. 
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 Pericytes do not modify microglial NO secretion 8.3.4

An absence of microglial iNOS induction and NO secretion is a common feature of human 

microglia, both under our culture conditions and indeed others (Stansley, Post et al. 2012; 

Smith and Dragunow 2014). However, previous attempts by our lab to examine NO 

production from adult human microglia were performed using mixed glial cultures. As 

evident by their effect on TNFα production, the presence of pericytes can prevent the 

secretion of microglia-derived inflammatory mediators. It was therefore investigated whether 

isolated microglia display NO secretion. NO detection was investigated in several cultures, 

pericytes only, pericytes and microglia cultured under plating condition one, microglia only, 

mixed glial cultures, and RAW246.7 macrophages were used as a positive control. Apart 

from the RAW246.7 macrophages, none of the tested conditions displayed detectable 

secretion of NO. 

 

 



 Chapter 8: Pericytes modulate microglial immune responses 
 

 178 

 

 
 

Figure 8.3: Pericytes attenuate microglia-derived TNFα production 
Pericytes or microglia were cultured alone or in a co-culture system, treated with vehicle 
(0.1% BSA in PBS) or 10 ng/mL IL-1β, IFNγ, or LPS for 24 hours and the media was 
collected. The concentration of secreted IL-8 (a), MCP-1 (b), IP-10 (c), or IL-6 (d) was 
determined by a multiplexed CBA. Pericytes or microglia were cultured alone or in a co-
culture system (e), treated with vehicle (0.1% BSA in PBS) or 10 ng/mL IL-1β, IFNγ, or LPS 
for 24 hours and the media was collected. The concentration of secreted TNFα was 
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determined by a CBA (f).  Pericytes or microglia were cultured alone or in a trans-well 
system (g), treated with vehicle (0.1% BSA in PBS) or 10 ng/mL LPS for 24 hours and the 
media was collected. The concentration of secreted TNFα was determined by a CBA (h). 
Cell-free media or conditioned media from pericytes treated with vehicle (0.1% BSA in PBS) 
or 1-10 ng/mL LPS for 24 was collected. Media samples were added to microglia at a 1:1 
ratio and microglia were treated with vehicle (0.1% BSA in PBS) or 1-10 ng/mL LPS for a 
further 24 hours (i). Media was collected and the concentration of TNFα determined by a 
CBA (j). Pericytes or microglia were cultured alone or in a trans-well system and treated with 
vehicle (0.1% BSA in PBS) or 10 ng/mL TNFα for 24 hours (k). RNA was extracted from 
microglia and TNFα gene expression was determined by qRT-PCR (l). For CBA data one 
representative experiment from two (j) or three (a, b, c, d, f and h) independent experiments 
is shown. For qRT-PCR, data is pooled from two independent microglia and pericyte cases. * 
= p < 0.05, ** = p < 0.01, *** = p < 0.001 (f and h = Student’s t-test; j and l = two-way 
ANOVA with Bonferroni- post-test). 

 

 

 

Figure 8.4: Pericytes do not modify microglial NO secretion 
Pericytes, pericyte and microglia co-cultures under plating condition one, microglia, or mixed 
glial cultures were treated for 24 hours with vehicle (0.1% BSA in PBS) or 10 ng/mL IFNγ, 
IL-1β, or LPS. Conditioned media was collected and nitrite production was determined via a 
Griess assay as an indirect measure of NO production. RAW246.7 macrophages treated with 
vehicle (0.1% BSA in PBS) or 10 ng/mL LPS were used as a positive control. One 
representative experiment from three independent experiments is shown.  

 



 Chapter 8: Pericytes modulate microglial immune responses 
 

 180 

 

 LPS induces CX3CL1 secretion in pericytes 8.3.5

Chapter 4 established that pericytes secrete CX3CL1 under basal conditions and CX3CL1-

CX3CR1 interactions inhibit microglial inflammatory responses, particularly TNFα secretion 

(Harrison, Jiang et al. 1998; Zujovic, Benavides et al. 2000; Giunti, Parodi et al. 2012; Neiva, 

Malva et al. 2015). As pericytes were found to attenuate microglial TNFα secretion only after 

immunological activation, the ability of LPS to induce CX3CL1 secretion from pericytes was 

examined. Whilst CX3CL1 secretion was observed in pericytes under basal conditions, this 

was significantly enhanced by 1 and 10 ng/mL LPS (p < 0.001). Microglia displayed no 

secretion of CX3CL1 under basal or LPS stimulated conditions. 

 

Figure 8.5: LPS induces CX3CL1 secretion in pericytes 
Microglia or pericytes were treated with vehicle (0.1% BSA in PBS) or 1-10 ng/mL LPS for 
24 hours, conditioned media collected and CX3CL1 concentration determined by a CBA. 
One representative experiment from three independent experiments is shown. *** = p < 
0.001 (two-way ANOVA with Bonferroni post-test). 
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 Pericytes do not modify microglial phagocytosis 8.3.6

Phagocytosis is a critical function of the innate immune system and microglia are the 

predominant macrophages in the brain.  Having observed an anti-inflammatory function of 

pericytes on microglia, it was investigated whether microglia-pericyte co-cultures could also 

modify microglial phagocytosis. Utilising a trans-well system, fluorescent polystyrene beads 

were added to microglia which were cultured in the presence or absence of pericytes on 

trans-well inserts, allowing for soluble factor passage but no contribution from pericytes to 

bead uptake (a). The presence of pericytes was found to have no significant effect (p > 0.05) 

on microglial phagocytosis after one hour (b, c) or two hours (b, d).  

 

Figure 8.6: Pericytes do not modify microglial phagocytosis 
Microglia were cultured alone or with pericytes in a trans-well system and 1 µm diameter 
fluorescent polystyrene beads were added to microglia (a). Phagocytic uptake at one (b, c) 
and two hours (b, d) was determined by flow cytometry. Data represents the MFI from three 
independent experiments and one representative plot at one and two hours is shown. 
Microglia or microglia and pericyte co-cultures were not significantly different from one 
another at either time-point (Student’s t-test). 
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8.4 Discussion 

Microglia are in constant bidirectional communication with cells of the neurovasculature and 

their activation has been implicated in modulating BBB dysfunction. Whilst the effects of 

microglial-mediated inflammation on cells of the BBB, including pericytes, has been recently 

reviewed (Stankovic, Teodorczyk et al. 2015), the inverse relationship is less well 

understood. Primary human brain pericytes secrete factors which can induce both pro-

inflammatory (e.g., IL-6) and anti-inflammatory (e.g., CX3CL1) microglial phenotypes and 

modulating these responses could prove beneficial in controlling microglial activation. Here, 

a role for human brain pericytes in attenuating microglial pro-inflammatory responses, 

particularly TNFα secretion, is shown. However, the exact mechanisms by which pericytes 

achieve this anti-inflammatory response require further study. 

Whilst the secretome of primary and cell line rodent microglia have been extensively 

studied, it is unclear to what extent these mediators are expressed by primary human 

microglia. In fact, current evidence suggests the presence of major species differences which 

make studying human microglia essential if we wish to ultimately improve patient outcomes 

(Smith and Dragunow 2014). The secretion of several potentially neurotoxic factors, 

including IL-1β and NO, is lacking in primary human microglia cultures when contrasted 

with primary rodent microglia. Furthermore, this discrepancy holds true for the immortalised 

human microglial cell line HMO6, but not several rodent microglial cell lines including BV2, 

N9, and HAPI cells (Stansley, Post et al. 2012). Interestingly, HMO6 cells also display LPS-

induced TNFα production, as was observed for primary human microglia (Stansley, Post et 

al. 2012). However, the HM06 line is derived from embryonic tissue and the use of adult 

human microglia may be more appropriate when studying neuroinflammatory responses in 

the context of neurodegenerative diseases.  

To identify appropriate immune candidates to investigate in human microglia, the 

ability of mixed glial cultures to secrete several pro-inflammatory mediators, including IL-6, 

IL-8, MCP-1, IP-10, and TNFα, was examined in response to IL-1β, IFNγ, and LPS 

stimulation. Whilst IL-6, IL-8, MCP-1, and IP-10 secretions displayed cytokine-specific 

induction, TNFα was found to be largely absent. Importantly, these microglia were cultured 

in the presence of pericytes and astrocytes. Whilst these mixed glial cultures may more 
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accurately reflect the in vivo neurovascular unit, the inflammatory secretome of pericytes, 

astrocytes, and microglia displays significant overlap and makes studying microglia-specific 

factors problematic. Furthermore, pericytes and astrocytes present in the mixed glial cultures 

also secrete immunomodulatory factors that could modify the microglial secretome. As such, 

the microglial isolation protocol described in Chapter 7 was utilised to identify the effect of 

pro-inflammatory mediators on isolated microglia cultures.  

Interestingly, isolated microglia displayed a significant induction in TNFα secretion 

following LPS stimulation. As pericytes secrete several immunomodulatory factors and 

represent the majority of cells in the mixed glial cultures (Chapters 3 and 4), it was 

hypothesised that this discrepancy may be due to their presence. To investigate this, 

microglia were cultured in the presence or absence of pericytes under several conditions. 

Both same-well and trans-well microglia-pericyte co-culture systems attenuated LPS-induced 

microglial TNFα production, suggesting this response was due to factors secreted from 

pericytes. Importantly, pericytes did not produce TNFα under any tested conditions. To 

exclude the possibility that the observed responses were due to LPS depletion from pericytes, 

a conditioned media study was performed. Whilst basal pericyte conditioned media enhanced 

LPS-induced TNFα secretion by microglia, conditioned media from LPS-stimulated pericytes 

was found to attenuate microglial TNFα production, suggesting that pericyte immunological 

activation was required for this immunosuppressive effect. Indeed, in the previous two 

culture conditions LPS-mediated pericyte activation was present. It is important to note that 

in each of the culture paradigms described above, the quantity of microglia contributing to 

the measured cytokine concentrations was significantly higher than that present in the mixed 

glial cultures. The LPS-induced TNFα production in isolated microglial cultures is likely a 

reflection of both an increased microglia number and a lack of the immunosuppressive effect 

from pericytes.  

Whilst pericytes were found to modulate TNFα production by human brain microglia, 

they appeared to have no effect on their phagocytic ability. Several inflammatory cytokines 

have previously been suggested to alter microglial phagocytosis (von Zahn, Moller et al. 

1997).  However, Chapter 7 found that the phagocytic capacity of primary human microglia 

for inert polystyrene beads was unchanged by several pro-inflammatory mediators. 
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To date, only one previous study has examined the immunomodulatory effect of 

pericytes on microglia. In this, TNFα-stimulated primary rat pericytes were found to enhance 

iNOS and IL-1β gene expression in the rat microglial BV2 cell line (Matsumoto, Takata et al. 

2014). However, the aforementioned studies, as well as previous work performed in our lab 

using mixed glial cultures, found functional secretion of these mediators absent from primary 

adult human microglia (Smith and Dragunow 2014). The relevance of this response with 

respect to humans therefore remains questionable. Furthermore, the secretome of rodent and 

human pericytes also appears to differ significantly. Whilst rodent pericytes secrete several 

mediators which can polarise microglia to a pro-inflammatory phenotype, including TNFα, 

IL-1β, and NO, (Kovac, Erickson et al. 2011; Matsumoto, Takata et al. 2014), these appear 

absent in human brain pericyte cultures and could explain these seemingly different results 

(Guijarro-Munoz, Compte et al. 2013).  

Whilst the influence of pericytes on the microglial inflammatory phenotype has not 

been well studied, several reports have demonstrated an anti-inflammatory effect of MSCs on 

microglia or macrophages, which is mediated at least partially through CX3CL1 secretion 

(Zhou, Zhang et al. 2009; Giunti, Parodi et al. 2012; Zhang, Liu et al. 2013). Pericytes and 

MSCs appear exceptionally similar both in terms of gene expression, cell surface markers, 

and their inflammatory secretome (Caplan 2008; Guijarro-Munoz, Compte et al. 2013). 

Given that pericytes also secrete CX3CL1, it is plausible that pericyte-derived CX3CL1 

contributes to the anti-inflammatory effect. Whilst CX3CL1 appears to be an appropriate 

candidate to explain the aforementioned observations, time restraints and tissue availability 

prevented a thorough investigation for a causal relationship. As such, it remains to be seen 

whether its effect in primary human microglia mimics that observed previously in rodent 

models. Future studies will seek to confirm this relationship through RNAi-mediated 

CX3CL1 gene silencing, anti-CX3CL1 or CX3CR1 antibody blocking, and exogenous 

application of CX3CL1 to isolated microglia cultures. 

Given that pericyte-derived CX3CL1 is present under basal conditions and undergoes 

a roughly two-fold induction after LPS stimulation, it is unlikely to exclusively explain the 

immunomodulatory effect observed by pericytes; in particular, the contrasting response in 

microglial TNFα secretion when cultured with basal conditioned pericyte media compared to 
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LPS-stimulated pericyte media. Identifying further immunomodulatory factors produced by 

pericytes will be invaluable in understanding their contribution to neuroinflammatory 

responses. Despite rodent and porcine studies demonstrating secretion of other anti-

inflammatory factors, particularly IL-10, with LPS stimulation (Kovac, Erickson et al. 2011; 

Matsumoto, Takata et al. 2014), this was absent in a study investigating the secretome of 

human brain pericytes (Guijarro-Munoz, Compte et al. 2013). IL-33 represents another anti-

inflammatory mediator which is secreted pericytes and has garnered recent attention as a 

potential target to limit microglial activation, particularly in AD (Fu, Hung et al. 2016; Yang, 

Andersson et al. 2016).  

Human brain pericyte immune responses are largely believed to contribute to chronic 

neuroinflammation through enhancing leucocyte infiltration and BBB disruption. This study 

is one of the first to demonstrate an anti-inflammatory role of human brain pericytes through 

limiting microglial-derived TNFα secretion. Exactly how pericytes achieve this is currently 

unclear. Identifying immunomodulatory factors released by brain pericytes, as well as 

mechanisms to augment potential anti-inflammatory functions, could be highly beneficial in 

limiting microglial activation and associated neuroinflammation, thereby providing 

therapeutic benefits for numerous neurological disorders  
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CHAPTER 9: General discussion 

9.1 Summary of major findings 

The predominant aim of this thesis was to further our understanding of how pericytes are 

involved in neuroinflammation and identify mechanisms to modify this response. Prior to its 

conception, only a basic understanding of the immunological functions of pericytes was 

available. More recently, an extensive inflammatory involvement by brain pericytes has been 

recognised and their importance in both health and disease is now evident. Whilst a role in 

cytokine and chemokine secretion, ROS production, antigen presentation, adhesion molecule 

expression, and phagocytosis of waste material has been identified for pericytes, it remains to 

be seen how to effectively modulate these functions for potential therapeutic applications. 

This thesis explored how differing mediators, including transcription factors, cytokines, and 

culture conditions can modulate pericyte immune functions, expands significantly on 

characterising the uptake and functional outcomes of phagocytosis by pericytes, identifies a 

novel method to isolate primary human brain microglia, and describes the 

immunomodulatory role of pericytes on microglial-mediated inflammation. 

A microarray study performed in our lab provided a wealth of information regarding 

genome wide changes in primary human brain pericytes following IL-1β and IFNγ challenge 

(Jansson, Rustenhoven et al. 2014). One major finding was the induction of the transcription 

factor C/EBPδ, but not the related family members C/EBPα or C/EBPβ. C/EBPδ was 

particularly interesting as it enhances microglial and astrocyte immune responses and it was 

hypothesised that its induction may also potentiate pericyte-mediated inflammation (Li, 

Strohmeyer et al. 2004; Ejarque-Ortiz, Gresa-Arribas et al. 2010; Gresa-Arribas, Serratosa et 

al. 2010; Valente, Straccia et al. 2013). Instead, it was found that RNAi-mediated silencing of 

C/EBPδ induction enhanced the expression of several pericyte inflammatory genes, including 

ICAM-1, MCP-1, IL-8, and IL-β. The induction and secretion of MCP-1 and ICAM-1 was 

confirmed at the protein level following C/EBPδ knockdown. These findings suggest that 

global C/EBPδ attenuation may not necessarily be beneficial in limiting neuroinflammatory 

functions as previously suggested. Alternatively, pericyte-specific induction could be 

favourable in limiting leucocyte entry during inflammatory states.  
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Like transcription factors, inflammatory cytokines have the potential to modulate 

numerous aspects of a cells immune response, thus making them attractive targets for anti-

inflammatory interventions. As the previous microarray study was found to be highly 

beneficial in identifying global immune functions of pericytes, a similar microarray study 

was performed on pericytes stimulated with the cytokine TGFβ1. A previous study performed 

by our lab demonstrated attenuated IFNγ-induced HLA-DR, DP, DQ expression in pericytes 

with TGFβ1 treatment, suggesting a possible anti-inflammatory role (Smith, Graham et al. 

2013). Furthermore, TGFβ1 has widespread anti-inflammatory effects in microglia and its 

induction following brain injury has been suggested to be beneficial (Lodge and Sriram 1996; 

Wyss-Coray, Lin et al. 2001; Brionne, Tesseur et al. 2003; Paglinawan, Malipiero et al. 

2003). However, unlike several pro-inflammatory cytokines, particularly IL-1β, IFNγ, and 

TNFα (Jansson, Rustenhoven et al. 2014), the full extent of TGFβ1 on pericyte inflammatory 

responses is unknown. Whilst TGFβ1 attenuated the expression of several pericyte genes 

involved in leucocyte trafficking (MCP-1, IL-8, VCAM-1, and CX3CL1) it also enhanced 

the expression of other  factors implicated in BBB dysfunction (IL-6, MMP-2, NOX4, and 

COX-2). Furthermore, TGFβ1 decreased the ability of pericytes to phagocytose polystyrene 

beads, possibly through reduced scavenger receptor expression, as well as attenuating their 

proliferation but not viability. Taken together, these results suggest that TGFβ1 has both pro- 

and anti-inflammatory properties in pericytes, but its induction following brain injury could 

be involved in neurovascular dysfunction and may not be exclusively beneficial. 

The prior study involved investigating the role of pericytes as brain macrophages, a 

function which has been significantly underappreciated. As such, a detailed characterisation 

of pericyte phagocytosis was performed with respect to uptake kinetics, size preference, and 

immunological outcomes. It was found that pericytes could take up particles of a range of 

sizes (0.1-2 µm), but they displayed a preference for larger bead sizes. The internalisation, 

but not membrane tethering of beads >1 µm diameter could be attenuated by pharmacological 

disruption of microtubule or F-actin networks. Furthermore, pericyte uptake of beads 

enhanced the expression of intracellular immune mediators including ICAM-1, MCP-1, and 

C/EBPδ, without altering secretion of sICAM-1, MCP-1, IL-6, or IL-8. Pericytes were also 

found to phagocytose Aβ1-42, the pathological hallmark of AD, and this uptake did not induce 

an immune response. Furthermore, pericytes disassemble Aβ1-42 aggregates without altering 



  Chapter 9: General discussion 
 

 188 

 

their actual load, whilst pericytes in AD human brain tissue display intracellular aggregates 

and are closely associated with perivascular deposits. These findings highlight the exciting 

possibility that pericytes could aid cerebral clearance of Aβ and mechanisms to augment this 

function could prove beneficial.  

In vitro pericyte cultures are typically grown in one of two media; DMEM containing 

10-20% serum or a defined Pericyte Medium. As culture media can significantly modify 

pericyte phenotype and differentiation potential (Huber, Volz et al. 2015), it was investigated 

how two distinct media modified typical pericyte functions including their migration, innate 

immune response, and ECM deposition. Culture media was found to modify the morphology, 

proliferation rate, and expression of several pericyte markers. However, both PCBPs and 

DCBPs displayed cytoplasmic NF-κB under basal conditions which underwent nuclear 

translocation after IL-1β stimulation, suggesting they were immunologically active. 

Interestingly, C/EBPδ was found to be expressed at a higher basal and IL-1β-induced level in 

PCBPs which correlated with attenuated ICAM-1 but not MCP-1 induction. Whilst both 

populations retained the ability to phagocytose polystyrene beads and migrate into a scratch 

wound, PCBPs were significantly better at these functions. Furthermore, whilst DCBPs 

displayed alterations in αSMA and fibronectin expression in response to PDGFB and TGFβ1 

stimulation, these growth factors were ineffective in modifying PCBP responses. These 

results demonstrate the appropriateness of both culture methods with respect to studying 

basic pericyte functions, but the highlight the importance of considering differences in 

cytokine and growth factor outcomes. 

The next area of investigation changed focus somewhat. With the ultimate aim of 

studying microglia-pericyte interactions in a more controlled manner than was achievable by 

mixed glial cultures, a protocol to isolate and subsequently culture primary human microglia 

from the adult human brain was developed. Whilst several methods, particularly FACS and 

MACS, have been utilised for the isolation of predominantly rodent microglia, trials of these 

methods yielded poor results. Instead, it was discovered quite serendipitously that microglia 

could be isolated during a NPC culture protocol which is routinely used in our lab for biopsy 

subventricular zone and GBM tissue. Microglia isolated in this manner were found to be 

extremely pure, phenotypically similar to microglia in vivo, could be immunologically 
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activated, displayed phagocytic potential, and functioned similar to those grown in mixed 

glial cultures, making them highly appropriate for studying adult human brain microglia 

functions.  

An interesting observation from studies performed using mixed glial cultures was the 

inability to secrete several pro-inflammatory mediators, including NO, TNFα, and IL-1β. 

Given that pericytes are present in these mixed glial cultures, secrete anti-inflammatory 

mediators (particularly CX3CL1), and the close association of these cells in vivo, it was 

examined whether pericytes could modulate microglial immune responses. Utilising isolated 

pericytes and microglia, these cells were grown in a series of co-culture, trans-well, and 

conditioned media paradigms to identify the influence of pericytes on microglial-mediated 

inflammation. When cultured alone, microglia displayed TNFα secretion but not NO 

production in response to the pro-inflammatory stimulus LPS. However, their co-culture with 

pericytes attenuated LPS-induced microglial TNFα production and a similar response was 

seen utilising a trans-well system, demonstrating that this effect was due to soluble factors 

released by pericytes. Interestingly, conditioned media from unstimulated pericytes elevated 

LPS-induced TNFα production, whilst conditioned media from LPS-stimulated pericytes 

attenuated this, suggesting that pericytes must be immunologically activated to achieve their 

anti-inflammatory effect. Importantly, pericytes did not display TNFα secretion under any 

examined condition. Whilst a direct immunomodulatory contribution for pericyte-derived 

CX3CL1 was not established, this factor was enhanced in pericytes by LPS stimulation and 

has significant anti-inflammatory effects on microglia (Zujovic, Benavides et al. 2000; 

Giunti, Parodi et al. 2012). Future studies will seek to confirm the function of CX3CL1 and 

identify additional pericyte-derived factors involved in modulating microglial immune 

responses. 

9.2 Considerations and caveats 

 Cell phenotyping 9.2.1

A common limitation with in vitro studies is the unavailability of a unique antigen to allow 

for cell-specific identification. Whilst in vivo or in situ phenotyping is typically achieved by a 

combination of immunolabelling with a cell-specific marker, appropriate cell morphology, 
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and anatomical location, the last two are lost during in vitro conditions. To further complicate 

matters, the presence of typical cell markers can also change under in vitro conditions.  

Phenotyping of primary in vitro pericyte cultures is particularly problematic due to 

the current lack of a pericyte-specific antigen. Whilst several markers have been used to 

identify these cells, most commonly PDGFRβ, CD13, and NG2 and to a lesser extent αSMA, 

RGS5, KCNJ8, SUR2, DLK1, CD146, and desmin, none of these are pericyte-specific (Díaz-

Flores, Gutiérrez et al. 1991; Bergers and Song 2005; Dore-Duffy, Katychev et al. 2006; 

Krueger and Bechmann 2010; Armulik, Genove et al. 2011). Instead, these markers label a 

spectrum of cells including MSCs, pericytes, and VSMCs. As our pericyte cultures are 

derived from whole brain tissue, as opposed to isolated microvessels, it is possible that other 

cell types are present in the mixed glial cultures. Furthermore, whilst care is taken to remove 

the leptomeninges during the isolation procedure, leptomeningeal explant-derived fibroblasts 

cultured in our lab exhibit several of the aforementioned pericyte markers and could be a 

further source of cell contamination (Dragunow, Feng et al. 2015). Whilst additional non-

pericyte cells may certainly display these markers, a recent study demonstrated that  pericytes 

express significantly higher levels of PDGFRβ compared to VSMCs, and this level was 

comparable to that observed in our pericyte cultures (Sagare, Sweeney et al. 2015). 

Furthermore, as evident in Chapter 6, the expression of pericyte markers can differ depending 

on the culture medium. Whilst PDGFRβ and NG2 appeared relatively consistent between 

media conditions, a significant difference was observed in αSMA expression. Whilst certain 

groups argue true capillary-associated pericytes lack αSMA, many labs utilise pericytes 

which express αSMA under in vitro conditions (Nehls and Drenckhahn 1991; Takahashi, 

Maki et al. 2014; Hill, Tong et al. 2015).  

The difficulty with definitively characterising in vitro cultures is not restricted to 

pericytes, but is also present in microglia. Whilst microglia are easily identified in situ and in 

vivo by their distinct morphology and antigen expression (e.g., PU.1, IBA1, or CX3CR1) 

(Ito, Imai et al. 1998; Smith, Gibbons et al. 2013; Wolf, Yona et al. 2015), the former is again 

lost during in vitro cultures. Potential contamination of microglial populations arises 

predominantly from leptomeningeal macrophages, which display a very similar phenotype to 

microglia in vitro (Dragunow, Feng et al. 2015). Another potential source of these cells is 
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from the differentiation of blood-derived monocytes. However, this typically requires the use 

of specialised media and microglia adhere extremely quickly to cell culture flasks (< 2 

hours), suggesting that they are not derived from differentiating cells. Rodent studies 

routinely identify microglia and peripheral macrophages based on CD11b+/CD45lo and 

CD11b+/CD45hi expression respectively (Cardona, Huang et al. 2006; Nikodemova and 

Watters 2012) and whilst this appears to hold true for freshly isolated ex vivo microglia, 

CD45 expression is rapidly induced in culture (Becher and Antel 1996; Melief, Koning et al. 

2012). This can be exemplified when culturing tissue from GBM biopsies which contain a 

massive infiltration of peripheral macrophages as well as local microglial migration, yet the 

cells appear phenotypically homogenous with respect to CD45 and PU.1 expression. 

Importantly, microglia isolated and cultured under the in vitro conditions described in 

Chapter 7 appear phenotypically and functionally similar to microglia in vivo.  

 In vitro studies 9.2.2

In vitro studies themselves have several accepted limitations. A particularly important 

consideration is whether isolated cells remain phenotypically similar to their in vivo 

counterparts in terms of their identification, function, and responsiveness to biological or 

pharmacological substances. In vivo, the function of a cell is closely tied to its anatomical 

location and is influenced by local paracrine cues. It is plausible then that appreciable 

differences could arise when a cell is grown in a single cell-type monolayer culture. A further 

query is whether in vitro functions of these cells correlate with in vivo functions. Whilst a 

role for pericytes in ICAM-1-mediated leucocyte infiltration has been observed using in vivo 

rodent models (Proebstl, Voisin et al. 2012; Stark, Eckart et al. 2013), whether this holds true 

for cytokine and chemokine secretion, ROS and RNS production, Aβ phagocytosis, or 

antigen presentation is currently unclear. The inflammatory contribution of microglia has 

been more extensively studied and their in vitro functions appear to correlate well with their 

roles in vivo (Kreutzberg 1996; Kettenmann, Hanisch et al. 2011). 

It is also important to consider that immunocompetent cells isolated from different 

species will likely display differential inflammatory responses. Whilst in vivo rodent models 

are highly beneficial in providing the full biological context in order to study 

neuroinflammation, to date they have proved ineffective in developing effective treatments 
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for neurodegenerative disorders. Whilst the use of primary adult human cell cultures is 

difficult due to tissue availability, restricted passaging, and greater patient-dependent 

variability, they have the advantage of negating any potential species differences which could 

confound data and restrict the translational ability of treatments to human therapeutics. The 

importance of species considerations has been a central theme in this thesis and indeed both 

human brain pericytes and microglia display appreciable differences when contrasted with 

their rodent counterparts. This necessitates the study of in vitro human CNS immune cells if 

we wish to understand and subsequently treat human brain disease. 

 Mixed versus isolated cultures 9.2.3

Numerous studies investigating human brain pericyte and microglial functions have been 

performed in our lab using mixed glial cultures (Smith, Gibbons et al. 2013; Smith, Gibbons 

et al. 2013; Smith, Gibbons et al. 2013; Smith, Graham et al. 2013; Jansson, Rustenhoven et 

al. 2014). This co-culture system contains a mixture of microglia, astrocytes, and pericytes 

and thus more accurately reflects the brain microenvironment, particularly the BBB or 

neurovascular unit. However, these cultures make elucidating cell-specific effects difficult 

and restrict the use of many techniques including the determination of cell-specific secretions 

or inflammatory gene expression. As such, isolated cultures of microglia or pericytes were 

used for the majority of studies. Whilst these cultures allow for the identification and 

manipulation of cell-specific responses, they also lack the full biological context present in 

vivo, and to a lesser extent in the mixed glial cultures in vitro. Chapter 8 exemplifies how the 

presence of one cell type can alter another, with LPS-activated pericytes attenuating 

microglial-derived TNFα. Clearly, both culture systems have a role in studying human brain 

inflammation.  

It is also notable that several CNS cell types, including endothelial cells, 

oligodendrocytes, and neurons, are not present in the mixed glial cultures. The most likely 

cause of this is the lack of appropriate media requirements for these cells types, or the 

increased sensitivity of neurons to apoptotic death following tissue resection. Whilst neurons 

can be routinely isolated from rodent brains (Eide and McMurray 2005; Hilgenberg and 

Smith 2007), the post-biopsy or post-mortem delay inevitable with human cell culture makes 

these increasingly difficult to grow. Our lab is currently optimising methods to isolate both 
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primary human neurons and endothelial cells which would be invaluable in exploring several 

unanswered questions relating to neuroimmunology. In particular, examining the 

inflammatory response in human 3-D BBB or neurovascular unit models with endothelial-

pericyte-astrocyte-microglia cultures could be highly beneficial in accurately replicating that 

of the human brain due to appropriate paracrine signalling. Furthermore, whether these co-

cultures, or indeed single cell-type isolated cultures, can alter neuronal viability during pro-

inflammatory states remains to be seen with respect to primary human cells. 

 Primary human brain cell culture 9.2.4

An intrinsic feature of primary human cell culture is the potential for enhanced variability 

due to hereditary genetic factors and environmental conditions to which humans are exposed. 

Whilst the nature of these studies would typically lend themselves to the need for greater 

samples sizes, they are also restricted by the limited supply and uncertainty in obtaining 

primary adult human brain tissue. Whilst not all studies could be repeated in as many tissue 

donors as would be preferred, the findings in this thesis displayed excellent consistency 

between cases, as has been observed previously in our lab utilising similar in vitro cultures to 

study neuroinflammation (Smith, Gibbons et al. 2013; Smith, Gibbons et al. 2013; Smith, 

Graham et al. 2013; Jansson, Rustenhoven et al. 2014).  Despite this, it is possible that this 

small sample size (typically n = three-five independent tissue donors per experiment) 

obscures findings which would be evident in a larger data set.  

  Whilst the relatively low number of cases utilised does not allow for comprehensive 

correlations to be made, the age or sex of the patient does not appear to impact any particular 

findings. Instead, the major source of variation, in terms of the cell phenotype and the yields 

obtained, appeared to be the post-mortem delay. Longer delays yield little-to-no functional 

microglia and fewer pericytes, such that they reach senescence at earlier passages and appear 

more differentiated as determined by αSMA expression. In an effort to reduce variability, the 

vast majority of studies were performed using biopsy MTG tissue from patients with 

medically refractory epilepsy. Whilst this has the benefit of providing consistent post-biopsy 

delays and therefore cell yields and phenotypes, it has the obvious disadvantage of being 

derived from a neurological disorder. These patients have had numerous seizures over their 

lifetime which can initiate BBB dysfunction and neuroinflammatory responses (Nitsch and 
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Klatzo 1983; Vezzani, French et al. 2011). However, using a panel of inducible inflammatory 

markers, microglia and pericytes isolated from these cases did not appear to be 

immunologically activated. 

Whilst detailed and comprehensive comparisons were not performed, during the 

course of these studies, several pericyte cultures were isolated from GBM biopsy brain tissue, 

or post-mortem neurologically normal, AD, PD, Huntington’s disease (HD), and motor 

neurone disease (MND) brain tissue. Importantly, all cases showed comparable pericyte 

phenotypes and consistent basal inflammatory mediator expression, further suggesting that 

the occurrence of epileptic seizures did not drastically alter cell phenotypes obtained in vitro. 

Furthermore, both pericytes and microglia can be immunologically activated by 

inflammatory stimuli, allowing for the examination of anti-inflammatory interventions. 

Whilst the main intention was to identify mechanistic targets for controlling pericyte-

mediated inflammatory responses, characterising disease-specific phenomena in these cells is 

of significant interest and warrants further investigation.  

9.3 Future directions 

Whilst this work significantly expands our understanding of pericyte immune functions in the 

human brain, several key queries remain unanswered. Given the repertoire of inflammatory 

mediators produced by pericytes it is important to determine whether their immunological 

activation during inflammatory responses is beneficial or harmful. Whilst the majority of 

pericyte-mediated functions would likely potentiate neuroinflammation, their ability to 

secrete CX3CL1 or function as brain macrophages highlights potentially beneficial roles of 

these cells in maintaining homeostasis.  

Utilising in situ human brain tissue and in vivo rodent models, it should also be 

established whether pericyte functions in the brain mimic those observed in vitro. Whilst 

pericytes participate in numerous aspects of the innate immune system in vitro, only a role 

for pericyte-mediated leucocyte extravasation has been extensively proven in vivo. Whether 

they present antigens to T-cells, secrete inflammatory cytokines, chemokines and ROS, or 

actively phagocytosis waste material in the adult human brain warrants further study. 
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 Pericytes are closely situated with endothelial cells of the cerebral blood vessels and 

both cells secrete cues which could influence each other’s biology. The data provided by 

pericyte-microglia co-cultures demonstrated the pronounced effect that one cell type can 

have on the inflammatory phenotype of another. A protocol to efficiently isolate primary 

human endothelial cells is currently in development in our lab and will allow for the 

generation of pericyte-endothelial co-cultures in order to examine how these cells may 

impact the pericyte inflammatory response. Such studies are imperative with respect to 

understanding how pericytes contribute to neuroinflammation in the human brain and the 

consequence of this on BBB functioning. 

Like pericytes, several important answers regarding the microglial contribution to 

human neuroinflammation remain elusive. Given that human microglia lack substantial iNOS 

expression and NO production compared to their rodent counterparts, whether they are 

indeed neurotoxic remains unclear. Whilst microglia can contribute to neuronal death through 

other mechanisms, oxidative stress as a result of NO alone, or peroxynitrate formation, is a 

major contributor in rodent models and its attenuation typically promotes neuronal survival. 

It is plausible that in the human brain, microglia contribute to neuronal death through a 

differing mechanism and this should be preferentially targeted for therapeutic agents. 

Alternatively the microglial contribution to neuroinflammation may arise from the absence of 

typical supportive functions as opposed to being directly neurotoxic. The development of an 

efficient method to isolate primary human neurons from biopsy tissue is currently underway 

and will allow for microglial-neuronal co-cultures to investigate these functions.  

Whilst biopsy epilepsy tissue was used for the majority of studies, our lab possesses 

numerous cases of cryopreserved pericytes, and to a lesser extent microglia, from 

neurological normal post-mortem tissue donors, or those with a range of neurodegenerative 

diseases including AD, PD, HD, and MND. It would be intriguing to examine whether 

intrinsic disease-related abnormalities exist in pericytes or microglia isolated from patients 

with these conditions. Very recently, a microarray study was performed in our lab examining 

genome-wide changes between pericytes isolated from neurologically normal, AD, and MND 

brains. Whilst these studies are still in relative infancy and the results require appropriate 

validation, preliminary findings suggest the presence of disease-related abnormalities in 
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several pericyte functions. Indeed, pericyte and microglial dysfunction is present in numerous 

neurological disorders and the possibility that these cultures could recapitulate these in vivo 

deficits would make them extremely valuable. Similarly, as microglia and infiltrating 

macrophages are implicated in GBM progression, it would be highly beneficial to use 

isolated GBM microglial cultures to investigate disease-related changes and identify potential 

targets for the treatment of this devastating disorder. 

9.4 Concluding remarks 

This thesis expands significantly on our understanding of several neuroinflammatory 

functions of pericytes and details mechanisms by which these can be modulated. Pericytes 

can participate in CNS immune responses through the expression of cytokines, chemokines, 

and adhesion molecules, (Chapters 3, 4, 6 and 8), and display phagocytic ability (Chapter 5). 

These inflammatory responses can be controlled at the transcriptional level (Chapter 3), 

through cytokine stimulation (Chapter 4), by culture media (Chapter 6), and are important in 

the context of the AD brain (Chapter 5) and likely several other neurological disorders by 

modifying microglial-mediated inflammation (Chapter 7 and 8). In particular, these findings 

outline C/EBPδ as a transcriptional regulator of pericyte immune functions (Chapter 3), 

TGFβ1 as a potential player in BBB dysfunction (Chapter 4), pericyte culture media as a 

modifier of cell phenotype and functional responses (Chapter 6), and outline a role for 

pericytes in phagocytising Aβ in the AD brain (Chapter 5). Furthermore, they identify a 

uniquely simple way to isolate microglia from the human brain (Chapter 7) and examine how 

pericytes can attenuate the microglial immune response (Chapter 8). In addition to 

contributing to our understanding of pericyte and microglia immune functions, this thesis 

emphasises the importance in utilising primary human cells in understanding both the basic 

biology of the human brain and their utilisation as a pre-clinical screening tool. As 

neuroinflammation is present in almost all neurological disorders it provides an attractive 

pharmacological target to improve patient outcomes. Targeting various aspects of pericyte-

mediated immune responses may therefore offer therapeutic benefits for the treatment or 

prevention of a range of devastating neurological conditions.  
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CHAPTER 10: Appendices 

 

Figure 10.1: Full length blots for western blot validation of C/EBPδ changes 
Human brain pericytes were treated as per details in corresponding figures (a-Figure 3.3, b,c-
Figure 3.4 and d-Figure 3.5). Dotted lines represent cropped regions shown in these figures 
with E198, E199 and E201 designating the three individual epilepsy cases used. 
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