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Abstract 

Type 2 diabetes (T2D) is a growing epidemic of the developed world and significantly 

increases the risk for neurodegenerative diseases such as Alzheimer’s disease (AD). Current 

evidence suggests that these two diseases are closely linked. Both share common etiologies 

such as insulin resistance (IR) and chronic inflammation. While it was once believed that the 

brain was not susceptible to the peripheral environment, it has now been demonstrated that 

systemic conditions impact the brain, especially so in metabolic conditions such as T2D, 

where blood brain barrier (BBB) permeability is prevalent. The exact mechanisms of how 

reduced insulin sensitivity and chronic inflammation are translated to the brain and the 

subsequent consequences in the central nervous system are not entirely understood. This 

thesis utilizes in vitro models of human brain cells to examine the effects of IR and chronic 

inflammation in neurons and pericytes that line the BBB.  

A chronic insulin model of insulin resistance in differentiated human neurons was 

developed to examine changes in gene expression associated with an insulin resistant state. 

Microarray analysis revealed altered expression of transcripts that regulate cholesterol and 

lipid metabolism. This is important because cholesterol homeostasis is required for efficient 

neuronal signalling and protein trafficking, and disruption of this balance results in AD-like 

pathologies. 

Pericytes are crucial components of the BBB and together with endothelial cells, 

astrocytes, and neurons, comprise the neurovascular unit. Brain pericytes are required for 

neurovascular regulation, and BBB integrity. Pericyte dysfunction is also an early pathology 

associated with diabetic retinopathy indicating these cells are exposed to systemic 

conditions. For the first time, this study demonstrated that cultured human brain pericytes 

exposed to cytokines associated with systemic inflammation responded by secreting 

chemokines IP-10 and MCP-1. Microarray analysis of pericytes treated with pro-

inflammatory cytokines IFNγ and IL-1β revealed an extensive immune signature, identifying 

these cells as dynamic participants in the immune response.  

Pericytes were also exposed to chronic cytokine treatment in order to model systemic 

inflammation, typified by diabetic conditions. Chronic inflammation was shown to affect 



 

 

iii 

protein and gene expression of α smooth muscle actin (SMA) and platelet-derived growth 

factor receptor beta (PDGFRβ), two critical proteins involved in pericyte biology. Recent 

studies have demonstrated that PDGFRβ is required for pericyte function and survival in 

animal models. Indeed knockdown of PDGFRβ in human brain pericytes resulted in reduced 

proliferation in response to PDGF treatment, however, had no effect on overall cell numbers. 

Interestingly, chronic inflammatory conditions mimicked the PDGFRβ knockdown phenotype 

with blocked PDGF induced proliferation in pericytes. 

Taken together these data indicate that systemic conditions such as chronic high 

insulin and inflammation can have deleterious effects on human brain cells, and offers 

mechanistic explanations for the relationship between T2D and AD at a cellular level.   
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CHAPTER 1: General Introduction 

The brain is a complicated, amazing organ. It is involved in virtually every event in a 

person’s daily activities. Without proper brain functioning, basic activities such as breathing, 

sensing and interacting with the surrounding environment as well as the ability to store 

information would be lost. Consequently, diseases that affect the brain and the central 

nervous system (CNS) are devastating. Neurodegeneration is the principal cause of brain 

diseases such as Alzheimer’s disease (AD), Huntington’s disease, Parkinson’s disease, motor 

neuron disease and multiple sclerosis (Mattson, 2000). Historically the blood brain barrier 

(BBB) was thought of as an impenetrable wall between the body and brain, exempt from 

peripheral conditions. However, we now know that this is not the case. In both physiological 

and pathological conditions the BBB is dynamically involved in communication between the 

peripheral blood and the CNS. A vast amount of literature has been published on the 

interactions between peripheral conditions and brain function. In particular metabolic 

disorders such as diabetes have been documented to influence the CNS, especially the 

development of AD (Biessels et al., 2008, de la Monte and Wands, 2008, Bosco et al., 2011). 

This thesis examines the mechanistic relationships between metabolic disorders and AD to 

improve the current understanding of how these diseases might be linked. I begin with a 

basic overview of diabetes, AD and their interactions. 

 

1.1 Diabetes, obesity and metabolic syndrome: the epidemic of the future 

According to a recent report by the New Zealand Ministry of Health released in 2013, 

5.8% of New Zealanders have diagnosed diabetes (Ministry of Health, 2013). In North 

America, the statistics are similar: nearly 10% of the American population has diabetes, and it 

is estimated that one in three will have diabetes by the year 2050 (Boyle et al., 2010, Centre 

for Disease Control and Prevention, 2013). Currently, in developed countries, no less than a 

third of the general population is obese and another third is overweight. However, in the 
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diabetic population the prevalence of obesity or overweight is up to 90%, which is consistent 

with the fact that obesity and overweight are significant predictors of T2D risk (Weinstein et 

al., 2004, Halpern and Mancini, 2005, Stumvoll et al., 2005). Furthermore, similar to 

neurodegenerative disease, the prevalence of both diabetes and obesity increases with age 

(Whiting et al., 2011). 

There are three main forms of diabetes: Type 1 (T1D, also known as insulin dependent 

diabetes mellitus), Type 2 (T2D, or non-insulin dependent diabetes mellitus) and gestational 

diabetes. Diabetes is diagnosed by elevated levels of fasting glucose and impaired 

performance on glucose tolerance tests. T1D is also referred to as insulin-dependent diabetes 

because it results from an autoimmune destruction of the insulin producing β-cells of the 

pancreas (Lendrum et al., 1976, Gale, 2001, Bluestone et al., 2010). The resulting insulin 

deficiency is treated with insulin injections after meal times to regulate glucose levels in the 

blood. T1D is thought to be caused by a combination of genetic and environmental factors 

that are still largely unknown (Pociot et al., 2010, Knip and Simell, 2012). T2D comprises 

approximately 95% of all diabetes cases and is closely related to obesity and metabolic 

syndrome  (Centres for Disease Control and Prevention, 2014). While obesity is defined as 

having excessive adipose tissue and a body mass index (weight in kilograms/height in 

meters2) above 30, metabolic syndrome involves a spectrum of conditions including obesity, 

high fasting glucose and triglycerides, high blood pressure and insulin resistance (IR) (Kaur, 

2014). T2D risk is increased by both obesity and MetS and can have many complications such 

as heart disease, stroke, neuropathy, kidney failure and even blindness (Lin and Sun, 2010). 

T2D is characterized by a combination of chronic hyperglycaemia and hyperinsulinemia 

resulting from IR. In whole organisms IR is defined as the insensitivity of the liver, muscle and 

adipose tissues to the glucose lowering effects of insulin (Lebovitz, 2001)(the mechanisms of 

which will be detailed in chapter 3). Increased insulin secretion can temporarily compensate 

for decreased sensitivity, however, overt diabetes onset occurs when insulin secretion by β-

cells can no longer meet the demands of the chronic hyperglycaemic environment (DeFronzo 

et al., 1992). Obesity and IR often precede the development and diagnosis of T2D diabetes 

(Lazar, 2005, Petersen and Shulman, 2006). Interestingly, not all insulin resistant or obese 

individuals develop diabetes, and this may be due to genetic factors enabling sustained β-cell 
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hypersecretion of insulin (Kahn, 1998, Kahn, 2001). This evidence is in line with many studies 

detailing the susceptibility of T2D being attributed to a combination of genetic and 

environmental factors (Kahn et al., 1996, Poulsen et al., 1999, Prokopenko et al., 2008). T2D 

is primarily treated with diet, exercise and insulin sensitizing agents such as metformin, and 

thiazolidinediones such as rosiglitazone and pioglitazone which activate peroxisome 

proliferator-activated receptor-gamma to increase insulin sensitivity and adipose 

differentiation (Oyekan, 2011, Zinman, 2011, Ali and Fonseca, 2012). Alternatively, aspirin, 

through its anti-inflammatory action was shown to reduce IR and the associated peripheral 

inflammation in T2D patients (Hundal et al., 2002). This is an especially important discovery 

as inflammation is now known to be a key contributor to IR and will be further discussed 

below. 

1.1.1 Insulin resistance and inflammation in type 2 diabetes 

Inflammation has been previously defined as the activation of an immune response to 

foreign invasion or cellular injury, typified by redness, swelling, and pain. However, 

inflammation as it pertains to metabolic disorders involves a chronic, low level activation of 

immune cells, accompanied by sustained increases in circulating pro-inflammatory molecules 

(Hotamisligil, 2006). Obesity-induced systemic inflammation is believed to be one of the main 

components of IR (Kahn et al., 2006, Osborn and Olefsky, 2012). A number of factors 

contribute to the low-grade chronic inflammatory state present in obesity. Increased 

adiposity results in activation of cellular stress pathways and contributes to IR and T2D 

through the release of factors such as pro-inflammatory cytokines and chemokines (Wellen 

and Hotamisligil, 2005). In particular, tumour necrosis-factor α (TNFα) mRNA expression and 

protein secretion was found to be more than 2.5 times higher from obese patient adipocytes 

compared to normal weight individuals(Hotamisligil et al., 1995). Inflammatory pathways are 

also upregulated in hepatocytes, vascular endothelial cells and myeloid-derived cells in 

diabetic and obese conditions (Lee and Lee, 2014). Raised expression of pro-inflammatory 

molecules in adipose tissue, in particular chemokines such as monocyte chemotactic protein-

1 (MCP-1, also known as C-C chemokine ligand 2, CCL2), results in recruitment of immune 

cells in obese animal models (Xu et al., 2003, Rocha et al., 2008). The activated immune cells 

have been shown to secrete inflammatory cytokines and chemokines, creating a positive 
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feedback cycle of inflammation (Weisberg et al., 2003). MCP-1 specifically was shown to 

influence IR in animal models on high fat diets, as blocking of the MCP-1 receptor, C-C 

chemokine receptor-type 2 (CCR2), resulted in an improvement in insulin sensitivity and a 

decrease in pro-inflammatory cytokines and immune cell activation (Tamura et al., 2010, 

Tateya et al., 2010). 

Early indications that inflammation could influence IR came about quite by accident. 

Studies of patients with rheumatoid arthritis treated with anti-inflammatory salicylates and 

aspirin demonstrated lower fasting glucose levels than those on placebo (Baron, 1982). It was 

later discovered that the glucose lowering effects of anti-inflammatory therapeutics were 

due to inhibition of nuclear factor kappa-light chain-enhancer of B cells (NFκB), a well-known 

pro-inflammatory mediator (Yuan et al., 2001). Furthermore, anti-inflammatory therapeutics 

could reverse obesity-induced IR (Yuan et al., 2001). The NFκB pathway has since been 

strongly implicated in obesity-dependent pro-inflammatory state (Cai, 2009). As such TNFα is 

a strong activator of the NFκB pathway and has been shown to support of a causative role for 

pro-inflammatory cytokines in IR in vivo (Aggarwal, 2000). Infusion of recombinant TNFα in 

human subjects resulted in decreased whole body insulin sensitivity, and inhibition of TNFα 

signalling offered protection against obesity-induced IR in animal models (Uysal et al., 1997, 

Krogh-Madsen et al., 2006). 

Inflammation and IR are both central factors that influence T2D. Moreover, both 

inflammation and IR are recognized for their role in AD. Recent years have produced an 

accumulating amount of evidence for a link between metabolic disorders and brain disease. 

Indeed many epidemiological studies have shown that T2D and metabolic syndrome increase 

the risk of AD and dementia (see section 1.3). So extensive are the similarities between AD 

and T2D that some scientists now refer to AD as “type 3 diabetes”, referring to this disease as 

a metabolic disorder of the brain (de la Monte and Wands, 2008). This thesis focuses on 

understanding the mechanistic links between T2D and AD (such as IR and inflammation). 

Therefore AD, neurodegeneration and its connection with T2D will be reviewed. 
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1.2 Neurodegeneration, dementia and Alzheimer’s disease  

1.2.1 Alzheimer’s disease 

AD is a neurodegenerative disorder that causes dementia and affects more than 5.2 

million Americans according to the 2014 report by the Alzheimer’s Association (Alzheimer's, 

2014). In New Zealand dementia is on the rise and, as of 2011, was documented in 1.1% of 

the population (Alzheimer's New Zealand, 2012). AD accounts for over half of the known 

cases of dementia and affects more than one in three individuals over 85 years of age 

(Querfurth and LaFerla, 2010). This number is only expected to increase with a growing aging 

population and no effective treatments to arrest or reverse the disease. Currently only 1-5% 

of AD cases are classified as having a known genetic cause, and result in an early onset of 

symptoms. The other 95% of cases are late onset, and of unknown cause, however these 

cases have been associated with many risk factors including, but not limited to, high blood 

pressure, hypertension, overweight and obesity, hyperinsulinemia, lack of exercise, T2D, 

metabolic syndrome and age ((Qiu et al., 2005, Beydoun et al., 2008, Whitmer et al., 2008, 

Hamer and Chida, 2009, Lu et al., 2009) and reviewed (Reitz and Mayeux, 2014)). In addition 

several genetic risk factors have been identified in genome-wide association studies 

implicating genes involved in immune response, β-amyloid processing, endocytosis and lipid 

metabolism (Harold et al., 2009, Lambert et al., 2009, Hollingworth et al., 2011). 

AD presents with clinical symptoms such as dementia, cognitive deficits, and 

progressive memory loss (McKhann et al., 1984). AD-related neurodegeneration features 

cortical thinning due to neuronal loss particularly in the temporal regions and hippocampus, 

areas responsible for episodic memory, executive function, visuospatial abilities and language 

(Dickerson et al., 2009, Bakkour et al., 2013). Currently diagnosis of AD is confirmed at 

autopsy by the presence of β-amyloid plaques and neurofibrillary tangles (NFT) composed of 

hyperphosphorylated tau in specific brain regions: the neocortex, entorhinal cortex, 

hippocampus and amygdala (Dickson, 1997, Hyman, 1997, Markesbery, 1997). Scientists and 

clinicians theorized that accumulated β-amyloid protein was causal and sufficient for the 

development and progression of the disease (the amyloid hypothesis) (Karran et al., 2011). 

The amyloid hypothesis describes a scenario by which unknown genetic mutations or 
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environmental factors result in altered cleavage of the β-amyloid protein. The alternate form 

of the protein then becomes misfolded and aggregates in the brain, causing a myriad of 

problems in neuronal function and ultimately ending in neuronal death (Karran et al., 2011). 

Histological examination of AD brain tissue has also shown increased neuroinflammation as 

evidenced by activated brain immune cells surrounding plaques and NFT but also in the 

absence of aberrant protein accumulation (Kashon et al., 2004, Simpson et al., 2010, Solito 

and Sastre, 2012). The amyloid hypothesis is in congruence with the fact that mutations in β-

amyloid processing genes result in the heritable, early onset forms of AD (Goate et al., 1991, 

Sherrington et al., 1995). However, studies of the aging brain have revealed the presence of 

β-amyloid plaques and NFT in the absence of cognitive impairment (Davis et al., 1999, 

Bennett et al., 2006). Therefore the amyloid cascade hypothesis as the underlying cause of 

AD does not line up with the current evidence of amyloid plaques in healthy aged brains. This 

has caused great debate over the actual role of β-amyloid in development and progression of 

AD (Krstic and Knuesel, 2013). NFT also aggregate in AD brains and have been shown to be 

more closely correlated with degree of cognitive impairment than amyloid plaques, although 

not with neuronal cell loss (Braak and Braak, 1991). Recent clinical trials aimed at reducing β-

amyloid in AD brains have failed to improve cognition of patients, despite evidence of this in 

animal models (Nicoll et al., 2003, Karran and Hardy, 2014). A clear relationship between 

aggregated proteins and AD has yet to be solidified. However, inflammation is emerging as a 

major factor in brain disease risk and progression and provides a link to metabolic disorders. 

Thus inflammation and how it affects brain disease will be summarised. 

1.2.2 The role of insulin in the central nervous system 

The dependence of brain glucose transport and metabolism on peripheral insulin 

remains controversial (Bingham et al., 2002, Banks et al., 2012). However, insulin does cross 

the BBB from the periphery and is involved in many critical brain activities (Banks et al., 

1997). Insulin receptors are located throughout the brain with highest expression in the 

hypothalamus, olfactory bulb, cerebral cortex and the hippocampus (Havrankova et al., 1978, 

Hill et al., 1986). While insulin in the brain has been shown to control feeding behaviour, 

weight gain, and peripheral serum glucose concentrations, it is also plays an important role in 

cognitive processes (Bruning et al., 2000, Steculorum et al., 2014).  Specifically administration 
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of insulin both systemically and centrally has been shown to improve memory and learning 

(Kern et al., 2001, Benedict et al., 2004). Reciprocally, cognitive tasks increase brain insulin 

signalling though upregulated expression of insulin receptors (Zhao et al., 1999). Moreover, 

observations of both age-related and AD-related decreases in brain insulin receptor 

expression are in line with the notion that defective insulin signalling contributes to 

neurodegenerative disease (Frolich et al., 1998, Fernandes et al., 2001).  

IR was historically known to affect metabolic cells and tissues such as muscle, adipose, 

liver and β-cells in different ways causing dysregulation of gluconeogenesis, glucose uptake 

and adipose deposition and lipolysis (Michael et al., 2000, Saltiel and Kahn, 2001, Miyake et 

al., 2002, Holm, 2003). In vivo studies have revealed IR as a predictor of metabolic syndrome 

and although incidence was increased in obesity, lean individuals were also shown to be 

insulin resistant, which suggested multiple causes of IR (Utzschneider et al., 2010). Genetic 

mutations in INSR in human cases are the most severe manifestations of IR and result in 

lephrechaunism, the Rabson Mendenhall syndrome, and type A syndrome of IR (Musso et al., 

2004). Because of the severity of these cases, study of effects on brain function was not 

plausible. More recently IR has emerged as a potential significant contributor to neuronal 

dysfunction in diabetes and AD.  

Studies of INSR knockout mice have shown that the neuronal-specific INSR plays a 

major role in body weight and reproduction, but surprisingly has no effect on neuronal 

survival (Bruning et al., 2000). These animals demonstrated decreased Akt and GSK3β 

phosphorylation, as well as increased hyperphosphorylated tau protein without significant 

changes in memory or learning (Schubert et al., 2004). In addition, obese rats demonstrated 

only partial hypothalamic IR, with inhibited PI3K/Akt activation, and intact mitogen activated 

protein kinase (MAPK) signalling, indicating that systemic induced central IR preferentially 

affected specific signalling pathways (Carvalheira et al., 2003). However, as previously 

discussed, there was evidence of significant IR in human AD brain, therefore identifying a 

missing piece of the puzzle to be solved. Is brain IR a result of otherwise unrelated AD 

complications or can it contribute to the development and/or progression of the disease? 

Furthermore, IR can also be caused by inflammation, another central feature of AD which will 

also be discussed. 
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1.2.3 Inflammation and brain disease 

A substantial amount of research has now identified inflammation as a key player in 

neurodegeneration and AD, either as a cause or a consequence of existing pathology 

(McGeer and McGeer, 2004). Inflammation in the brain is necessary for repair, regeneration 

and homeostasis, as well as protection from pathogenic invasion (Neumann et al., 2009, 

Aguzzi et al., 2013, Orsini et al., 2014). However, inflammation in the CNS requires tight 

control, and slight changes can shift the balance to disparate outcomes. General brain 

homeostasis is maintained by a structure we now know as the BBB, which is unique to the 

vasculature of the CNS (Iadecola, 2004). The BBB is formed by endothelial cells expressing 

intercellular tight junctions, in conjunction with pericytes, and astrocyte end feet all within 

the basal lamina. This intricate arrangement of cells surrounding the cerebral blood vessels is 

referred to as the neurovascular unit due to the functional interactions exhibited (del Zoppo, 

2010). The BBB selectively regulates entry of cellular and molecular components into the 

brain. Although , until recently it was universally thought that the brain was an immune 

privileged organ due to the restrictive function of the BBB, we now know that this is not 

entirely true (Pachter et al., 2003). Transport of peripheral immune cells across the BBB 

occurs through an intricate and complex process from the perivascular space only in 

response to inflammatory signals or stress (Gorina et al., 2014). However, in disease states 

such as AD, there is evidence of increased BBB permeability or leakiness, which then permits 

the infiltration of peripheral immune cells and potentially toxic substances into the brain 

parenchyma (Carvey et al., 2009, Erickson and Banks, 2013). Vascular dementia (VaD), a 

disease characterized by impaired cerebral blood flow leading to cerebral infarctions has 

been closely linked with AD (Iadecola and Gorelick, 2003). Ischemia, or reduced blood flow to 

areas of the brain, has been documented to enhance cognitive deficits in patients with AD 

pathology in several clinical studies (Snowdon et al., 1997, Zekry et al., 2002). Interestingly, 

AD and VaD share many converging mechanisms and risk factors such as metabolic disorders, 

and actually only the minority of cases of VaD or AD are mutually exclusive (Snowdon et al., 

1997, Gorelick, 2004, Craft, 2009). Present knowledge would place VaD and AD in a 

continuum, rather than defining them as separate diseases (Attems and Jellinger, 2014). 

Inflammation is a common feature between VaD and AD, and contributes to BBB dysfunction 
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in disease and aging, further supporting a causative role in disease development (Zuliani et 

al., 2007, Csiszar et al., 2008, Zuliani et al., 2008). BBB permeability is a feature of peripheral 

metabolic, as well as neurological disorders, and facilitates the exchange of pro-inflammatory 

components into the brain. The effects of elevated inflammation in the brain are extensive 

and will be described in the next section. 

Immune activity in the brain is not solely attributable to immune cells that have 

infiltrated from the periphery. The CNS also possesses its own immune responsive cells. 

Microglia, the resident macrophages of the brain, astrocytes, neurons, vascular endothelial 

cells and even mesenchymal stem cells have been shown to play a role in brain inflammation 

(Fabry et al., 1993, Jana et al., 2005, de Haas et al., 2007, Jansson et al., 2014). Microglia are 

distributed homogeneously throughout the healthy brain, survey the local environment and 

provide the first line of defence against foreign invasion (Aguzzi et al., 2013). Activated 

microglia were found at high densities surrounding plaques in AD brain tissue, in the 

substantia nigra in Parkinson’s disease and highly activated in multiple sclerosis (McGeer et 

al., 1988, Muzio et al., 2007, Solito and Sastre, 2012). Despite substantial data showing 

microglial activation in neurodegenerative disease, direct causal evidence of activated 

microglia contributing to neuronal degeneration in humans was lacking. Models of 

neurodegeneration in animals and cell lines have offered key insights into the role of immune 

responses in the brain. Specifically while astrocytes in physiological conditions fulfil a 

supporting role to neighbouring neurons and are crucial to BBB maintenance, they have also 

been shown to exacerbate β-amyloid toxicity, and contribute to tau hyperphosphorylation 

through secretion of soluble factors in response to pro-inflammatory stimulation (Skaper et 

al., 1995, Abbott et al., 2006, Garwood et al., 2011). In the healthy brain microglia can 

provide neuronal protection, support synaptic plasticity, and have been shown to secrete 

neurotrophic factors in vitro (Polazzi and Monti, 2010). However, microglia secretion of 

neurotoxic elements such as cytokines, nitric oxide and reactive oxygen species in response 

to pro-inflammatory cytokine and β-amyloid treatment has been documented in in vitro 

studies (McDonald et al., 1997, Qin et al., 2002, Li et al., 2004, Burguillos et al., 2011). Brain 

immune cells have also been shown to secrete chemotactic proteins in response to pro-

inflammatory signals and recruit circulating immune cells to sites of inflammation (D'Mello et 
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al., 2009). Further amplification of the pro-inflammatory state can occur once neurons begin 

to deteriorate, as microglia become further activated in response to necrotic cells (Pais et al., 

2008). Recent advances in imaging technologies have enabled the visualization of activated 

microglia in live human brain and have shown correlations with AD-related pathology such as 

impaired cognition, however not consistently (Edison et al., 2008). In fact a review of imaging 

techniques indicated that while these methods may prove useful in the future for early 

detection of AD, they are still in their infancy and further optimization is required (Zimmer et 

al., 2014). Complications of interpreting neuroinflammation data may be due to the fact that 

brain inflammation increases to a certain extent with normal aging in cognitively normal 

adults (Cribbs et al., 2012). This highlights the need for a better understanding of the role and 

source of inflammation in neurodegeneration.  

1.2.4 Current treatment strategies for Alzheimer’s disease 

AD is a complex illness, influenced by numerable risk factors and complications 

(Querfurth and LaFerla, 2010). Many pharmaceutical compounds to date have been tested 

with no cure in sight. Current therapeutics aimed at treating symptoms and slowing disease 

progression have been somewhat successful, however, only in a subset of patients and with 

relatively moderate improvements (Mangialasche et al., 2010). For example, while 

cholinergic drugs developed to treat the loss of cholinergic neurons in AD, anti-β-amyloid 

targeting therapies, and tau kinase inhibitors, have all been through clinical trials, 

unfortunately only a handful of drugs have now gained Food and Drug Administration 

approval for treatment of AD (Mangialasche et al., 2010). 

One avenue that is now being explored for AD treatment is anti-inflammatory drugs. A 

recent meta-analysis  a reported that anti-inflammatory drug use was correlated with 

reduced risk of AD (McGeer et al., 1996). In particular non-steroidal anti-inflammatory drugs 

may be useful for disease prevention (Stewart et al., 1997, in t' Veld et al., 2001, Etminan et 

al., 2003). Clinical trials aimed at treating AD with anti-inflammatories have regrettably 

proven inconclusive (Breitner et al., 2011, Alzheimer's Disease Anti-inflammatory Prevention 

Trial Research, 2013). The implications of these findings could be that symptomatic disease is 

too far advanced in neurodegeneration for anti-inflammatory therapy to be a reasonable 
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option. At the late stage of the disease neuronal regeneration is needed. However, treatment 

of pre-symptomatic individuals may be beneficial in preventing or delaying the onset of 

neurodegeneration. Ultimately, further research is needed to more accurately predict those 

at risk and ensure proper preventative measures are undertaken. As previously touched 

upon, T2D and related metabolic disorders are significant risk factors for AD and should be 

considered when implementing treatment schemes. The possible explanations for this 

increased risk proposed to date include inflammation and IR and will be elaborated on in the 

proceeding section. 

1.3 Alzheimer’s disease: a metabolic disease of the brain? 

1.3.1 Epidemiological evidence for a link between type 2 diabetes and Alzheimer’s 

disease 

Early studies indicating an increased risk of AD with T2D have generated a general 

acceptance that systemic and peripheral conditions greatly influence brain health (Ott et al., 

1999, Arvanitakis et al., 2004, Xu et al., 2004, Schrijvers et al., 2010, Abbatecola et al., 2011). 

In fact, T2D doubles the risk of AD, indicating that the rising prevalence of diabetes 

worldwide may be contributing to the rise in AD cases (Leibson et al., 1997). Diabetes was 

associated with increased cognitive decline in a study including 274 participants over 80 

years (Hassing et al., 2004). Diabetes was also associated with increased brain atrophy as 

shown by a greater rate of ventricular volume increase over time and morphometric changes 

in the ventricles as early as the first year of diagnosis with diabetes (de Bresser et al., 2010, 

Lee et al., 2013a). Further investigations have supported the earlier findings, that metabolic 

disorders such as obesity and IR increase the risk of neurodegenerative disease (Whitmer et 

al., 2007, Matsuzaki et al., 2010, Xu et al., 2011). In particular peripheral IR is associated with 

AD pathologies such as NFT, decreased cerebral glucose metabolism and impaired cognition 

and memory (Matsuzaki et al., 2010, Baker et al., 2011, Yanagawa et al., 2011, Zhong et al., 

2012). Blood-insulin levels have also been correlated with white matter lesion severity 

(Manschot et al., 2007). Additionally, peripheral hyperinsulinemia doubled the risk of AD and 

memory deficit in a large cohort (> 600 subjects) followed over several years (Luchsinger et 

al., 2004). Although the evidence is compelling, IR alone does not guarantee development of 
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brain disease, indicating that there are other factors at play. Investigations into the potential 

mechanisms by which T2D increases the risk of AD continually provide new information on 

brain function. In the past decade several studies have revealed impaired insulin signalling by 

examination of AD brain tissue post-mortem and in blood cells of AD patients (Steen et al., 

2005, Moloney et al., 2010, Talbot et al., 2012). This has led one scientist to coin the term 

“type 3 diabetes” to describe AD linked to chronic IR and insulin deficiency in the brain (de la 

Monte and Wands, 2008). A very intriguing study was recently performed measuring insulin–

dependent enzyme activity from post-mortem human brain tissue. The authors were able to 

demonstrate kinase activity in response to insulin in normal brain tissue that was reduced in 

AD brain tissue (Talbot et al., 2012). This was the first evidence of decreased activation of the 

insulin signalling pathway in diseased brains and supported a role for reduced insulin 

signalling in AD. While this work was quite ground breaking, it did not distinguish whether a 

breakdown of brain insulin signalling was a cause or consequence of AD. 

The previous paragraph outlined evidence to support T2D as a risk factor for AD; 

however, not all studies are in agreement. Post-mortem analysis of over 700 human brains 

identified no correlation between diabetic status and plaque accumulation in AD (Alafuzoff et 

al., 2009). This is in line with several other studies of human AD brain tissue, concluding that 

T2D is not associated with AD specifically, but may be associated with vascular dementia 

(Heitner and Dickson, 1997, MacKnight et al., 2002, Akomolafe et al., 2006). However, the 

aforementioned studies did not investigate brain insulin levels, or inflammatory markers, 

factors that have been shown to affect brain function and risk of AD. Review of the literature 

indicates that, in general, longitudinal studies with clinical examination found T2D to be a 

significant risk factor for AD or VaD, however conclusions from post-mortem studies were 

not in agreement either way (Alafuzoff et al., 2009, Lu et al., 2009). These studies may be 

complicated by the fact that the diagnostic criteria used, the presence of β-amyloid plaques, 

can be found in healthy, cognitively normal individuals (Maarouf et al., 2011). A further 

confounding factor in some of these studies is the line drawn between AD and VaD. As 

previously highlighted, AD and VaD may present a spectrum neurological disease and should 

therefore be classified as such in relation to metabolic disorders (Attems and Jellinger, 2014). 

In addition, diagnosis of cognitive impairment is made based on test scores above a specified 
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value, however, dementia manifests in a slow progression of symptoms that occur over a 

long time period, making it difficult to identify cut-off diagnostic criteria (Alafuzoff et al., 

2009, Albert et al., 2011). Studies in humans, while useful, also present issues of individual 

variability, such as genetic and environmental factors that cannot be entirely accounted for. 

The issues discussed above have been addressed with animal models, allowing for fewer 

unknown variables. Indeed animal models have allowed the investigations of a variety of 

metabolic factors and their effects on brain function and pathology. 

Animal models of high fat diets, obesity and T2D have recapitulated AD pathologies to 

varying degrees and include impaired spatial memory and long term potentiation, 

neurobehavioral defects, altered β-amyloid processing, and disruptions in brain insulin 

signalling (Li et al., 2002, Sharma et al., 2010, Son et al., 2012). Furthermore, peripheral 

hyperinsulinemia induces systemic and brain IR in obese sheep (Adam et al., 2012). However, 

the relationship of peripheral to central insulin levels are still under debate due to conflicting 

results in several animal transgenic models and humans (Baskin et al., 1985, Wallum et al., 

1987, Urayama and Banks, 2008). Nevertheless, diabetic conditions in animals have been 

shown to exacerbate brain pathology in AD transgenic mice. For instance AD transgenic mice 

crossed with diabetic mice showed an accelerated loss in memory and learning ability 

compared to either model alone (Takeda et al., 2010). The double transgenic mice also 

demonstrated increased IR in neuronal cells as well as liver and muscle tissue compared to 

diabetic mice alone. This was consistent with the established regulatory role of brain insulin 

signalling on peripheral insulin sensitivity (Bruning et al., 2000). Another study comparing 

T1D and T2D rat models displayed accumulated β-amyloid, increased tau phosphorylation, 

and decreased insulin signalling in brain tissue of both models, with T2D displaying the more 

severe phenotype (Li et al., 2007b). This may be related to other complications of T2D such as 

hypercholesterolemia, and inflammation, as these also affect brain function (Acharya et al., 

2013). In particular systemic inflammation has been shown to profoundly direct the 

neuroinflammatory processes, and could begin to explain how T2D increases the risk of AD. 
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1.3.2 Systemic inflammation and Alzheimer’s disease 

Initial observations of sickness behaviour were the first indications that systemic 

conditions could affect brain functioning (Konsman et al., 2002, Matsumura and Kobayashi, 

2004). Sickness behaviour involves general lethargy, fever and reduced social interactions, 

consequences carefully orchestrated by the brain in response to systemic inflammation. 

Believed to be an evolved mechanism to reduce the spread of disease but also to place the 

body in optimal conditions to overcome infection, sickness behaviour is a physiological 

communication of the inflammatory status to the CNS (Hart, 1988). Pathology ensues when 

this system is exaggerated and results in unregulated infiltration and hyperactivation of 

immune mediators in the brain (Cunningham et al., 2005). There are two main mechanisms 

by which cytokines and other inflammatory molecules can enter the brain: 1) through the 

circumventricular organs that lack a BBB, which have direct contact with the substituents of 

the blood stream for vital sampling of peripheral conditions or 2) across the BBB (Banks et al., 

1995, Laflamme and Rivest, 1999, Banks et al., 2002, Lossinsky and Shivers, 2004, Marques et 

al., 2009). Circulating inflammatory cytokines and chemokines can also signal to cells of the 

BBB such as pericytes, endothelial cells and meningeal cells, resulting in the production of 

inflammatory molecules and their release into the CNS (Fabry et al., 1993, Dragunow, 2013). 

Indeed the close proximity of astrocytes, neurons and other glia to the microvascular cells of 

the BBB allows these cells to act as a single unit in response to systemic stimuli (Simard et al., 

2003, del Zoppo, 2010). Overstimulation of this system renders inflammatory cells such as 

microglia and astrocytes primed to respond to further immune challenge in a way that is 

toxic to surrounding neuronal cells (Cunningham et al., 2005). Microglia can become primed 

by the presence of aggregated proteins such as β-amyloid or chronic systemic inflammation 

such as that present in diabetes or sepsis, and therefore subsequent inflammatory insult 

results in an amplified and detrimental response (Cunningham et al., 2005, Yamada et al., 

2009, Iwashyna et al., 2010). Perhaps it is the combination of accumulated misfolded 

proteins and inflammation that leads to the development of neurodegeneration as the 

presence of β-amyloid plaques alone is not pathological. This has been previously proposed 

as an alternative to the amyloid hypothesis of AD development (Krstic and Knuesel, 2013). 
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Evidence to support the theory of systemic inflammation-mediated contributions to AD has 

been documented in animal models as well as human studies and will be outlined below. 

Acute and chronic systemic inflammation can unfavourably impact brain functioning. 

For example, acute infections and circulating levels of interleukin-1β (IL-1β) have shown to be 

associated with and precede exacerbated cognitive impairment in elderly patients with AD 

(Wofford et al., 1996, Holmes et al., 2003, Dunn et al., 2005). Furthermore, serum 

inflammatory markers such as IL-1β and TNFα were associated with decreased cognition in 

an elderly cohort of over 800 subjects (Trollor et al., 2012). Animal models of systemic 

inflammation have recapitulated several, if not all relevant AD pathological symptoms such 

as increased infiltration of pro-inflammatory cytokines and immune cells to the CNS, 

enhanced microglial activation, neuronal dysfunction, and memory and cognitive deficits 

(Cunningham et al., 2005, Field et al., 2010, Krstic et al., 2012). Moreover, exacerbated β-

amyloid pathology has also been induced by systemic inflammation in AD transgenic models 

(Lee et al., 2008b, Krstic et al., 2012). Peripheral injection of the bacterial endotoxin, 

lipopolysaccharide (LPS) resulted in global gene expression changes in the brain including 

IFNγ response genes, increased cytokine levels and long term cognitive impairment (Shaw et 

al., 2001, Turrin et al., 2001, Bossu et al., 2012, Thomson et al., 2014). Sequential systemic 

immune stimulation can also decrease synaptic plasticity (Di Filippo et al., 2013, Maggio et 

al., 2013). Furthermore, mice exposed in utero to an inflammatory stimulus exhibited 

increased susceptibility to a second immune challenge in later life and, importantly, 

developed symptoms that closely mirror AD (Krstic et al., 2012). These symptoms included 

age-dependent increases in amyloid precursor protein (APP), hyperphosphorylated tau, 

activated microglia, and astrogliosis (Krstic et al., 2012). This study illustrated how early 

environmental inflammatory factors could prime the immune system and predispose 

subjects to neurodegeneration. Among these environmental factors, metabolic induction of 

inflammation, to be discussed in the next section, is of particular interest in understanding 

the link between T2D and AD. 
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1.3.3 Type 2 diabetes, systemic inflammation and Alzheimer’s disease 

Considering the implications of CNS dysfunction as a result of systemic inflammation, 

it has been proposed that diabetes-associated systemic inflammation could trigger similar 

neuroinflammatory manifestations. As a matter of fact this has been suggested as the 

underlying factor contributing to the risk of AD associated with metabolic disease (Misiak et 

al., 2012, Spielman et al., 2014). BBB permeability is more prevalent in T2D and related 

metabolic disorders (Starr et al., 2003, Serlin et al., 2011). Therefore, in metabolic disorders, 

the CNS may be more exposed to perturbations in peripheral inflammation levels, enabling 

the entry of normally restricted entities to the brain (Lorenzi et al., 1986, Hawkins et al., 

2007, Acharya et al., 2013). In agreement with these findings, high fat diet models in rodents 

exhibited increased brain cytokine levels both basally and in response to peripheral LPS 

(Milanski et al., 2009, Bilbo and Tsang, 2010). There was also evidence of increased microglia, 

astrocytes and peripheral immune cell infiltration in brains of obese animals (Takeda et al., 

2010, Drake et al., 2011, Berkseth et al., 2014, Koga et al., 2014). Finally, acute insulin 

infusion (to the level of hyperinsulinemia in type 2 diabetic patients) in human subjects 

significantly augmented cytokine concentrations of TNFα, IL-1α, IL-1β and IL-6 in 

cerebrospinal fluid (CSF) samples obtained 45 minutes after infusion. Together these studies 

demonstrate that systemic inflammatory conditions and insulin concentrations in T2D can 

indeed influence inflammation in the CNS. Ultimately this suggests that management of T2D-

related systemic inflammation may be therapeutic in AD, an approach that will be highlighted 

in the remaining section. 

1.3.4 A use for diabetes medications in the treatment of Alzheimer’s disease 

The strong interactions between and similar underlying pathologies in T2D and AD 

have led to the exploration of diabetic drugs for treatment of AD. Insulin infusion improved 

short term memory in cognitively normal, non-diabetic, healthy adults and in AD patients in 

two separate studies (Craft et al., 1999, Kern et al., 2001). However, insulin infusion requires 

simultaneous glucose administration to avoid hypoglycemia and is therefore not practical for 

long term treatment. Intranasally administered insulin offered an alternative option as 

intranasal delivery of insulin bypassed the BBB and did not affect peripheral glucose levels 



CHAPTER 1 

 

18 

 

(Kern et al., 1999). Studies of intranasal insulin treatment for eight weeks in healthy young 

adults improved both long-term memory and mood (Benedict et al., 2004). A pilot study 

designed to examine the effects of intranasal insulin treatment on MCI and AD has also 

shown promising outcomes with respect to memory retention and has been extended to 

clinical trials (Craft et al., 2012). Caution must be exercised with long term dosing of insulin, 

however, to ensure IR does not occur as a result. Alternatively, the evidence of IR in brain 

tissue stimulated clinicians to examine insulin sensitizing agents, rosiglitazone and 

metformin, for their applicability in AD treatment. Despite the fact that small scale trials with 

rosiglitazone demonstrated improvements in memory and attention, phase three clinical 

trials could not recapitulate those findings (Watson et al., 2005, Harrington et al., 2011). 

Metformin trials are presently still in progress, however recent studies in animal models of 

AD indicate that metformin treatment may have opposing effects on memory in males and 

females, being harmful or beneficial respectively (DiTacchio et al., 2015). Several other 

insulin-like hormones such as glucagon-like peptide-1 and leptin have been targeted in pre-

clinical studies and have shown benefits of improved brain function, decreased inflammation, 

β-amyloid load, and increased neurogenesis (Greco et al., 2010, McClean et al., 2011). While 

current evidence is promising, a better understanding of specific molecular targets is 

necessary to establish the use of diabetic drugs for treatment of AD. 

In the above sections I have outlined the involvement of IR and inflammation in both 

T2D and AD, and highlighted relevant studies aimed at discerning the mechanisms involved. 

Although the field has greatly advanced in recent years, important questions remain. The 

presence of IR in AD brains suggest a role in neurodegeneration, however it is unknown if IR 

contributes to AD pathology or if IR develops as a consequence of the disease. Several 

molecular mechanisms have been demonstrated in animal models; however, the effects of IR 

on human neurons are not completely understood. Alternatively, it is clear that systemic 

inflammation influences neurological function and inflammatory state, and that the integrity 

of the BBB plays a major role in the extent of this influence. The exact mechanisms, and cells 

involved in communicating immune signals in the human brain have yet to be uncovered.  
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1.4 Thesis Outline 

The preceding literature review of T2D and AD reveal that IR and inflammation 

constitute central aspects of both metabolic disorders and neurodegeneration. Indeed, T2D 

and related metabolic dysfunction increase the risk of AD as well as other neurological 

diseases.  

This thesis addresses the questions of how T2D influences brain cells from two angles 

using in vitro models. Previous studies have demonstrated IR in AD brain and in animal 

models of T2D; however this has not been examined in human neurons. Therefore it is 

unclear how IR affects human neurons, and if this condition contributes to neuronal 

dysfunction in AD. This thesis explores these issues with the use of microarray technology 

and in vitro models of IR in differentiated human neurons. I proposed that IR induces changes 

at the transcript level that may negatively influence neuronal function and / or survival. Once 

identified it may be possible to target the specific signalling pathways modulated by IR to 

reduce neurodegeneration specifically in human cells.  The goal was to identify new potential 

therapeutic avenues for neurodegenerative disease treatment, or insights to preventative 

measures. 

Secondly the BBB plays a crucial role in communication of peripheral signals to the 

brain, as well as providing a protective barrier from potentially harmful systemic elements. 

Recently pericytes have emerged as fundamental entities of the neurovascular unit and BBB, 

and have been implicated in neurodegeneration. Current data concerning pericyte function 

and immune responses in human cells is unknown. I have proposed that human brain 

pericytes can modulate and be modulated by inflammation. This thesis presents the 

characterization of primary human brain pericytes in terms of their immune response to pro-

inflammatory stimuli, both acutely and chronically. Furthermore, a thorough examination of 

transcriptional, translational and post-translational outcomes of immune stimulation 

revealed pericytes to be dynamic cellular components of the BBB.  
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The data presented in this thesis offers novel molecular mechanisms for the 

interactions between T2D and AD in human cells and advances our understanding of the 

influence of systemic conditions on brain function. 
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CHAPTER 2:  Materials and Methods 

2.1 Cell culture 

All cell culture was performed in sterile conditions in Class II biological hazard safety 

hoods with constant air flow. 

2.1.1 Culture of NT2 cells 

NTERA-2 (NT2) cells have previously been used as an in vitro model to study 

molecular mechanisms of neurons (Kleppner et al., 1995, Coyle et al., 2011). These 

embryonal carcinoma cells originate from human teratocarcinoma tissue and can be 

differentiated into either neurons or astrocytes with retinoic acid treatment (Andrews, 1984). 

Cells used in this thesis were obtained from ATCC at passage 41. Cells were thawed from 

liquid nitrogen quickly to 37oC then plated at a density of 2.5 x 106 cells/T75 flask in 

DMEM/F12 (GIBCO 11330-057) supplemented with 10% fetal bovine serum (FBS, GIBCO 

10091-148) and 1% Penicillin-Streptomycin-Glutamine (PSG, GIBCO 10378-016) (referred to 

as complete DMEM/F12 for remainder of the text) and were maintained in an incubator set 

at 37oC with 5% CO2. Cells in log-phase growth were passaged every two to three days, 

before reaching confluence. Cells were gently rinsed with phosphate buffered saline (PBS) 

(137mM NaCl (Merck), 2.68M KCl (BDH), 10mM Na2HPO4 (BDH), 1.76mM KH2PO4 (BDH) pH 

7.4), then detached by incubation with 0.25% trypsin- ethylene diamine-tetra-acetic acid 

(EDTA, GIBCO 25200-056) for two to five minutes in the incubator. Complete media was 

added to inhibit the enzymatic activity of the trypsin and cells suspension was collected and 

centrifuged at 1,000 rpm for five minutes. Supernatant was discarded and cell pellet was 

resuspended in fresh complete media. For maintenance, cells were sub-cultured at a ratio 

between 1:4 and 1:6. For experiments, cells were counted and plated into multi-well plates 

at a cell density optimised for each set of experiments. Cryopreservation of NT2 cells was 

achieved in FBS with 5% DMSO (Sigma D2650) at a density of 2.5 x 106 cells/ml. 
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2.1.1.1 Differentiation of NT2 cells 

NT2 cells between passages 45-70 were grown to 90-95% confluency in T75 flasks. To 

start the differentiation procedure cells were trypsinized as described in section 2.1.1 and 

seeded into 10 cm bacterial grade Petri dishes (Greiner, GR664102) at a density of 6.0 x 106 

cells/dish (or 6 x 105 cells/ml in 10 ml) in complete media. The non-coated Greiner dishes 

were used to inhibit cell adherence and promote sphere formation. The following day all 

trans-retinoic acid (RA, Sigma R2625 dissolved in DMSO) was added to the cells at a final 

concentration of 10 µM. For the following two weeks, cells were replated every two to three 

days as follows. Media was transferred to a falcon tube, dishes were rinsed with PBS twice to 

remove all cells and PBS containing cells was transferred to the falcon tube. Media and PBS 

was centrifuged at 1,000 rpm for five minutes, supernatant was discarded and cell pellet was 

resuspended in 10 ml of fresh complete DMEM/F12 with RA 10 µM into new Greiner dishes. 

After two weeks cells were then replated into T75 flasks in complete DMEM/F12 with 10 µM 

RA for another seven-ten days, changing media every two-three days. Future neurons appear 

as small phase bright cells and were selectively trypsinized by first rinsing flasks with PBS with 

0.9 mM CaCl2 (Scharlau) and 0.5 mM MgCl2 (Merck). Cells were incubated with 0.05% Trypsin-

EDTA (GIBCO 25300-054), and were observed with a bright field microscope to specifically 

harvest neurons and neurospheres starting to detach. Neurons were removed and added to 

complete DMEM/F12 to stop enzymatic trypsin and cells were pelleted and resuspended in 

Media #0 (DMEM/F12 with 1% PSG, 5% FBS, 1 M cytosine arabinoside (AraC, Sigma C1768), 

10 M fluorodeoxyuridine (FUdR, Sigma F0503), and 10 M uridine (Urd, Sigma U3003)). The 

addition of mitotic inhibitors (AraC, FUdR and Urd) supressed cell division and helped to 

promote cell differentiation. T75 flasks were coated with 10 µg/ml poly-D-lysine 

hydrobromide (PDL, Sigma, P6407) for one hour at room temperature followed by BD 

Matrigel™ Basement Membrane Matrix (BD Biosciences 354234) diluted 1/50 in DMEM/F12 

for one hour at room temperature. Collected neurons and neurospheres were seeded into 

PDL and Matrigel™ coated T75 flasks and incubated at 37oC, 5% CO2 for another ten days 

changing media every two to three days with freshly made Media #0. Neurons were then 

harvested using 0.05% Trypsin-EDTA and plated for experiments in Media #0. 
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2.1.2 Culture of SH-SY5Y cells 

SH-SY5Y cells were also used to study neuronal response to IR. This cell line is a sub- 

clone of a human neuroblastoma cells line (SK-N-SH). Cells from this sub-clone can be 

differentiated into functional neurons and have previously been used to study neuronal 

mechanisms in relation to both diabetes and AD (Son et al., 2012, Kwon et al., 2015). SH-SY5Y 

cells, originally from ATCC and frozen at passage nine, were thawed quickly from liquid 

nitrogen to 37oC then plated at a density of 1 x 106 cells/T75 flask in complete DMEM/F12 

until confluency was reached (five to seven days). Cells were passaged as described in details 

for NT2 cells using 0.05% trypsin-EDTA. SH-SY5Y cells were sub-cultured at a ratio between 

1:4 and 1:6 for maintenance. Cells were cryopreserved in FBS with 5% DMSO at a density of 1 

x 106 cells/ml. 

2.1.2.1 Differentiation of SH-SY5Y cells 

The cell differentiation protocol was performed as previously described with 

modification (Korecka et al., 2013). Cells were differentiated in 6-well plates coated with BD 

Matrigel™ Matrix growth factor reduced (BD Biosciences 354230). To coat plates Matrigel™ 

was kept on ice and diluted 1/50 into cold DMEM/F12 with PSG. Each well was then coated 

with 1 ml for one hour at room temperature. Matrigel™ was removed and wells were rinsed 

once with DMEM/12 with PSG. SH-SY5Y cells were seeded at 3 x 105 cells/well in 2 ml of 

complete DMEM/F12 and incubated at 37oC, 5% CO2 for 24 hours. Subsequently, after 24 

hours cell media was removed and cells were gently rinsed once with PBS and 2 ml/well of 

fresh differentiation media (DMEM/F12 + 0.5% FBS + PSG + 1 µM RA) was added. Media was 

removed and fresh differentiation media was added every 48 hours for a total of eight days. 

2.2 Human brain cell isolation from epilepsy tissue 

Human brain tissue was obtained from biopsy at Auckland City Hospital following 

surgery for intractable temporal lobe epilepsy. Tissue from the middle temporal gyrus was 

immediately examined by a pathologist who later graded the tissue and confirmed sclerosis. 

Patients had undergone a range of medications for epilepsy treatment, all of which was 

documented, however, did not have any obvious effects on cell culture experiments. Studies 
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undertaken using this tissue were approved by the Northern Regional Ethics Committee (Ref 

AKL/88/025/AM02) and informed consent was obtained from all donors.  

Brain tissue from the middle temporal gyrus containing both white and grey matter 

was obtained immediately following epilepsy surgery. Meninges and visible blood vessels 

were removed from tissue and washed with Hank’s balanced salt solution (HBSS, Ca2+ and 

Mg2+ free, Gibco 14175-095). Approximately two grams of tissue per isolation was manually 

dissociated into small pieces with scalpels. Tissue was then enzymatically dissociated by 

incubation in 20 ml of enzyme solution (2.5 U/ml papain (Worthington 54K15110), 10 U/ml 

DNase (Invitrogen 18047-019)) warmed to 37oC. Tissue was incubated at 37oC for 30 minutes 

in the incubator using the MACSmix™ tube rotator (Miltenyl Biotec) (12 rpm). After 15 

minutes the tissue was triturated through a 10 ml pipette to aid dissociation. After a total of 

30 minutes tissue was removed from the incubator, triturated then allowed to settle. The 

supernatant was transferred to a fresh tube and the sediment was resuspended in 5 ml of 

pre-warmed complete DMEM/F12 (10% FBS, 1% PSG). The trituration process was repeated 

two more times and dissociated cells combined. The single cell suspension was passed 

through a 100 μm cell strainer (Becton Dickinson 352360) into two 50 ml tubes, each filter 

washed with 10 ml of complete DMEM/F12 and tubes were centrifuged at 1,000 rpm / 160 g 

for 10 minutes. The supernatant was removed and the pellet resuspended in 9 ml of 

complete DMEM/F12. 3ml of each pellet was plated per T75 flask containing 20 ml fresh 

media. The flasks were incubated overnight at 37°C with 5% CO2. On day two (≤24 hours 

later) media was removed from flasks and centrifuged at 1,000 rpm / 160 g for 10 minutes. 

Cell pellet was resuspended in fresh complete DMEM/F12, returned to adherent cells in 

flasks and incubated overnight at 37°C with 5% CO2. On day three (≤24 hours later) media 

and debris were removed and discarded, flasks washed twice with fresh complete 

DMEM/F12 and 20 ml fresh media was added. Cells were then incubated at 37°C with 5% CO2 

until seeded for experiments, usually one to two weeks. Once mixed cultures reached desired 

confluency, cells were trypsinized with 0.25% Trypsin-EDTA and scraped to obtain microglia 

and astrocytes. Cells were seeded into 96-well plates at 4-5,000 cells/well and were used for 

experiments one to three days later. 
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2.2.1 Human primary brain cell continued culture 

Cells were cultured as above, in complete DMEM/F12 until 80-90% confluency was 

reached. Cells were rinsed with PBS then trypsinized with 0.25% trypsin-EDTA without 

scraping and resuspended with complete media. Cells were centrifuged, supernatant was 

discarded and cell pellet was resuspended in fresh complete DMEM/F12. Cells were seeded 

at 1 x 106 for T75 flask or plated at a density specifically optimized for each set of 

experiments. Cells were passaged up to approximately passages 10-12, as cells began to 

become senescent. Cells were cryopreserved in FBS with 5% DMSO at a density of 1 x 106 

cells/ml. For the studies presented here, only cells that had been frozen ≤ one time were 

used. 

2.3 Immunocytochemistry 

Cells in 96-well plates were fixed with 4% (final concentration) paraformaldehyde (PFA, 

Scharlau), for 15-20 minutes at room temperature. Cells were rinsed with PBS-T (PBS with 

0.2% Triton X-100 (Sigma)) three times and were stored in PBS-T with 0.04% Merthiolate 

(BDH) at 4oC until primary antibody was added. Primary antibodies (Table 2.1) were diluted in 

immunobuffer (PBS-T with 0.04% me thiolate, 1% goat serum (Gibco 16210)) according to 

Table 2.1 and were added to wells and incubated overnight at 4oC on a rocker. Wells were 

rinsed three times with PBS-T and secondary antibodies diluted in immunobuffer according 

to Table 2.1 were added to wells for three to four hours at room temperature. After rinsing 

three times with PBS, nuclei were then labelled with Hoechst 33258 (Sigma B2883) diluted in 

1/500 in TNE buffer (10 nM Tris, 200 nM NaCl, 1 mM EDTA) for 30 minutes at room 

temperature.  
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Table 2.1 Antibodies and dilutions 

Primary Antibody Company Catalogue 
Number  

WB ICC 

Akt mouse monoclonal Cell Signaling 2920 1/2000  

Phospho-Akt S473 rabbit 
polyclonal 

Cell Signaling 9271 1/1000  

β-actin mouse monoclonal Abcam AB6276 1/2000  

β III-tubulin mouse 
monoclonal 

Sigma T8660  1/500 

CD45 mouse monoclonal Abcam AB8216  1/500 

Fibronectin rabbit 
polyclonal 

Dako A0245 1/1.0x106 1/100,000 

GFAP rabbit polyclonal Dako Z0334  1/10,000 

GFAP mouse monoclonal Sigma G-3893  1/10,000 

GSK3β mouse monoclonal Cell Signaling 9832 1/1000  

Phospho-GSK3β rabbit 
polyclonal 

Cell Signaling 9336 1/1000  

IP-10 rabbit polyclonal Abcam 9807  1/500 

Ki67 rabbit polyclonal Dako A0047  1/500 

MAP2  
mouse monoclonal 

Sigma M4403  1/500 

MCP-1 rabbit polyclonal Abcam ab9669  1/500 

Nestin mouse monoclonal Millipore MAB5326 1/500 1/500 

NG2 mouse monoclonal Santa Cruz sc-53389 1/500 1/1000 

NFκB p65 rabbit polyclonal Santa Cruz sc-372  1/500 

PDGFRβ rabbit monoclonal Cell Signaling 3169 1/1000 1/500 

Phospho-PDGFRβ Tyr 751 
Rabbit monoclonal 

Cell Signaling C63G6 1/1000  

PDGFRβ rabbit monoclonal Abcam 35270  1/500 

P4H rabbit polyclonal Sigma HPA0075991  1/500 

αSMA mouse monoclonal Dako IS611 1/10 1/4 

Secondary Antibodies 

Goat anti-mouse IRDye-
680LT 

LiCOR 926-68020 1/20000  

Goat anti-rabbit IRDye-
800CW 

LiCOR 926-32211 1/20000  

WB-western blot, ICC-immunocytochemistry 

2.3.1  Metamorph™ / Image Xpress Analysis of Immunocytochemistry 

Image acquisition of immunocytochemically processed images was done using the 

Discovery-1™ (Molecular Devices) high content automated microscope and imaging platform 
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followed by analysis with Metamorph™ software (Molecular Devices) for earlier experiments. 

Image acquisition and analysis were later transitioned to the Image Xpress micro XLS™ 

(Molecular Devices) high content screening system using either the 10x / 0.3 Plan or 20x / 

0.45 NA CFI Super Plan Fluor ELWD ADM objective lens and Lumencor Spectra X configurable 

light engine source. Excitation and emission filters used are listed in Table 2.2. High content 

analysis was performed with MetaXpress™ version 5.3.04 (Molecular Devices) analysis 

software. Exposure times and autofocus settings were optimized for each plate acquired as 

this was necessary due to plate differences and antibody efficiency. However as internal 

controls were included in each plate all data was normalised to control wells to maintain 

consistency between experiments. 

Table 2.2: Excitation and emission parameters for Image Xpress micro XLS™ high content 

screening system 

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 

 

Several algorithms were used to analyse immunocytochemical data, including: 

Count nuclei: Hoechst stained cells of 7-30 µm width were counted as positive and the 

number of Hoechst positive nuclei was used as total cell number. 

Cell scoring/ Multiwavelength cell scoring: Cells were counted as positive based on the 

parameters shown in Figure 2.1A These parameters included approximate minimum and 

maximum width (µm) and intensity above local background (grey levels). These features 

were used for quantification of IP-10, MCP-1, PDGFRβ, αSMA, CD45, and GFAP. Positive cells 

were those associated with a nucleus and stained positively for the protein of interest based 

on optimized filter settings. Quantification of results were given as a percentage of cells 
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stained positively for the indicated antibody out of the total number of cells as counted 

positive by Hoechst. An example of the quantification of αSMA positive cells is shown in 

Figure 2.1B. 

Integrated intensity: In some cases where the intensity of the stain was more indicative of 

overall protein expression, as opposed to the number of cells expressing the protein above a 

given threshold level, it was more appropriate to quantify the integrated intensity of the 

stain. The integrated intensity as presented in the text is the sum of the intensity of all the 

pixels from the positive cells only, divided by the number of positive cells. 

Threshold integrated intensity: We have also used this parameter to validate some of the 

staining where it was difficult to distinguish between cells (for example αSMA). Images were 

set to threshold all staining above a specified intensity, regardless of nuclei. The threshold 

integrated intensity was then divided by the total cells in that well as counted positive by 

Hoechst to get an average per cell (Figure 2.2).  

Transfluor assay: This algorithm is designed to count and measure G-protein coupled 

receptor cycling characteristics. Settings were optimized to detect small puncta of PDGFRβ 

staining as shown in Figure 2.3. 

Settings were optimized for each stain and parameters were tested on at least four 

randomly selected images from each plate to ensure quantitation was representative of 

actual staining. Internal controls were used to ensure basal settings were consistent between 

repeated experiments. For graphical analysis at least four images from each well were 

acquired and analysed. Data is presented from the average of those four images from each 

triplicate well. Experiments were repeated three times unless indicated otherwise. 
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Figure 2.1 MetaXpress™ Image Analysis software was used to quantify 
immunocytochemical staining of human brain pericytes. 

A) Hoechst positive cells were quantified using the specified settings. The left image 
depicts the settings that were optimized to detect nuclei. 

B) αSMA positive cells were quantified using the specified settings (red). 
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Figure 2.2 MetaXpress™ Image Analysis software: Threshold integrated intensity  

MetaXpress™ was used to quantify intensity of αSMA in human pericyte cultures. 
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Figure 2.3 MetaXpress™ Image Analysis software: Transfluor assay  

MetaXpress™ was used to quantify PDGFRβ internalization in human pericyte cultures. 
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2.4 Western blot analysis 

2.4.1 Preparation of cell lysates 

Cells were rinsed twice with PBS and were collected using cell scrapers and 

transferred to screw cap tubes (Axygen, SCT-150B). Tubes were centrifuged at 2000 g to 

pellet cells. PBS was removed and pelleted cells were lysed with ice-cold lysis buffer (25 mM 

Tris-HCl pH 7.5 (ThermoFisher), 150 mM NaCl (Merck), 50 mM NaF (Sigma), 0.5 mM EDTA pH 

8 (Sigma), 0.5% Triton-X 100 (Sigma), 5 mM β-glycerophosphate (Sigma), with fresh 1 mM 

dithiothreitol (DTT, Sigma), 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma), 1 mM 

Na3VO4 (Sigma). Bullets were added to tubes and cells were homogenized with the Bullet 

Blender (Next Advance) for four minutes on setting four. Lysates were centrifuged for 15 

minutes at 12,000 g at 4 oC and transferred to new tubes on ice. Lysates were diluted in lysis 

buffer and 2x SDS sample buffer (125 mM Tris-HCl pH 6.8, 5% glycerol (Sigma), 4% sodium 

dodecyl sulfate (SDS, Sigma), 100 mM DTT and 0.2% bromophenol blue (Sigma)) to obtain 0.5 

µg/µl protein. Lysates were incubated at 95 oC for two minutes to denature the proteins and 

centrifuged. Proteins were then used immediately for SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) or frozen at -20 oC for storage. 

2.4.2 Preparation of cell media for western blot analysis 

Cell media was removed and centrifuged to remove debris. Supernatant was 

transferred to a new tube and 5x SDS sample buffer (312.2 mM Tris-HCl pH 6.8, 12.5% 

glycerol, 10% SDS, 500 mM DTT and 0.5% bromophenol blue) was immediately added. Media 

was then incubated at 95 oC for two minutes to denature the proteins and centrifuged as 

above. Tubes were then either stored at -20oC until loading or loaded onto SDS-PAGE 

immediately. 

2.4.3 SDS-PAGE and immunoblotting 

Immediately prior to loading, protein lysates were boiled at 95 oC for two minutes 

then centrifuged. Protein lysates were run on 4-12% pre-cast gels (Life Technologies). Gels 

were run for 60-90 minutes at a constant voltage of 125V. Gels were transferred to a 

polyvinylidene fluoride membrane from Millipore (IPFL00010 Immobilon-FL 0.45mm) for 



CHAPTER 2 

 

35 

 

optimal fluorescence signal. Transfer was performed for 80 minutes at 100V using the Bio-

Rad wet transfer method. Membranes were blocked in Odyssey Blocking Buffer (LiCOR, 927-

50000) diluted 1:1 in TBS-T (20mM TRIS-HCl pH 7.5, 125mM NaCl, 0.1% Tween). Membranes 

were rinsed six times in TBS-T. Primary antibodies diluted in Odyssey Blocking Buffer 1:1 in 

TBS-T were incubated with the membrane at 4 oC overnight with rocking. Secondary 

antibodies from Li-COR were diluted 1:20,000 in Odyssey Blocking Buffer 1:1 in TBS-T and 

incubated with membranes for two hours at room temperature in the dark. Membranes 

were rinsed again six times in TBS-T and allowed to dry. Images were captured using Odyssey 

®Fc (LiCOR Biosciences, Millennium Science). Band intensities were quantified using Image 

Studio version 3.1.4 software. Total intensity of bands was subtracted from average 

background above and below each band. Band intensity values were presented as the mean 

of three replicates normalized to the average intensity of bands from the control or vehicle 

treated conditions. Representative blots of each antibody used including protein ladders are 

included in the appendix. 
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2.5 Quantitative real time polymerase chain reaction 

2.5.1 RNA extraction 

At endpoint cells were rinsed twice with PBS then 1 ml of Trizol® reagent (Ambion, 

Life Science Technologies 15596018) per well of a 6-well plate was added, and lysate was 

transferred to screw cap tubes. 200 µl of chloroform (Sigma) was added to each tube and 

tubes were shaken vigorously for one minute to mix. Samples were centrifuged at 12,000 g 

for 15 minutes at 4 oC. The top aqueous layer containing RNA was transferred to a new tube 

(approximately 450-500 µl) and an equal volume of 70% ethanol was added. RNA was then 

extracted using the RNeasy mini kit (Qiagen 74106) according to the manufacturer’s 

instructions and RNA concentrations were measured using a NanoDrop (ThermoScientific). 

RNA samples with a 260/280 ratio equal or above 1.8 were used in subsequent experiments.  

2.5.2 cDNA synthesis  

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was 

performed as described previously (Park et al., 2012). As concentrations of RNA extracted 

varied between samples, total RNA for each experiment was equalized across samples so 

that all samples matched the sample at the lowest concentration. 1-3 µg of RNA per sample 

were treated with 1 µl/µg of DNase-1 with DNase reaction buffer (Promega M610A) in a total 

volume of 20 µl and incubated at 37 oC for 30 minutes. Stop solution was added to stop the 

reaction and samples were incubated for an additional 10 minutes at 65 oC. Negative controls 

for cDNA reaction were made by combining 2 µl from each sample without adding enzyme. 

cDNA was made using the Superscript® III First Strand Synthesis kits (Invitrogen 18018-051). 

Random hexamers and dNTPs were added to DNase treated RNA and incubated for five 

minutes at 65 oC then placed on ice for one minute. To this reaction 10X RT buffer, MgCl2, 

DTT and RNaseOUT were added. Superscript® III RT was added to samples and H2O was 

added to negative control. Samples were then incubated for 10 minutes at 25 oC, 50 minutes 

at 50 oC and 5 minutes at 85 oC to synthesize cDNA. Samples were then incubated at 37 oC for 

20 minutes with RNase H, to remove RNA from cDNA:RNA hybrids. 
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2.5.3 Quantitative real-time polymerase chain reaction (qRT-PCR) 

qRT-PCR was performed using Platinum SYBR Green qPCR SuperMix-UDG with Rox kit 

(Invitrogen 11744) and primers specific for target sequences to be amplified (Table 2.3). 

Equal amounts of cDNA (2 µl) were mixed with SYBR (5 µl) and added to forward and reverse 

primer mix (3 µl, 200 nM final) in a MicroAmp Optical 384-well reaction plate (4309849). 

Negative controls from cDNA reaction as well as no template controls were included. 

Samples were analyzed in duplicate with the Applied Biosystems Fast Real-Time PCR 7900 HT 

machine, run with the SDS 2.4 software package. Ct values for each target gene in all 

conditions were normalized using the reference gene Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) Ct values under control conditions to obtain relative fold change 

values depicted as 2ΔΔCt (Livak and Schmittgen, 2001). Efficiency for each primer set was 

measured in the cell type used. Serial dilutions of cDNA were analyzed by qRT-PCR as above. 

The log values of total RNA vs. the Ct values were plotted to obtain the % efficiency. A list of 

primers used for qRT-PCR and their % efficiencies are presented in Table 2.3, Table 2.4, and 

Table 2.5 

Statistical analysis was performed on the ΔCt values (the difference in cycle number 

(Ct) between the housekeeping gene (GAPDH) and the target gene) as this is on a linear scale 

and more appropriate for statistical analysis. The significance obtained from the Ct values is 

extrapolated to the 2-ΔΔCt values. 
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Table 2.3 Primers used for qRT-PCR in human brain pericytes 

Gene  Sequence Amplicon Length  Primer Efficiency  

GAPDH 
Fw CATGAGAAGTATGACAACAGCCT 

113 bp 98% 
Rv AGTCCTTCCACGATACCAAAGT 

HLA-DMA 
Fw ACGACGAGGACCAGCTTTTC 

81 bp 99% 
Rv GAGCCCAGTCAGCAAATTCG 

ATF3 
Fw ACCCAAAACCCTGAAGCCAT 

73 bp 95% 
Rv TGATGGTTCTCTGCTGCTGG 

ICAM-1 
Fw GAACCAGAGCCAGGAGACAC 

84 bp 101% 
Rv GAGACCTCTGGCTTCGTCAG 

CXCL-11 
Fw GAGTGTGAAGGGCATGGCTAT 

70 bp 98% 
Rv CATGGGGAAGCCTTGAACAAC 

IL-1β 
Fw CTCACTTAAAGCCCGCCTGA 

70 bp 94% 
Rv GGAGCGAATGACAGAGGGTT 

IL-6 
Fw CCCCTGACCCAACCACAAAT 

77 bp 98%  
Rv AGTTGTCATGTCCTGCAGCC 

IL-8 
Fw CAGAGACAGCAGAGCACACA 

70 bp 102% 
Rv GTGAGATGGTTCCTTCCGGT 

CD74 
Fw GAGTCACTGGAACTGGAGGAC 

81 bp 96% 
Rv CTGCTCTCACATGGGGACTG 

SOD2 
Fw GCCCTGGAACCTCACATCAA 

79 bp 101% 
Rv TCAGGTTGTTCACGTAGGCC 

APOL1 
Fw ATGTGGCCCCTGTAAGCTTC 

79 bp 103% 
Rv GCCCCCTCATGTAAGTGCTT 

APOL2 
Fw CCATGAACCCAGAGAGCAGT 

70 bp 102% 
Rv TCTCTGCTCACTTGGTCCTG 

RIPK2 
Fw CTGCCAGCTCCTCAAGACAA 

82 bp 96% 
Rv TTCCAGGACAGTGATGCAGC 

IRF1 
Fw TGCTTCCACCTCTCACCAAG 

84 bp 97% 
Rv ACTTCCTCTTGGCCTTGCTC 

COX2 
Fw AGGGTTGCTGGTGGTAGGAA 

76 bp 98% 
Rv TCTGCCTGCTCTGGTCAATG 

CREB5 
Fw ATCAATCATCACGGCCTGCA 

71 bp 109% 
Rv GAATGGGGAGAGGCAGTGTG 

TNFRSF10D 
Fw CTGCGAGAACCTTTGCACG 

85 bp 102% 
Rv GAGAAGGGAGGAGGGTGGAT 
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Table 2.4 Primers used for qRT-PCR in human brain pericytes (continued) 

Gene  Sequence Amplicon Length  Primer Efficiency  

CXCL-12  
Fw ATTCTCAACACTCCAAACTGTGC 

88 bp 100% 
Rv ACTTTAGCTTCGGGTCAATGC 

IP-10 (CXCL10) 
Fw TGGCACACTAGCCCCACGTT 

88 bp 87% 
Rv TGCTGAGACTGGAGGTTCCTCTGC 

MCP-1 (CCL2) 
Fw CAGCCAGATGCAATCAATGCC 

190 bp 80% 
Rv TGGAATCCTGAACCCACTTCT 

Fibronectin 
Fw CGAGAGTGCCCCTACTACAC 

84 bp 97% 
Rv CGAGAGTGCCCCTACTACAC 

Nestin 
Fw AGCTGGCGCACCTCAAGATGTC 

89 bp 99% 
Rv AGGTGTTTGCAGCCGGGAGTT 

αSMA 
Fw ACGTGGGTGACGAAGCACAGA 

84 bp 98% 
Rv CGTCCCAGTTGGTGATGATGCC 

Col-IV 
Fw CCCGAAAGGCCAGCAAGGTGTT 

77 bp 99% 
Rv GGGCACCGTCAAACCCAGGAAT 

Bcl-2 
Fw ACTGGGGGAGGATTGTGGCCTT 

70 bp 89% 
Rv ATCTCCCGGTTGACGCTCTCCA 

Ki67 
Fw AGCGGAAGCTGGACGCAGAA 

79 bp 98% 
Rv TCCAGGGGTTGGGCCTTTTCCT 

PCNA 
Fw GCTTCGACACCTACCGCTG 

75 bp 97% 
Rv CATTGCCGGCGCATTTTAGT 

PDGFRβ 
Fw CGCAAAGAAAGTGGGCGGCT 

101 bp 80% 
Rv TGCAGGATGGAGCGGATGTGGT 

CD146 
Fw AGTCCCAAGGCAACCTCAGCCA 

76 bp 93% 
Rv CGCACACGGAAGATGAGCGT 

CD73 
Fw ATGAACGCCCTGCGCTACGA 

78 bp 96% 
Rv TGGCTCGATCAGTCCTTCCACACC 

CD105 
Fw GGCGGTGGTCAATATCCTGT 

111 bp 109% 
Rv AGGAAGTGTGGGCTGAGGTA 

Nucleostemin 
Fw GTGCTGCCAAACTGCTGTGGT 78 bp 105% 

Rv GAGTCCAAGATGTAGGGGGATGGC 
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Table 2.5 Primers used for qRT-PCR in SH-SY5Y cells 

Gene  Sequence Amplicon Length  Primer Efficiency  

DHCR7 
Fw GCTGCAAAATCGCAACCCAA 103 bp 94% 

Rv CTCGCCAGTGAAAACCAGT 

LDLR 
Fw ACGGCGTCTCTTCCTATGACA 136 bp 93% 

Rv CCCTTGGTATCCGCAACAGA 

FDFT1 
Fw CCACCCCGAAGAGTTCTACAA 134 bp 96% 

Rv CCACCCCGAAGAGTTCTACAA 

IDI1 
Fw TGCGACTGGTCTGATTGAGATA 157 bp 108% 

Rv AGACACTAAAAGCTCGATGCAA 

HMGCR 
Fw TGGAACATGGGCATTGGGTT 113 bp 101% 

Rv CCAAGTGGCTGTCTCAGTGAT 

CYP51A1 
Fw ATAACCCAGCATCAGGGGAAA 161 bp 82% 

Rv CACAGTGGGAAAGTATCCATCAA 

SREBP 
Fw ATGGGCAGCAGAGTTCCTTC 137 bp 82% 

Rv CGACAGTAGCAGGTCACAGG 

VAMP2 
Fw TTGCGCCATCATCCTCATCA 76 bp 102% 

Rv TTCTCTAGGCAGGGCAGACT 

 

2.6 Statistical analysis 

All experiments in this thesis were repeated at least three times unless otherwise 

indicated as pilot experiments. In the case of primary human pericytes, experiments were 

repeated on three individual cases, meaning from separate donors, and normalized data was 

combined. Experiments were completed in this manner as previous work in the lab had 

established that there is a greater difference between pericytes from different passages than 

between pericytes from different individuals of similar passage number, therefore repeated 

experiments were performed with cells from similar passage (passage 5-9). Comparisons of 

repeated experiments in different cases produced the same trends therefore we are 

confident in this method of analysis. Prism software was used for statistical analysis within 

this thesis unless otherwise specified. Data was tested for normal distribution using 
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D’Agostino and Pearson omnibus test for normality. Data that was normally distributed was 

then analyzed with either two-tailed student’s t-test or one-way analysis of variance (ANOVA) 

with Dunnett’s post-hoc test for multiple comparisons. If data was not normally distributed 

then the Mann-Whitney rank sum test (for comparing two unpaired groups) or the non-

parametic Kruskal-Wallis test was used followed by Dunn’s multiple comparison tests to 

determine significance. Two-way ANOVA was used when comparing groups of independent 

variables, with Tukey’s multiple comparison tests. Significance is indicated by * (p < 0.05), ** 

(p < 0.01), *** (p < 0.001). 
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CHAPTER 3: Insulin Resistance in Human Neurons 

3.1 Introduction 

3.1.1 Insulin signalling 

Insulin is a key master regulator of glucose metabolism in the body. This 5.8 kDa 

peptide hormone is secreted by the pancreatic β-cells in response to feeding cues. Rises in 

peripheral blood glucose is detected by the β-cells, glucose is internalized by glucose 

transporter 2 receptors and this signals insulin secretion (Muoio and Newgard, 2008). Once 

secreted insulin will bind its receptor in target tissues and initiate a downstream signalling 

cascade that will increase glucose uptake in muscle and adipose tissue and decrease glucose 

production in the liver, and therefore maintaining normal concentrations of glucose in the 

blood, known as normoglycemia (Lizcano and Alessi, 2002). 

The insulin receptor (INSR) is present as a tetramer, consisting of two α-subunits and 

two β-subunits. The INSR, insulin-like growth factor receptors and insulin-related receptor 

belong to the same family of tyrosine kinase receptors and can form heterotetramers 

(Knutson, 1991). Although each receptor has specific roles in the cell, in some cases these 

receptors have been shown to compensate for the loss of another (Butler and LeRoith, 2001). 

Insulin binding to the α-subunits of its receptor results in β-subunit autophosphorylation and 

phosphorylation of the insulin receptor substrate (IRS) proteins on tyrosine residues (White, 

1998). Phosphatidylinositol-3-OH kinase (PI3K) is then recruited to the intracellular 

membrane via the interaction of its Src-homology 2 domain with IRS proteins. PI3K is then 

able to phosphorylate its substrate phosphatidylinositol (4,5) bisphosphate, making 

phosphatidylinositol (3,4,5) triphosphate which in turn recruits Akt (also known as protein 

kinase B (PKB)) (Traynor-Kaplan et al., 1989). Akt is then phosphorylated at two serine (Ser) 

sites: Ser308 and Ser473, by phosphoinositide-dependent kinase-1 and the mammalian 

target of rapamycin-rictor complex, respectively, and hence becomes activated (Alessi et al., 

1997, Sarbassov et al., 2005). Akt is a serine/threonine-specific kinase that has many 
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downstream targets such as glycogen synthase kinase 3 beta (GSK3β), ribosomal protein S6 

kinase (p70S6K), tuberous sclerosis protein, cyclic-AMP response element binding protein 

(CREB) regulated co-activator 2, and sterol regulatory element-binding proteins (SREBP) 

(Chung et al., 1994, Cross et al., 1995, Brazil and Hemmings, 2001, Inoki et al., 2002, Wang et 

al., 2010, Yecies et al., 2011). Through in vitro and in vivo studies of peripheral tissues and 

cells Akt activity has been shown to regulate cell survival and metabolism, protein synthesis 

and gluconeogenesis and is a vital part of the insulin signalling pathway (Cho et al., 2001, 

Inoki et al., 2002, Li et al., 2007a).  

3.1.2 Insulin in the brain 

The role of insulin in the brain has not always been appreciated to the extent that it is 

today. Historically it was believed that insulin did not cross the BBB, as described in several 

studies in humans as recent as the 1970’s (Elgee et al., 1954, Havrankova et al., 1979). 

General acceptance of insulin in the brain has now been established by studies showing INSR 

in the brain of several mammalian species including humans (Gammeltoft et al., 1985, Hill et 

al., 1986, Werther et al., 1987). Insulin has been shown to cross the BBB through a saturable, 

receptor-mediated process, and its concentration in the brain was directly correlated to that 

in the periphery (Wallum et al., 1987, Pardridge et al., 1995, Banks et al., 1997). Expression of 

INSR protein demonstrated a distinct pattern in the brain with highest expression in the 

hypothalamus, olfactory bulb, choroid plexus, cerebral cortex and hippocampus (Havrankova 

et al., 1978, Hill et al., 1986, Werther et al., 1987, Folli et al., 1996). Interestingly, insulin 

administration directly into the brain, acting on hypothalamus, decreased glucose production 

in the periphery, reduced food intake and body weight in animal models (Woods et al., 1979, 

Brief and Davis, 1984, Obici et al., 2002). Inhibition of this pathway in neuron-specific insulin 

receptor knock-out mice (NIRKO) resulted in metabolic deregulation such as increased food 

intake, obesity and IR, indicating that insulin regulated peripheral metabolic processes 

(Bruning et al., 2000). Studies from in vitro and in vivo models also provided evidence for a 

role of insulin in neuronal survival, outgrowth, migration and differentiation, 

neurotransmitter release, synaptic plasticity, learning, memory and neurogenesis 

(Mulholland et al., 1992, Heidenreich, 1993, Dikic et al., 1994, Jonas et al., 1997, Wan et al., 

1997, Park et al., 2000, Kern et al., 2001, Schechter and Abboud, 2001, Zhao and Alkon, 2001, 
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Leopold, 2004, Chiu et al., 2008, Hurtado-Chong et al., 2009, Apostolatos et al., 2012, Monzo 

et al., 2013). 

3.1.3 Brain insulin dysregulation in metabolic disease 

The current interest of the effects of metabolic disorders such as diabetes on brain 

function has led several groups to investigate insulin signalling specifically in the brain and in 

brain cells and how this influences CNS dysfunction. Studies in both animals and humans 

have shown a relationship between peripheral insulin and/or IR and brain insulin levels (Stein 

et al., 1983, Kern et al., 2006). While increases in peripheral insulin can be mirrored in CSF in 

non-disease states, the onset of insulin resistance appears to reverse this correlation, 

showing decreased insulin in the brain despite high systemic concentrations (Schwartz et al., 

1990b). This may be due to a decrease in insulin receptor binding sites in brain capillary cells 

which leads to decreased insulin transport through the BBB as has previously been shown in 

obese Zucker rats compared to lean controls (Schwartz et al., 1990a). Upon insulin-

dependent INSR internalization the receptor is degraded. Although INSR mRNA is 

constitutively expressed independent of ligand binding its regulation is tissue and cell type 

specific, highlighting the importance of studying insulin signalling in different cell types 

(Hatada et al., 1989, Tewari et al., 1989). Previous cell models of chronic high insulin 

exposure resulted in degradation of the insulin receptor and prolonged attenuation of insulin 

signalling (Martin et al., 1983, McClain et al., 1987, Mayer and Belsham, 2010). This would 

result in a deficiency in brain insulin compared to peripheral insulin, which could explain 

some of the discrepancies in measurements of brain insulin levels dependent on the degree 

of IR (Craft et al., 1998). However, insulin has also been implicated in β-amyloid accumulation 

through promotion of β-amyloid secretion and inhibition of β-amyloid degradation by insulin 

degrading enzyme (Gasparini et al., 2001, Farris et al., 2003). These data suggest that either 

insulin deficiency or surplus may induce deleterious effects in neurons.  

The pathological relevance of decreased INSR expression was investigated in human 

post-mortem tissue by Steen and colleagues in 2005. A comparison of INSR mRNA expression 

between AD tissue and controls revealed reduced INSR in the hippocampus, hypothalamus 

and cortex, regions generally affected by neurodegeneration in AD (Steen et al., 2005). While 

this study was interesting and provided data to imply an alteration in insulin signalling in AD, 
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how diabetes or IR could increase the risk of AD remained unknown. In 2012 an incredibly 

intricate set of experiments quantifying insulin response in brain tissue from AD patients 

revealed brain IR that was correlated with cognitive decline (Talbot et al., 2012). Insulin was 

able to stimulate downstream activity of IRS proteins and Akt in normal brain tissue treated 

ex vivo, however, the same treatment did not produce these effects to the same extent in AD 

tissue samples (Talbot et al., 2012). This work strongly supported the involvement of 

dysfunctional insulin signalling in AD and prompted further investigations into the 

implications in AD-related brain pathology. 

In an attempt to discover the mechanisms behind IR and its implications in brain 

disease many animal models have been examined and will be discussed. Leptin deficient and 

leptin receptor knockout mice develop hyperglycemia and hyperinsulinemia and are used 

routinely as models for diabetes (Chehab et al., 2004). These genetic mouse models as well 

as models of diet-induced diabetes demonstrate a spectrum of AD-like pathologies that are 

exacerbated by cross-breeding with AD models (Kim et al., 2009, Takeda et al., 2010, Son et 

al., 2012, Wang et al., 2014). Although these models support the theory that diabetes is 

involved with brain dysfunction, they do little to unravel the specific mechanisms of 

interaction between diabetes and AD. Metabolic diseases such as T2D, involve a complicated 

mixture of hyperglycemia, hyperinsulinemia, hypertriglyceridemia, and inflammation, which 

makes it difficult to uncover specific effects on brain function. Moreover, genetic 

manipulation in animal models leads to secondary effects of gene disruption in addition to 

diabetes that would not be seen in humans, rendering data obtained from these models 

difficult to translate to human disease (Wang et al., 2014). 

Due to the limitations of previous studies, exactly how disrupted insulin signalling 

affects neuronal survival and function remains unclear. Several recent studies attempted to 

answer this question by examining neuronal models of IR. Studies conducted in SH-SY5Y cells, 

a neuroblastoma cell line, revealed that exposure to chronic insulin (CI) showed accumulation 

of autophagosomes, altered β-amyloid processing, and increased extracellular and 

intracellular β-amyloid. Gupta and colleagues developed a model of IR by exposing Neuro2A 

cells to CI. The latter investigations discovered that in addition to decreased insulin response, 

neurons exposed to CI also had β-amyloid accumulation and increased levels of 
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phosphorylated tau compared to controls (Gupta et al., 2011, Son et al., 2012). Insulin has 

also been shown to affect anti-apoptotic gene expression in primary mouse cortical neurons 

and protect against oxidative stress (Duarte et al., 2008). I sought to use IR as a model with 

which to study the effects on gene expression in neurons. Previous studies of IR in neurons 

examining post-translational mechanisms that contribute to neuronal loss have provided a 

platform for further research. Nevertheless, it was clear that additional explanations were 

required, as IR itself does not guarantee AD. The working hypothesis proposed in this chapter 

was that genetic determinants may predispose individuals with IR to neurodegeneration. I 

examined the gene expression changes associated with IR in neurons in order to identify the 

potential contributing factors of T2D and AD. 

 

3.2 Aims 

 Develop and optimize an in vitro model of insulin resistance in differentiated human 
neuronal cultures using chronic insulin treatment and phosphorylated Akt as a 
measure of insulin response 

 Using microarray technology, examine genome wide changes in transcript expression 
of insulin resistant neurons under the optimized conditions above 

 Identify and validate genes of interest that are modulated by insulin resistance that 
may contribute to AD 
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3.3 Methods 

3.3.1 Insulin resistance model in NT2 neurons 

NT2 cells were differentiated into neurons as in section 2.1.1.1. Harvested neurons 

were plated onto PDL and Matrigel™ coated 6-well plates at a density of 1 x 106 cells/well in 

Medio #0 (section 2.1.1.1). Cells were allowed to settle for seven days in order to extend 

their processes and become more mature. Media was changed to DMEM/F12 with 1% PSG, 1 

µM AraC and B27 supplement with (Gibco 12587-010) or without (Gibco A1895601) insulin. 

B27 supplement is optimal for neuronal maintenance and was chosen as a substitute for FBS, 

which contains unknown concentrations of insulin. Insulin (Sigma I1882) was prepared in 

H2O, pH 2 at a stock concentration of 1.5 mM. Either vehicle or insulin at a final 

concentration of 100 nM was added to appropriate wells and cells were incubated at 37 oC, 

5% CO2 for 48 hours with new insulin or vehicle added after 24 hours. After 48 hours of 

incubation media was removed and cells were rinsed once with PBS to remove insulin. 

DMEM/F12 with 1% PSG, 1 µM AraC and insulin free B27 was added to all wells and cells 

were incubated for two hours at 37 oC, 5% CO2. Cells were then treated with vehicle or 

insulin (10 nM) for 30 minutes for Western blot analysis or six hours for qRT-PCR analysis. A 

generalized outline of experimental conditions is shown in Figure 3.1. 

 

 

Figure 3.1 General outline for in vitro model of insulin resistance 

This figure is a visual representation of experimental protocol for in vitro model of insulin 
resistance. 
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3.3.2 Insulin resistance model in SH-SY5Y cells 

SH-SY5Y cells were differentiated into neurons as in section 2.1.2.1. On day eight, 

differentiation media was removed and 2 ml/well of neuronal culture media were added as 

outlined in Table 3.1. 

 

Table 3.1 Conditions for insulin resistance in SH-SY5Y neurons 

Chronic vehicle (CV) Chronic Insulin (CI) B27 Controls (CB27) 

Neurobasal A (Gibco 10888-022) 
Insulin-free B27 supplement  
Vehicle  
1 µM AraC 
1% PSG 

Neurobasal A 
 
Insulin-free B27 supplement  
100 nM Insulin 
1 µM AraC 
1% PSG 

Neurobasal A 
 
B27 Supplement  
 
1 µM AraC 
1% PSG 

 

Neurobasal A medium (Gibco 10888-022) has been shown to be optimal for culturing 

neuronal-like cells and maintaining a neuronal phenotype in SH-SY5Y cells (Brewer et al., 

1993). SH-SY5Y cells were incubated in the above conditions for 48 hours, with new insulin 

(100 nM) or vehicle added at 24 hours. After 48 hours of incubation media was removed and 

cells were rinsed once with PBS to remove insulin. Neurobasal A with AraC and 1% PSG was 

added to all wells and cells were incubated for two hours at 37 oC, 5% CO2. Cells were then 

treated with vehicle or insulin (10 nM) for 30 minutes for western blot analysis or six hours 

for qRT-PCR analysis (Figure 3.1). Where DMSO or wortmannin (Sigma W1628) treatment 

were included, drugs were added to cells simultaneously with acute insulin treatment. 

3.3.3 Immunocytochemistry 

Immunocytochemistry was carried out as described in section 2.3. 

3.3.4 Western blot analysis 

Western blot analysis was carried out as described in section 2.4.  
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3.3.5 Microarray analysis of insulin resistant NT2 neurons 

NT2 cells were differentiated into neurons as in section 2.1.1.1. Neurons were treated 

with CI as in section 3.3.1 to induce IR. After 48 hours of treatment, RNA was extracted for 

microarray analysis. Total RNA was extracted as described in section 2.5.1. RNA 

concentrations were between 567 ng/µl and 2.6 µg/µl with 260/280 ratios between 2.0 and 

2.1. RNA quality was analysed using the 2100 Bioanalyzer (Agilent Technologies). All samples 

had RNA integrity numbers of 10. RNA was then labelled and hybridised to Affymetrix 

Genechip® PrimeView™ Human Gene Expression Arrays according to manufacturer’s 

instructions by colleagues at New Zealand Genomics Limited (NZGL) (New Zealand Genomics 

Limited, 2015). Analysis of microarray data was completed by Louie Ranjard contracted by 

NZGL using the statistical language R, and normalised using the Robust Multi-array Average 

method. Differential expression comparison did not uncover any statistically significant 

differences; therefore, a paired samples block model was used to identify top 20 transcripts 

ordered by unadjusted p-values.  

3.3.6 qRT-PCR 

Gene expression analysis was carried out using qRT-PCR as described in section 2.5. 
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3.4 Results 

3.4.1 Characterization of differentiated NT2 neurons  

NT2 cells have been commonly used to study neuron specific cellular mechanisms as 

they can be differentiated using several different differentiation methods (Andrews, 1984, 

Kleppner et al., 1995, Coyle et al., 2011). A version of differentiation with aggregates was 

chosen for this study as it has been optimized by several members of the Dragunow lab and 

was significantly shorter than other methods (Guillemain et al., 2000, Podrygajlo et al., 2009, 

Coyle et al., 2011). This method was reported to yield a heterogeneous population of 

neurons that express β-III tubulin, microtubule-associated protein 2 (MAP2), synapsin and 

synaptotagmin (Podrygajlo et al., 2009). Expression of neuronal markers MAP2 and β-III 

tubulin in differentiated NT2 neurons was confirmed by immunocytochemistry (Figure 3.2A). 

However, nestin was also expressed in differentiated neurons, which was indicative of an 

immature cell type or undifferentiated NT2 cells (Ferrari et al., 2000). 

Phosphorylation of Akt at serine 473 (Ser473) has often been used as a read out of 

insulin response in cell culture experiments (Brazil and Hemmings, 2001, Lizcano and Alessi, 

2002). Although a previous study has utilised insulin treatment in differentiated NT2 neurons 

to decrease tau phosphorylation, Akt activity was not investigated (Greco et al., 2009). 

Examination of Ser473 phosphorylation levels by western blot after acute (30 minutes) 

exposure to insulin at 1, 10 and 100 nM showed phosphorylated Akt represented by a single 

band at the correct molecular weight between 50 and 75 kDa (approximately 60 kDa) (Figure 

3.2B). As expected there was a faint band representing phospho-Akt under vehicle treated 

conditions. This band remained unchanged with 1 nM insulin treatment but increased with 

treatment of insulin at 10 and 100 nM. The intensity of phospho-Akt was quantified relative 

to total Akt levels and when normalized to vehicle control a concentration-dependent 

increase in phosphorylated Akt with insulin treatment was observed (Figure 3.2C). Thus this 

experiment demonstrated that 10nM insulin treatment was sufficient to induce an increase 

in Akt phosphorylation this concentration. This concentration of insulin was therefore used in 

subsequent experiments for acute treatments to measure insulin responsivity.  
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Figure 3.2 NT2 neurons respond to insulin treatment by phosphorylating Akt 

A) Differentiated NT2 neurons were immunolabelled for neuronal markers MAP2, β-III 
Tubulin and Nestin.  Scale bar = 100 µm. 

B) Western blot analysis of phosphorylated (Ser473) and total Akt in NT2 neurons serum 
starved for two hours then treated with vehicle (Veh), or 1, 10 or 100 nM insulin (Ins) 
for 30 minutes. 

C) Quantification of protein bands in B). Phospho-Akt was normalized to total Akt, and 
then all values were normalized to vehicle control. 
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3.4.2 Insulin signalling is blunted in chronic insulin model of insulin resistance in NT2 

neurons  

In vitro IR models have previously been developed in several cell types including 

neurons (Stephens et al., 1997, Mayer and Belsham, 2010, Gupta et al., 2011). However, at 

the time this project began this had not been examined in human neuronal cells. The IR 

model used in this thesis was based on that of Gupta et al (2011), in Neuro2A mouse cells 

which involves treating cells chronically with high concentrations of insulin to mimic the 

hyperinsulinemic condition that often precedes IR and/or T2D (Weyer et al., 2000, Gupta et 

al., 2011). NT2 cells were differentiated into neurons then treated chronically with 1, 10, or 

100 nM insulin or vehicle (referred to as control for simplicity purposes) in serum free media 

for 48 hours (once every 24 hours). Acute insulin response was then examined following two 

hours of serum starvation. Western blot analysis was consistent with Figure 3.2B, control 

vehicle treated condition yielded a very faint band for phosphorylated Akt (Figure 3.3A). As 

expected phospho-Akt intensity was increased upon 10 nM insulin treatment for 30 minutes 

under control conditions. A concentration-dependent attenuation of phospho-Akt was 

observed under CI conditions of 10 and 100 nM insulin, indicating that the cells were no 

longer responding to acute insulin treatment. GSK3β is a kinase directly downstream of Akt 

and has been reported to be phosphorylated and therefore inhibited at serine 9 (Ser9) in 

response to insulin (Sutherland et al., 1993). Western blot analysis of GSK3β detected a 

doublet at the correct molecular weight of approximately 45 kDa. Since the antibody used is 

meant to be specific to the β isoform and not detect GSK3α, the additional band most likely 

represents the alternatively spliced GSK3β2 isoform that is abundant in the brain (Mukai et 

al., 2002). Treatment of NT2 neurons with acute insulin resulted in an increase in the 

intensity of the band for phospho-GSK3β, which was consistent with previous studies 

(Sutherland et al., 1993, Gupta et al., 2011). Furthermore, as with phospho-Akt, insulin 

induced phosphorylation of GSK3β was attenuated under chronic high insulin conditions in a 

concentration dependent manner. 

Treatment of neurons with 100 nM insulin for 48 hours was used to induce IR as the 

above results showed the optimal inhibition of insulin signalling. However, 48 hours of serum 

free media exposure appeared toxic to neuronal cultures. Further experiments in NT2 
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neurons were carried out in serum free media supplemented with insulin-free B27 (section 

3.3.1). NT2 neurons were treated with vehicle or 100 nM insulin for 48 hours (treated twice, 

24 hours apart), then placed in serum- and B27-free media for two hours prior to acute (30 

minutes) insulin treatment. Proteins were extracted and analyzed by western blot for 

phosphorylated and total Akt and GSK3β as in Figure 3.3A. This was repeated three times in 

neurons obtained from three independent differentiations of NT2 experiments. Band 

intensity was quantified using Image Studio (LiCOR) and normalized values were plotted in 

Figure 3.3B. Combined data from three separate experiments of band intensity was not 

significantly different for any of the conditions tested. However, each experiment 

demonstrated a similar trend. Control conditions (Insulin free B27 supplemented media 

treated with vehicle for 48 hours) revealed a 9.3-fold (± 6.1 (SEM), n = 3) increase upon acute 

10 nM insulin treatment. However CI resulted in 1.5-fold (± 1.0 (SEM), n = 3) increase in 

phospho-Akt upon acute insulin over vehicle treated. In addition basal phospho-Akt under CI 

conditions was increased 1.8-fold (± 1.1 (SEM), n = 3) over controls. Quantification of 

phospho-GSK3β intensity showed a 1.9-fold (± 0.46 (SEM), n = 3) increase with acute insulin 

treatment under control conditions. However acute insulin-induced GSK3β phosphorylation 

was slightly lower under CI compared to control conditions(1.2-fold (± 0.30 (SEM), n = 3)) 

increase with acute insulin treatment under CI conditions. Basal phospho-GSK3β levels were 

0.73 fold (± 0.12 (SEM), n = 3) lower under CI conditions compared to control. This 

experiment therefore supported a CI model of insulin resistance to investigate the effects of 

reduced insulin signalling on gene expression. 
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Figure 3.3 Chronic insulin treatment decreases insulin sensitivity in differentiated NT2 
neurons 

A) Differentiated NT2 cells were pre- treated (PT) for 48 hours (treated every 24 hours) 
with vehicle (Veh), 1, 10 or 100 nM insulin (Ins). Neurons were then serum starved for 
two hours and treated with vehicle or insulin (10 nM) for 30 minutes. Protein lysates 
were analyzed by western blot for phosphorylated (Ser473) and total Akt and GSK3β 
(Ser9). 

B) Conditions depicted by lanes 1, 2, 7 and 8 were repeated three more times to confirm 
desensitization to insulin. Western blot protein bands were quantified using Image 
Studio (LiCOR) software. Values were obtained from triplicate experiments. Phospho-
Akt and GSK3β were normalized to total Akt and GSK3β respectively, and then all 
values were normalized to vehicle control. Significance was evaluated using two-way 
ANOVA and Tukey’s multiple comparisons test. Differences were not statistically 
significant. 
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3.4.3 Genes involved in cholesterol metabolism are affected by insulin resistant 

conditions in NT2 and SH-SY5Y neurons 

The in vitro model of IR showed a reduction in insulin response in human neuronal 

cells by Akt and GSK3β phosphorylation. Akt is considered a master regulator of several 

signalling pathways in response to insulin treatment including gene expression (Brazil and 

Hemmings, 2001, Saltiel and Kahn, 2001, Lizcano and Alessi, 2002). The proceeding 

experiments investigated the effect of attenuated Akt activity in IR conditions on neuronal 

gene expression. 

3.4.3.1 Microarray analysis of insulin resistant NT2 neurons 

Microarray analysis enables an unbiased study of gene expression and has been used 

previously in neuronal cells to investigate conditions such as ischemia, β-amyloid toxicity, and 

nerve growth factor withdrawal (Kristiansen et al., 2011, Malik et al., 2012, Fernandes et al., 

2014). NT2 cells were differentiated into neurons as described in chapter 2 (section 2.1.1.1), 

and subjected to control (Insulin free B27 supplemented media + vehicle (CV)) or CI (100 nM 

insulin) conditions for 48 hours. Total RNA was extracted and split into aliquots for 

microarray analysis and for validation of gene hits by qRT-PCR. RNA samples were submitted 

to NZGL for microarray analysis as described in section 3.3.5. For analysis purposes samples 

were named as in Table 3.2. 

Table 3.2 Microarray sample nomenclature 

 Sample Name Differentiation Treatment 

1 
2 
3 
4 
5 
6 

DM0011 
DM0012 
DM0013 
DM0014 
DM0015 
DM0016 

1 
1 
2 
2 
3 
3 

CV 
CI 
CV 
CI 
CV 
CI 

Insulin free B27 supplemented media + vehicle (CV) 
Insulin free B27 supplemented media + 100nM Ins (CI) 
 
Quality control and statistical analysis was carried out by Louis Ranjard with NZGL. Several 

analysis parameters were used as quality control for the integrity of the submitted samples. 

Normalized data of all samples indicated samples were of good quality and displayed 
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standard intensity values. Unfortunately hierarchical clustering of normalized data revealed a 

grouping of differentiations together as opposed to treatment replicates (Figure 3.4). This 

indicated that the gene expression data differed more between replicates (or 

differentiations) than treatment conditions. Further analysis of gene expression changes 

revealed no significant differences between CV and CI treated samples when replicates were 

grouped together. Therefore a paired samples block model was used to analyse gene 

expression data. This method of analysis enabled the identification of gene changes from 

control and insulin resistant samples in each replicate experiment. The gene changes in 

common between differentiations 2 and 3 could then be identified. As depicted by Figure 3.4 

differentiation 1 was very different from 2 and 3 and therefore excluded from further 

analysis. The transcript hits from the two most similar experiments were therefore ordered 

according to unadjusted p-values and log of differential expression. The top 100 gene hits 

were investigated using the Gather online tool for pathway analysis (Chang and Nevins, 

2006). Gene ontology investigation revealed enrichment for genes involved in cholesterol, 

sterol and steroid metabolism and synthesis (Table 3.3) This result was quite interesting as a 

recent study in 2010 identified insulin as a regulator of brain cholesterol metabolism (Suzuki 

et al., 2010).  
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Figure 3.4 Cluster dendrogram of from microarray analysis of insulin resistant neurons 

Preliminary clustering of 6 arrays was performed using Spearman correlation coefficient to 
calculate pairwise distances between arrays. Ward method of clustering was used to create a 
dendrogram.  

DM0011, DM0013, DM0015 =controls for biological replicate 1, 2 and 3, DM0012, DM0014 
and DM0016= chronic insulin treated for biological replicate 1, 2 and 3. 
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Table 3.3 Gene ontology results from top 20 microarray gene hits  

 Gene Ontology Genes Listed 

DM0013 vs. 
DM0014 

GO:0006695 : cholesterol 
biosynthesis 

DHCR24 DHCR7 FDFT1 HMGCR HMGCS1 
IDI1 

GO:0016126 : sterol biosynthesis DHCR24 DHCR7 FDFT1 HMGCR HMGCS1 
IDI1 

GO:0008203 : cholesterol 
metabolism 

DHCR24 DHCR7 FDFT1 HMGCR HMGCS1 
IDI1 LDLR 

GO:0016125: sterol metabolism DHCR24 DHCR7 FDFT1 HMGCR HMGCS1 
IDI1 LDLR 

GO:0006694 : steroid biosynthesis DHCR24 DHCR7 FDFT1 HMGCR HMGCS1 
IDI1 

GO:0008202 : steroid metabolism DHCR24 DHCR7 FDFT1 HMGCR HMGCS1 
IDI1 LDLR 

GO:0006066 : alcohol metabolism DHCR24 DHCR7 FDFT1 GDPD2 HMGCR 
HMGCS1 IDI1 LDLR 

DM0015 vs. 
DM0016 

GO:0016126 : sterol biosynthesis DHCR7 FDFT1 HMGCR HMGCS1 SQLE 

GO:0016125 : sterol metabolism DHCR7 FDFT1 HMGCR HMGCS1 LDLR 
SQLE 

GO:0006694 : steroid biosynthesis DHCR7 FDFT1 HMGCR HMGCS1 SQLE 
STARD4 

GO:0008202 : steroid metabolism DHCR7 FDFT1 HMGCR HMGCS1 LDLR 
SQLE STARD4 

GO:0006695 : cholesterol 
biosynthesis 

DHCR7 FDFT1 HMGCR HMGCS1 

GO:0008203 : cholesterol 
metabolism 

DHCR7 FDFT1 HMGCR HMGCS1 LDLR 

GO:0008610 : lipid biosynthesis DHCR7 FDFT1 HMGCR HMGCS1 SCD 
SQLE STARD4 
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Several gene targets based on microarray results were selected for validation and are 

listed in Table 3.4 with the fold-changes obtained from the microarray analysis. These specific 

gene targets were chosen for their involvement in cholesterol metabolism and homeostasis 

which appeared to be the most affected by the chronic insulin treatment by gene ontology 

analysis. In addition, since the investigations by Suzuki and colleagues, (Suzuki et al., 2010) 

uncovered similar gene changes in diabetic mice, it was important to determine if this effect 

translated to human neurons. A comparison of species specific response was important in 

this case as a recent study has alerted to significant differences in insulin sensitivity between 

human and mouse neurons to cell death activation (Rhee et al., 2013). qRT-PCR analysis of 

gene array hits using RNA samples from microarray analysis confirmed the results from the 

microarray experiment (Figure 3.5). Differentiation 2 and 3 showed similar trend of increased 

expression of cholesterol related genes in CI conditions, although to a different extent. 

However since there were issues with consistency of gene expression data from repeated 

differentiations validation of gene hits was carried out with an alternative neuronal cell-line. 
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Table 3.4 Genes for validation of microarray experiment with fold change (FC) from 
microarray analysis 

Gene (FC) Full Gene Name Biological Role 

DHCR7 
1.5 7-Dehyrocholesterol reductase 

Enzyme involved in cholesterol 
biosynthesis, converts 7-
dehydrocholesterol to cholesterol, 
required for normal brain development 
(Moebius et al., 1998) 

LDLR 
3.3 Low density lipoprotein receptor 

Cell surface receptor, role in 
cholesterol homeostasis (Tolleshaug et 
al., 1982) 

FDFT1 
2.6 

Farnesyl diphosphate 
farnesyltransferase 1 

Enzyme involved in cholesterol 
biosynthesis, converts trans-farnesyl 
diphosphate to squalene (Do et al., 
2009) 

HMGCR 
2.7 

3-hydroxy-3-methylglutaryl CoA 
reductase 

Rate limiting enzyme in cholesterol 
biosynthesis, converts HMG-CoA to 
mevalonate (Goldstein and Brown, 
1990) 

IDI1 
3.1 

Isopentyl diphosphate delta 
isomerase 1 

Enzyme of the isoprenoid pathway 
involved in biosynthesis of vitamins, 
steroid hormones, sterols, and 
cholesterol (Paton et al., 1997) 

CYP51A1 
4.8 

Cytochrome P450, Family 51 
Subfamily A, Polypeptide 1 

Enzyme involved in cholesterol 
biosynthesis, converts lanosterol 
derivative to 7-dehyrocholesterol 
(Keber et al., 2011) 

 



CHAPTER 3 

 

63 

 

 

Figure 3.5 Validation of microarray hits in NT2 neurons 

RNA from microarray submission was used to confirm gene hits in NT2 neurons by qRT-PCR. 
NT2 cells were differentiated and treated with chronic vehicle (CV) or chronic insulin (CI) for 
48 hours. Extracted RNA was submitted for microarray analysis and kept for validation. qRT-
PCR gene expression is presented as a fold change (2-ΔΔCt) ± SEM compared to CV conditions. 
Each graph represents data from a single differentiation and experiment. 
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3.4.3.2 Insulin resistance model in SH-SY5Y neurons 

SH-SY5Y cells have been previously used to examine insulin signalling and can be 

differentiated into functional neurons that express neuronal markers (Haruta et al., 2000, 

Korecka et al., 2013). SH-SY5Y cells were differentiated according to (Korecka et al., 2013) as 

described in section 2.1.2.1. There were several methods for differentiation of SH-SY5Y cells, 

however this method specifically was chosen because it was well characterised and easily 

repeated with good neuronal yield.  

Cells were differentiated in 6-well plates for experiments. Immunocytochemistry was 

used to confirm expression of MAP2, β-III tubulin and Nestin in differentiated neurons (Figure 

3.6, carried out by Natacha Coppieters). In order to be confident that the concentrations and 

timepoints used were optimal, SH-SY5Y cells were serum starved then treated with 1, 10 or 

100 nM insulin for 30 minutes. In line with NT2 neuron experiments, there was a 

concentration-dependent increase in phospho-Akt with insulin treatment represented by an 

increase in band intensity by western blot (Figure 3.7A), which is quantified in Figure 3.7B. In 

addition, Akt activation by insulin was PI3K –dependent, as treatment with the PI3K inhibitor, 

wortmannin (and not its vehicle DMSO), abolished insulin-induced phospho-Akt. Time-course 

analysis was also carried out to determine optimal timepoints for detection of activated 

insulin signalling via Akt phosphorylation (Figure 3.8A). Cells demonstrated a time-dependent 

increase in phospho-Akt intensity by western blot, with maximal intensity (10-fold) observed 

at 15 minutes, but still significant at 30 minutes (8-fold) (Figure 3.8B). These results indicated 

that the conditions used in the previous NT2 model of IR would also be sufficient for the SH-

SY5Y cells.  
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Figure 3.6 Neuronal marker expression in differentiated SHSY5Y 

Differentiated SH-SY5Y neurons were immunolabelled for neuronal markers MAP2, β-III 
Tubulin and Nestin. Scale bar = 100µm. Staining was done by Natacha Coppieters. 
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Figure 3.7 SH-SY5Y cells respond to insulin in a concentration and PI3K-dependent manner 

A) Differentiated SH-SY5Y cells were serum starved for two hours then stimulated with 
vehicle (Veh), insulin (Ins), insulin and DMSO, or insulin and wortmannin (Wort) for 30 
minutes. Protein lysates were analyzed by western blot for phosphorylated (Ser473) 
and total Akt.  

B) Western blot protein bands in (A) were quantified using Image Studio (LiCOR) 
software. Phospho-Akt was normalized to total Akt, and then all values were 
normalized to vehicle control. This experiment was completed once. 
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Figure 3.8 SH-SY5Y cells respond to insulin in a time-dependent manner 

A) Differentiated SH-SY5Y cells were serum starved for two hours then stimulated with 
10 nM insulin (Ins) for 5, 15, 30, 60 or 120 minutes. Protein lysates were analyzed by 
Western blot for phosphorylated (Ser473) and total Akt.  

B) Western blot protein bands in (A) were quantified using Image Studio (LiCOR) 
software. Phospho-Akt was normalized to total Akt, and then all values were 
normalized to vehicle control. This experiment was completed once. 
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IR conditions were tested in SH-SY5Y cells to determine if CI would reduce insulin 

sensitivity and therefore downstream phosphorylation of Akt and GSK3β. SH-SY5Y cells were 

treated with vehicle, 100 nM insulin or kept in insulin-containing B27 media for 48 hours. 

Cells were then starved of insulin for two hours and treated for 30 minutes with vehicle or 

insulin. Western blot analysis of phospho-Akt revealed an 8.9-fold (± 3.0 (SEM), n = 3) 

increase with insulin treatment in control conditions (Figure 3.9A and B). However, SH-SY5Y 

cells exposed to CI conditions demonstrated reduced phospho-Akt induction in response to 

acute insulin depicted by a 3.3-fold (± 1.3 (SEM), n = 3) change over acute vehicle. 

Interestingly, SH-SY5Y cells maintained in media with B27 containing insulin also 

demonstrated a reduced response to insulin, similar to that of cells exposed to CI (1.9-fold (± 

0.6) over acute vehicle). Activation of GSK3β was also investigated by western blot and 

results were consistent with NT2 data. Western blot intensities of phospho-GSK3β upon 

insulin stimulation in CI conditions were reduced (1.5-fold (± 0.6 (SEM), n = 3)) compared to 

vehicle (2.1-fold (± 0.7)). In line with Akt activation in B27 media, acute insulin mediated 

GSK3β phosphorylation was minor (1.1-fold (± 0.4) over acute vehicle). 
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Figure 3.9 Chronic insulin induces insulin resistance in differentiated SH-SY5Y cells 

A) Differentiated SH-SY5Y cells were treated with vehicle (Veh), 100 nM insulin (Ins) or 
control conditions (B27) for 48 hours. Cells were then serum starved for two hours 
and treated with vehicle or insulin (10 nM) for 30 minutes. Protein lysates were 
analyzed by western blot for phosphorylated (Ser473) and total Akt and 
phosphorylated (Ser9) and total GSK3β.  

B) Western blot protein bands in A) were quantified using Image Studio software 
(LiCOR) .Values are obtained from triplicate experiments. Phospho-Akt, and phospho-
GSK3β were normalized to total Akt and GSK3β respectively, then all values were 
normalized to chronic vehicle control. Significance was evaluated using two-way 
ANOVA and Tukey’s multiple comparisons test. *(p < 0.05) indicates significant 
difference from chronic vehicle control.  

  



CHAPTER 3 

 

71 

 

3.4.3.1 Validation of microarray hits in SH-SY5Y neurons 

The in vitro model of IR in SH-SY5Y neurons was consistent with data obtained in NT2 

neurons and was therefore a practical platform to test the gene hits obtained from the 

microarray analysis in NT2 neurons. Based on the previous study by Suzuki et al, (Suzuki et 

al., 2010) and the qRT-PCR validation results from NT2 neurons the genes listed in Table 3.4 

were investigated in response to CI conditions in the IR model. Primers were tested for 

efficiency in differentiated SH-SY5Y cells (Table 2.3). It was necessary to determine the 

optimal treatment period for detection of gene expression changes in response to insulin. 

Since the study by Suzuki and colleagues, (Suzuki et al., 2010), examined gene expression in 

primary mouse neurons at six hours, timepoints between two and 24 hours after insulin 

treatment were tested to determine optimal treatment time in SH-SY5Y cells (Figure 3.10) Six 

hours provided the ideal time-point with the greatest changes in gene expression of most 

genes tested.  

 

 

Figure 3.10 Cholesterol related genes are regulated by insulin in a time-dependent manner. 

Differentiated SH-SY5Y cells were treated with 10 nM insulin for 0, 2, 4, 6, 8, or 24 hours. 
Quantitative RT-PCR was used to measure changes in gene expression normalized to 0 hour 
treatment condition and plotted as a fold change (2-ΔΔCt) ± SEM. Data was from duplicate 
samples from one experiment. 
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SH-SY5Y cells were subjected to CI (100 nM insulin), vehicle (CV) or B27 media (CB27) 

as in section 3.3.2 for 48 hours, then serum starved for two hours and treated with vehicle 

(V) or insulin (INS) for six hours. All gene expression levels were normalized to CV+V 

condition (Figure 3.11). Treatment of SH-SY5Y neurons with insulin for six hours after CV 

resulted in minor increases all the genes tested, with only HMGCR, IDI1 and CYP51A1 reached 

statistical significance. All six genes tested showed an increase with insulin treatment after CI, 

although the change in LDLR expression was not statistically significant. Interestingly, acute 

insulin treatment in CI compared to CV induced a significant increase in DHCR7, LDLR, FDFT1, 

HMGCR, and IDI1 expression. Similarly insulin treatment in CB27 showed gene expression 

increases above CV for DHCR7, LDLR, FDFT1, HMGCR and IDI1, although LDLR was not 

significant. This result was interesting since the insulin-dependent activation of Akt was 

inhibited it was expected that insulin-dependent increases in gene expression to be inhibited 

as well. Moreover, as with western blot data, CI and CB27 showed similar results. This data 

indicated that insulin signalling through Akt was perhaps not responsible for the gene 

expression changes observed in the IR model. The potential implications of these results will 

be considered in the following discussion section. 
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Figure 3.11 Cholesterol-related gene expression is modulated by insulin and insulin 
resistant conditions. 

Differentiated SH-SY5Y cells subjected to chronic vehicle (CV), Insulin 100 nM (CI), or B27 
media (CB27) were treated with vehicle (V) or insulin (10 nM) (INS) for six hours. Quantitative 
RT-PCR was used to measure changes in gene expression normalized to vehicle plotted as a 
fold change (2-ΔΔCt) ± SEM. Data was from duplicate samples from three individual 
experiments. Significance differences were evaluated using two-way ANOVA and Tukey’s 
multiple comparison tests, comparing either to CV condition (#), or vehicle treatment within 
chronic groups (*). Significance is indicated, ***, ### (p < 0.001), **, ## (p < 0.01), *, # (p < 
0.05). 
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3.5 Discussion 

The present chapter was designed to determine gene changes associated with IR in 

human neurons. IR was generally defined as the lack of response to insulin, specifically to 

insulin’s glucose lowering effects in the periphery.  

The study of IR and its effects in whole organisms is made difficult by the many 

different mechanisms by which IR develops as well as the variety of cell types that are 

susceptible (Petersen and Shulman, 2006, Sullivan et al., 2008, Lo et al., 2013). Furthermore, 

there is evidence that insulin signalling in the brain and its dysregulation may affect 

peripheral IR, obesity and diabetes, which further complicates the study of brain IR (Bruning 

et al., 2000, Inoue et al., 2006). 

In vitro models of IR have identified several factors that contribute to the lack of 

response to insulin. In adipocytes, IR has been induced by TNFα, glucocorticoid or CI 

treatment, or hypoxia (Hotamisligil et al., 1993, Andrews and Walker, 1999, Houstis et al., 

2006, Regazzetti et al., 2009). In a study comparing all four of these conditions on Akt 

activation, CI was the most effective in inhibiting the insulin response (Lo et al., 2013). 

Previously CI has also been used to model IR in neurons, and these studies identified several 

pathological effects such as INSR and IRS protein degradation, β-amyloid accumulation and 

altered β-amyloid processing (Haruta et al., 2000, Duarte et al., 2008, Gupta et al., 2011, Son 

et al., 2012). For these reasons CI was considered as a suitable model of IR in NT2 neurons in 

the present study. 

3.5.1 Chronic insulin as a model of insulin resistance in human neurons 

The CI model has demonstrated a decrease in insulin response in both NT2 and SH-

SY5Y neurons by measurement of Akt and GSK3β phosphorylation. These results were 

consistent with previous CI models of IR in neurons (Mayer and Belsham, 2010, Gupta et al., 

2011, Kim et al., 2011). Insulin stimulation results in phosphorylation of GSK3β thereby 

deactivating the kinase, which is prevented in IR (Wagman et al., 2004, Henriksen and 

Dokken, 2006). Activated GSK3β has been shown by many groups now to phosphorylate tau 

on residues that contribute to tangle formation and active, not inactive GSK3β was found 

with tau bearing tangles in human brain (Lovestone et al., 1994, Hong and Lee, 1997, Pei et 
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al., 1999, Cavallini et al., 2013). GSK3β has also been shown to impede neuronal 

differentiation and maintain progenitors in a pluripotent state (Ahn et al., 2014). GSK3β was 

recently presented as a therapeutic target, as pharmacological inhibition of the kinase 

reverses β-amyloid-induced CREB/brain-derived neurotrophic factor (BDNF) downregulation, 

leading to improved neuronal survival (Tang et al., 2014). Additionally, in high fat diet models 

of cognitive deficits a GSK3β inhibitor improved peripheral triglycerides, cholesterol, and 

insulin sensitivity as well as brain BDNF levels and memory and learning (Sharma and Taliyan, 

2014). Although the improvement seen in the brain may be the result of reduced peripheral 

complications induced by GSK3β inhibition, it has presented a potential therapeutic avenue 

to pursue. Activation of p70S6K and extracellular signal-related kinase (ERK) was also 

investigated, as both proteins have been shown to be affected by IR. Unfortunately western 

blot analysis did not show any consistent differences between CI and vehicle treated 

conditions. Many other known downstream targets in the insulin signalling pathway have 

been shown to be affected by IR (Cao et al., 2007, Mayer and Belsham, 2010, Gupta et al., 

2011, Kim and Feldman, 2012). However, since focus of this chapter was to determine gene 

changes, evidence of blunted insulin signalling provided by Akt and GSK3β was considered 

sufficient. 

3.5.2  Insulin resistance in human neurons alters the expression of genes involved in 

cholesterol and lipid metabolism  

Microarray analysis of insulin resistant NT2 neurons revealed an enrichment for genes 

involved in cholesterol synthesis and metabolism, which was in congruence with RNA Seq 

experiments in adipocytes (Lo et al., 2013). Further validation of a subset of cholesterol 

mediating genes in SH-SY5Y cells showed differential expression of transcripts corresponding 

to HMGCR, IDI1, FDFT1, CYP51A1, DHCR7 and LDLR proteins in response to six hours insulin 

stimulation under CI conditions as well as in control media with B27. This also indicated that 

concentrations of insulin in B27 supplement are likely to be high enough to induce IR in long 

term culture of neuronal cells, which is concerning. Studies done by Suzuki and colleagues 

have shown a decrease in expression of the genes analyzed here in a mouse model of T1D 

and in obese insulin resistant db/db mice (Suzuki et al., 2010). Both type I diabetic and obese 

db/db models are insulin deficient, therefore one might expect IR models to demonstrate the 
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same phenotype or pathology as a result of decreased insulin signalling. However, in contrast 

to the aforementioned study, insulin resistant NT2 neurons showed the opposite gene 

regulation. Despite the fact that there was decreased Akt phosphorylation in response to 

acute insulin treatment after CI, there was an increase in cholesterol-related genes compared 

to CV. A possible explanation for this phenomenon might be that insulin is able to signal 

independently of Akt, which has been shown in the liver (Lu et al., 2012). It would be 

interesting to identify related pathway activation in neurons that are responsible for 

regulation of cholesterol metabolism in insulin resistant conditions. 

Cholesterol is important for axonal growth, myelination, and remodelling in the 

developing and mature CNS. It is also important for lipid rafts which are involved in protein 

trafficking, sorting, anchoring and export as well as cell signalling and axonal guidance 

(Guirland and Zheng, 2007, Murai, 2012). Newmann Pick C disease, which shows similarities 

with some AD pathologies, also exhibits accumulation of free cholesterol (Ohm et al., 2003, 

Xiong et al., 2008). Additionally, β-amyloid treatment of neurons in vitro decreased 

cholesterol turnover, accumulation, and protein trafficking (Mohamed et al., 2012, Pierrot et 

al., 2013). This data was supported by a recent microarray study demonstrating changes in 

steroid and lipid metabolism-related genes of cortical neurons after treatment with β-

amyloid (Malik et al., 2012). Taken together, these data strongly implicated a dysregulation 

of cholesterol homeostasis in the progression of AD. Perhaps cholesterol homeostasis in the 

brain is a very delicate balance, and even minute perturbations, would cause a cascade of cell 

disruption as has been previously suggested (Anchisi et al., 2012). This may indeed be the 

case, as increases in cholesterol has led to more simple dendritic arbours, and 

pharmacological inhibition of HMGCR leads to augmented neurite outgrowth, length and 

branching in in vitro models, although this may be cholesterol-independent (Ko et al., 2005). 

A recent publication revealed that diabetic mice have deficiencies in the cholesterol 

sensor, SREBP cleavage activating protein (SCAP), and partial deletion of SCAP in brain 

resulted in impairment in synaptic transmission and cognitive function, and this was 

consistent with cholesterol metabolism dysregulation (Suzuki et al., 2013). The previous 

study by Suzuki et al., (2010) had shown a reduction in the transcription factor SREBP2 in 

diabetic mouse models, which caused a disruption in synaptic protein expression (Suzuki et 
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al., 2010). However, the CI condition tested in this chapter revealed no significant difference 

in SREBP2 mRNA expression compared to CV or CB27, nor was it modified by insulin 

treatment. This is in congruence with a study in 2008 which had shown no difference in 

SREBP expression in brains of AD patients compared to controls (Xiong et al., 2008). Although 

cholesterol in neurons is vital, the majority of cholesterol in the brain is synthesized by cell 

types such as astrocytes and other glia (Dietschy, 2009). It is currently not known to what 

extent insulin resistance modulates cholesterol turnover in astrocytes. Future studies 

examining insulin –dependent cholesterol metabolism in additional cell types of the CNS 

would provide useful information on the effects of IR on total brain cholesterol production. 

In summation of the results demonstrated here, cholesterol related gene expression 

was altered by IR compared to control conditions. Cholesterol metabolism is important in 

neuronal function, therefore this study offered a potential mechanism for neuronal 

dysfunction in insulin resistant AD brains. Although this study used a CI induced model of IR, 

insulin signalling is also sensitive to circulating inflammation as outlined in the introduction. 

Currently it is unknown whether inflammation affects cholesterol gene expression in human 

neurons. Since inflammation is prevalent in both T2D and AD it would be interesting to know 

whether a similar gene expression pattern would be demonstrated in inflammatory 

conditions. 

3.5.3 Caveats 

The present study of IR in human neurons although informative does come with 

several caveats. It is advantageous to use human neurons over rodents to avoid possible 

species specific differences (Wan et al., 1997, Sullivan et al., 2008, Bunner et al., 2014). 

However, NT2 cells are immortalized cells that do not originate from the brain (Andrews, 

1984). Therefore results may be influenced by the cells origin or the genetic background 

associated with the cancer lineage. Additionally although the differentiation protocol chosen 

for these studies is one of the shortest in the literature for these cells, the timeline from 

starting with NT2 cells to obtaining neurons is five to six weeks. Selective trypsinization is 

used to select for neurons, however, this produces a heterogeneous mixture that varies 

between differentiations. Consistent results are difficult to obtain using these methods. SH-

SY5Y cells were then used as a substitute as they can be differentiated directly in the wells 
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for experiments, with no selective trypsinization required. Experiments conducted in SH-SY5Y 

cells were much more consistent and therefore more ideal for the experiments in this 

chapter. 

Microarray analysis offers an unbiased examination of gene changes associated with a 

specific condition or treatment and is a useful tool for obtaining a large amount of 

information. However, the statistical analysis required for such an analysis is best suited to 

strong effects. For the experimental conditions tested here, it would have been ideal to 

include acutely insulin treated samples treated chronically with vehicle or insulin to identify 

genes that are normally induced by acute insulin. However this was not plausible for financial 

reasons and due to the low yields of NT2 neurons. 

Ideal experiments would be done in adult human neurons, and perhaps in the future 

this will be more plausible, however, at the moment adult human neurons are difficult if not 

impossible to come by (Park et al., 2012). Recent work using fibroblast cells from AD patients 

differentiated into neurons provide a promising solution to the present challenge. Neuronal 

cells produced in this manner demonstrate pathologies consistent with disease, enabling 

scientists to test therapeutics and examine molecular mechanisms of disease in a very 

translatable platform (Israel et al., 2012). 

3.5.4 Conclusions 

Two different human neuronal cell lines were used to develop a CI-induced model of 

IR. Inhibition of insulin response was confirmed using western blot for phosphorylated Akt 

and GSK3β. This model of IR was then used to investigate the gene expression changes 

associated with IR in neurons. Microarray analysis revealed IR neurons to have altered 

expression of genes involved in cholesterol metabolism and these were validated by qRT-

PCR. Contrary to what would be expected, IR produced an increase in cholesterol metabolism 

gene expression compared to CV, insulin deficient, condition. CI is one of the many 

contributing factors to the development of IR. Whether alternative conditions, such as 

increased TNFα, which is a significant contributor to IR and AD, affect cholesterol metabolism 

regulation is currently unknown (Clark et al., 2012). Future studies to determine the effects 

of these gene changes in neurons, in relation to cellular cholesterol content and subsequent 

neuronal function and survival could be of value in AD by providing novel therapeutic targets. 
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These studies have shown that reduced insulin signalling in human neurons resulted 

in changes in gene expression relevant to physiological processes, supporting this mechanism 

as a possible contributor to the known association of T2D/IR/metabolic syndrome to AD. 

However, as discussed in section 1.3.2, inflammation is another potential mechanistic link 

between these major human diseases and this will be further evaluated in the following 

chapters of this thesis. 
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CHAPTER 4: Pericytes as Messengers of Systemic Inflammation to the Brain  

4.1 Introduction 

Systemic inflammation occurring in T2D and related metabolic disorders is a major 

driver of systemic disease. In addition, systemic inflammation, as reviewed in the 

Introduction, may contribute to inflammation and disease progression in the brain and has 

been suggested as one of the mechanisms linking metabolic dysfunction to 

neurodegeneration. Indeed neuronal damage and dysfunction as a result of excessive 

inflammation has been established, however how systemic inflammation is communicated to 

and then propagated within in the CNS remains poorly understood. The focus of this chapter 

is the investigation of the effects of cytokines generated during systemic inflammation on 

brain inflammatory processes and on cells lining the brain vasculature that are in key 

locations for peripheral to CNS exchange . 

4.1.1 Cytokines and chemokines, the language of systemic inflammation 

Systemic inflammation as it pertains to T2D is characterized by increased levels of 

circulating cytokines such as TNFα, IL-1β, and IL-6 (Hotamisligil, 2006). In particular, two 

chemokines recently identified by our group to be produced in mixed glial cultures in 

response to IFNγ treatment, (IFNγ inducible protein-10 (IP-10) and MCP-1) have also been 

implicated in both T2D and AD (Sartipy and Loskutoff, 2003b, Israelsson et al., 2010, Nawaz 

et al., 2013, Kauwe et al., 2014). These two chemokines have also shown to contribute to 

BBB permeability and neurodegeneration in animal models of peripheral inflammation (Paul 

et al., 2014, Chai et al., 2015). IP-10 or C-X-C motif ligand 10 (CXCL10) as the name suggests is 

a chemokine known to be induced by IFNγ (Luster et al., 1987). IP-10 has been shown to play 

a vital role in effector T-cell response and recruitment (Dufour et al., 2002). The mechanism 

of action for this is through IP-10 binding the C-X-C motif receptor 3 on T-cells and natural 

killer cells, as well as other immune related cell types (Loetscher et al., 1996, Garcia-Lopez et 

al., 2001). Monocyte chemoattractant protein-1 (MCP-1) also known as C-C motif ligand 2 
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(CCL2), is a chemokine involved in chemotaxis of peripheral monocytes to sites of 

inflammation by binding to CCR2 (Shi and Pamer, 2011). CCR2 is expressed mostly on 

monocytes but has also been found on haematopoetic stem cells, as well as natural killer 

cells (Si et al., 2010). MCP-1, on the other hand, can be induced in a number of cells 

including, but not limited to, fibroblasts, epithelial cells, endothelial cells, neurons, microglia, 

and astrocytes in response to inflammatory stimuli (Rollins and Pober, 1991, Struyf et al., 

1998), and reviewed (Reaux-Le Goazigo et al., 2013).  

4.1.2 Pericytes as mediators of inflammatory signals  

Brain inflammation occurs in a number of neurological (e.g.: Epilepsy, AD, Parkinson’s 

disease, motor neuron disease) and psychiatric (Schizophrenia, Depression) diseases and is 

generally thought to worsen disease symptoms and progression (Amor et al., 2010, Monson 

et al., 2014). Although many different brain cells are likely to be involved in brain 

inflammation, most attention has focused on the role of non-neuronal brain cells, especially 

microglia and astrocytes (Abbott et al., 2006, Graeber, 2010, Aguzzi et al., 2013). More 

recently, there has been an appreciation that perivascular cells may also be involved in brain 

inflammation. In particular, brain pericytes, which surround endothelial cells and are critical 

in the development and maintenance of the BBB, may be targets as well as effectors of brain 

inflammatory processes (Alcendor et al., 2012, Paul et al., 2012). As mentioned previously, 

BBB breakdown is a major factor in inflammation related brain disease and systemically 

derived brain inflammation.  

Pericytes are a part of the neurovascular unit (NVU) that makes up the BBB. The NVU 

is comprised of endothelial cells, pericytes, astrocytes, neurons, and microglia, and is an 

intricate security system for the brain. Each component of the NVU is essential, performing 

multifactorial roles in physiological brain function. Pericytes of the NVU are responsible for 

regulating molecular and cellular entry from the blood, endothelial gene expression, BBB 

development and maintenance, controlling capillary action, as well as cellular differentiation, 

recruitment and survival (Lindahl et al., 1997, Armulik et al., 2010). Within the NVU pericytes 

are located in optimal position between vascular, neuronal and glial cells to coordinate 

communication between the periphery and the CNS (Winkler et al., 2011). This is made 

possible by the high ratio of pericytes to endothelial cells in the CNS (1:3-1:1), compared to 
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the periphery (1:10-1:100) (Shepro and Morel, 1993, Winkler et al., 2012). Due to its ability to 

spread finger-like projections, a single pericyte can make contacts with several endothelial 

cells (Allt and Lawrenson, 2001). Indeed pericytes make physical contacts with endothelial 

cells by way of gap junctions expressing connexin-43, allowing for direct molecular exchange 

(Bobbie et al., 2010). Pericytes aid in the migration of endothelial cells to the vascular areas 

in the CNS, and in the formation of endothelial tight junctions (Daneman et al., 2010). Partial 

pericyte deficiency results in brain microvascular reduction, diminished BBB integrity, 

accumulation of cytotoxic molecules in the brain and increased microglial activation (Bell et 

al., 2010). The severity of symptoms observed in pericyte deficiency was correlated with 

increased age and degree of pericyte loss, and led to neurodegeneration and 

neuroinflammation (Bell et al., 2010). Further studies of pericyte deficiency have shown that 

pericyte loss exacerbated AD-like pathologies in mice, and caused learning and memory 

impairments (Sagare et al., 2013). Interestingly retinal pericyte loss is among the earliest 

symptoms associated with diabetic retinopathy in animal models as well as humans (Enge et 

al., 2002, Hammes et al., 2002, Mancini et al., 2013). Inflammation has been shown to 

contribute to pericyte loss associated with diabetic retinopathy as deletion of TNFα 

prevented pericyte apoptosis and subsequent blood-retinal barrier breakdown (Huang et al., 

2011). Unfortunately there is a high failure rate for drugs developed in animal models to 

treat human brain disorders (Chico and Watterson, 2012). This may be due to many factors 

such as differences in brain anatomy, gene expression, immune cell functions or difficulties 

matching age of animals to human equivalents. Hence, it is clear that more work needs to be 

undertaken to identify pathways specifically involved in human brain inflammation. Together 

these studies demonstrated that pericytes play a critical role in BBB maintenance but that 

they may also be its Achilles heel. Due to their sensitivity to central and systemic 

inflammation, pericytes provide novel potential therapeutic targets for brain inflammatory 

disease with peripheral origins. 

4.1.3 Pericytes from human brain tissue as a source to study species specific immune 

responses 

The culture of primary human brain cells has been utilized by our group to study 

human specific processes in vitro. Mixed in vitro cultures from adult human brain tissue have 
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been characterized by several groups (Newcombe et al., 1988, De Groot et al., 1997, Gibbons 

et al., 2007). More recent work in our laboratory has identified pericytes as the primary cells 

obtained from dissociated cultures of human brain tissue (Karow et al., 2012, Smith et al., 

2013b, Jansson et al., 2014). In addition, human brain pericytes treated with IFNγ were able 

to secrete IP-10 and MCP-1 in the presence and absence of microglia or astrocytes. This 

pointed towards the potential of pericytes as mediators of inflammatory responses (Smith et 

al., 2013b). Previous in vitro models of the BBB involve the use of animal or transformed 

human pericytes and brain microvascular endothelial cells (Sano et al., 2010). To date this has 

not been explored in adult human brain-derived primary cells. I sought to investigate the 

effects of inflammatory molecules on human brain derived cells (pericytes, astrocytes and 

microglia) that are in key locations for communicating inflammatory signals from the body to 

the brain. 

4.2 Aims 

 Characterize pericytes in mixed glial cultures from adult human brain with respect to 
expression of pericyte markers 

 Investigate the expression of chemokines IP-10 and MCP-1 in response to pro-
inflammatory cues by cells from mixed glial cultures and pericytes alone 
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4.3 Methods 

4.3.1 Primary cell culture 

Primary human brain cells were cultured as described in section 2.2.1. 

4.3.2 Cell treatment with cytokines 

Cytokines (Table 4.1) were originally dissolved in 0.1% BSA (Gibco 30036578) in PBS, 

aliquoted and stored at -80 oC. At time of treatment cytokines were prepared at dilutions of 

100x final concentrations in 0.1% BSA in PBS. 1 µl of appropriate cytokine was added per well 

of 96-well plate in wells containing a total volume of 100 µl/well of complete media. 

 

Table 4.1 Pro-inflammatory cytokines used to treat primary human brain cell cultures 

Human recombinant IFNγ  R&D Systems 285-1F 

Human recombinant IL-1β  PeproTech 200-01B  

Human recombinant TNFα  Peprotech 300-01A 

LPS  Sigma 090612 

 

4.3.3 Immunocytochemistry 

Immunocytochemical labelling of cells, image acquisition, and image analysis was 

carried out as described in section 2.3. 

4.3.4 Western blot analysis 

Western blot analysis was carried out as described in section 2.4. 
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4.4 Results 

4.4.1 Characterization of mixed glial cultures from human brain reveals the presence of 

human brain pericytes 

Primary cells from adult human brain tissue biopsied from surgery for treatment 

resistant epilepsy brain tissue was cultured as described (section 2.2). It was hypothesized 

that the majority of cells obtained from the dissociated cultures represented a population of 

cells that line the microvasculature of the brain. In order to determine the origin of the in 

vitro cell culture population characterization by immunocytochemistry was carried out in 

cells from passage two. Initially it was hypothesized that these cells were fibroblast-like cells 

as they stained positively for fibronectin, and prolyl-4 hydroxylase (P4H), both of which are 

markers for fibroblast cells (Figure 4.1). However, further investigation revealed that these 

cells also stained positively for pericyte markers alpha smooth muscle actin (αSMA), 

neural/glial antigen 2 (NG2) and platelet-derived growth factor receptor beta (PDGFRβ) 

(Figure 4.1). Positive staining for any of these markers alone is not definitive; however, 

positive staining for the combination indicated a high likelihood that these cells were indeed 

pericytes. 
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Figure 4.1 Characterization of mixed glial cultures from adult human brain.  

Immunocytochemistry of cells at passage two isolated from human brain tissue were positive 
for fibronectin (A and D), prolyl-4 hydroxylase (P4H) (B and E), platelet-derived growth factor 
receptor beta (PDGFRβ) (C and F) (green), NG2 (A-C), alpha smooth muscle actin (αSMA) 
(red) (D-F), glial fibrillary acidic protein (GFAP)(green) and CD45 (red) (G), overlaid with 
Hoechst (blue). Scale bar = 100 µm. 

 

Early passage cultures comprised additional cell types as well as pericytes. There were 

also microglia and astrocytes present in passage two cultures, however in very low ratios in 

comparison to pericyte numbers. Composition of the mixed glial cultures varies from case to 

case, but there were <1% GFAP positive cells (astrocytes) and 15-25% CD45 positive cells 

(microglia)((Smith et al., 2013b) and unpublished observations). No endothelial cells were 

detected in any of the cultures using antibodies for endothelial cell markers (data not 

shown). In this initial culture there were approximately 72 (± 6(SEM), n = 3)% of cells that 

stained positively for αSMA, 87 (± 7 (SEM), n = 3)% positive for PDGFRβ and 67 (± 8 (SEM), n = 

3)% positive for both αSMA and PDGFRβ (Figure 4.2A). Primary human microglia and 

astrocytes generally do not divide and were therefore lost from the cultures with passaging 

and totally absent by passage five. Comparison of αSMA and PDGFRβ expression in passage 

two and passage five cultures revealed a significant increase in the proportion of cells that 

express both markers with higher passage (Figure 4.2B). By passage five nearly all cells 

present express αSMA and PDGFRβ. It was therefore concluded that the predominant cells in 

later passage cultures were pericytes.  
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Figure 4.2 The predominant cells in cultures isolated from human brain tissue are positive 
for pericyte markers. 

A) Immunocytochemical analysis of cells isolated from human brain tissue at passage 
five show positive staining for both αSMA (red) and PDGFRβ (green) and Hoechst 
(blue). Scale bar = 100 µm 

B) Immunocytochemical staining of cells isolated from human brain tissue at passage 
two and five for both αSMA and PDGFRβ was quantified using MetaXpress™ Image 
Analysis software. Values were plotted as a percentage of the total cells measured by 
Hoechst staining ± SEM. Data was from triplicate wells, four images per well, from 
three cases. The Mann-Whitney non-parametric test was used to determine 
significance, *** (p < 0.0005), ** (p < 0.005), * (p < 0.05). 

 

4.4.2 Cells from dissociated mixed glial cultures activate NFκB in response to TNFα, IL-1β, 

and LPS but not IFNγ 

Several studies in rodent cells have shown that pericytes from the brain may play a 

role in the pro-inflammatory response (Kovac et al., 2011, Matsumoto et al., 2014). 

Activation and subsequent nuclear localization of NFκB is often used as a marker of an 

immune activation (Lentsch and Ward, 1999, Li and Verma, 2002). Therefore, NFκB 

translocation was examined in primary human brain mixed glial cultures treated for two 

hours with pro-inflammatory activators IFNγ, TNFα, IL-1β or LPS. Activation of NFκB is often 

measured by the nuclear translocation of the p50 and p65 subunits (Viatour et al., 2005). 

Immunocytochemical staining of the p65 subunit revealed cytoplasmic staining under vehicle 

and IFNγ treated conditions in CD45, GFAP and αSMA positive cells (microglia, astrocytes and 

pericytes (Figure 4.3, Figure 4.4, and Figure 4.5 respectively). However, two hour treatment 

with TNFα, IL-1β or LPS resulted in clear nuclear localization of the p65 subunits in microglia, 

astrocytes and pericytes, indicating an activation of the NFκB pathway (Figure 4.3, Figure 4.4, 

and Figure 4.5 respectively). 
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Figure 4.3 NFκB p65 translocates to the nucleus after treatment with TNFα, IL-1β, and LPS 
in microglia from mixed glial cultures. 

Mixed glial cultures treated with vehicle (Veh), IFNγ (10 ng/ml), TNFα (50 ng/ml), IL-1β (10 
ng/ml) or LPS (10 ng/ml) for two hours then labelled with antibodies for NFκB p65 (green), 
CD45 (red) and Hoechst (blue). Scale bar = 100 μm. Images are representative of experiments 
done in triplicate, repeated in two cases. 
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Figure 4.4 NFκB p65 translocates to the nucleus after treatment with TNFα, IL-1β, and LPS 
in astrocytes from mixed glial cultures. 

Mixed glial cultures treated with vehicle (Veh), IFNγ (10 ng/ml), TNFα (50 ng/ml), IL-1β (10 
ng/ml) or LPS (10 ng/ml) for two hours then labelled with antibodies for NFκB p65 (green), 
GFAP (red) and Hoechst (blue). Scale bar = 100 μm. Images are representative of experiments 
done in triplicate, repeated in two cases. 
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Figure 4.5 NFκB p65 translocates to the nucleus after treatment with TNFα, IL-1β, and LPS 
in pericytes from mixed glial cultures. 

Mixed glial cultures treated with vehicle (Veh), IFNγ (10 ng/ml), TNFα (50 ng/ml), IL-1β (10 
ng/ml) or LPS (10 ng/ml) for two hours then labelled with antibodies for NFκB p65 (green), 
αSMA (red) and Hoechst (blue). Scale bar = 100μm. Images are representative of experiments 
done in triplicate, repeated in two cases. 

 

4.4.3 Mixed glial cultures express chemokines IP-10 and MCP-1 in response to 

inflammatory cues 

Previous work in our lab had revealed that our primary cells secreted proteins into 

media in response to IFNγ (Smith et al., 2013b). Specifically, chemokines IP-10 and MCP-1 

were secreted in the presence (early passage cells) and absence (late passage) of microglia or 

astrocytes (late passage). Since both chemokines have been previously implicated in systemic 

inflammation present in metabolic disorders (see section 4.1.1) and may be responsible for 

recruitment of peripheral immune cells to the brain, further investigations into the source 

and regulation of IP-10 and MCP-1 is imperative. Using quantitative immunocytochemistry, 

expression of IP-10 and MCP-1 was characterized in mixed glial cultures. The image analysis 

software allows for quantification of total cells by Hoechst as well as number of positive cells 

stained with the antibody of interest and the staining intensity. Previous work in mixed glial 

cultures revealed an increase in IP-10 and MCP-1 secretion from mixed glial cultures (Smith 

et al., 2013b). Quantification of IP-10 and MCP-1 positive cells in response to IFNγ treatment 

by quantitative immunocytochemistry confirmed those results (Figure 4.6A). Induction of IP-

10 and MCP-1 protein expression in response to TNFα, IL-1β and LPS was also examined. 

There was a concentration dependent increase in MCP-1 after IL-1β, TNFα and LPS treatment 

(Figure 4.6B, C and D respectively). In comparison, IP-10 was only induced by IFNγ, and TNFα 

at the highest concentrations tested, although induction was concentration dependent with 

LPS. IL-1β induced IP-10 expression, but only marginally at the highest concentration tested. 

It is also important to note that IP-10 expression was not detectable basally, while MCP-1 

expression was found in 32 (± 1 (SEM), n = 3)% of cells in untreated conditions. 
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Figure 4.6 Mixed glial cultures express chemokines IP-10 and MCP-1 when stimulated with 
pro-inflammatory molecules.  

Quantification of cells immunocytochemically positive for IP-10 or MCP-1 in mixed glial 
cultures after 24 hour treatment with vehicle (Veh), (IFNγ) (A), TNFα (B), IL-1β (C) or LPS (D) 
using MetaXpress™ Image Analysis software. Values were plotted as percentages of total 
cells measured by Hoechst positive cells ± SEM. Data was from triplicate wells, four images 
per well, from two cases. Data was tested for normality using D’Agostino and Pearson 
omnibus test for normality then analyzed using the non-parametic Kruskal-Wallis and Dunn’s 
multiple comparison tests. Significance difference from vehicle is indicated by *** (p < 
0.001), ** (p < 0.01), * (p < 0.05). 
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4.4.4 IP-10, but not MCP-1, is synergistically induced in mixed glial cultures when treated 

with IFNγ and TNFα or IL-1β 

An inflammatory condition will rarely constitute the upregulation of a single cytokine, 

but rather many cytokines, chemokines and other inflammatory molecules (Hotamisligil, 

2006, Kovac et al., 2011). This is certainly the case in obesity-related systemic inflammation 

(reviewed (Wellen and Hotamisligil, 2005). Therefore the response of the mixed glial cultures 

to a combination of IFNγ and TNFα, IL-1β, or LPS treatment was examined.  

Quantification of the immunocytochemical data revealed an increase in number of 

cells expressing IP-10 when IFNγ was combined with either TNFα or IL-1β, treatment over 

IFNγ, TNFα or IL-1β alone (Figure 4.7A). Interestingly, although the combination of IFNγ and 

LPS increased the number of cells expressing IP-10 by only 20% above LPS alone, there was a 

further 4-fold increase in the intensity of IP-10 staining by the combination, indicating a 

strong synergistic increase in overall protein expression per cell (Figure 4.7B). The number of 

cells stained positively for MCP-1, as well as the intensity of staining was increased 

significantly over vehicle in all conditions except for IFNγ (Figure 4.7C and D). The 

combination treatment of IFNγ with TNFα, IL-1β or LPS had no effect on number of cells 

expressing MCP-1, and had only a minor effect on intensity of MCP-1 stain with IFNγ and 

TNFα treatment. This is most likely due to the fact that MCP-1 was expressed basally and 

with single cytokine conditions. 
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Figure 4.7 IP-10 is induced synergistically in mixed glial cultures when treated with IFNγ 
and TNFα or IL-1β. 

Mixed glial cultures were treated for 24 hours with vehicle (Veh), TNFα (50ng/ml), IL-1β (10 
ng/ml) or LPS (10 ng/ml) ± IFNγ (10 ng/ml), then fixed and labelled with antibodies for IP-10 
(A and B) or MCP-1 (C and D). Staining was quantified using MetaXpress™ Image Analysis 
software. Values were plotted as percentages of total cells as measured by Hoechst positive 
cells (A and C) or integrated intensity of positive cells normalised to vehicle (B and D) ± SEM. 
Data was from triplicate wells, four images per well, from two cases. Significance was 
evaluated using two-way ANOVA and Tukey’s multiple comparison tests. Significant 
difference is indicated *** (p < 0.001), ** (p < 0.01), * (p < 0.05), not significant (n.s.). 
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4.4.5 IP-10 and MCP-1 expression is increased in αSMA positive pericytes in response to 

pro-inflammatory cytokines in a mixed glial culture context  

As outlined above, mixed glial cultures contain microglia, astrocytes and pericytes. 

Therefore, in order to determine the individual contribution of each cell type to the detected 

increase in IP-10 and MCP-1 expression, cells were co-labelled with cell specific markers for 

either pericytes (αSMA), microglia, (CD45), or astrocytes (GFAP). Immunocytochemical 

examination of IP-10 and MCP-1 in the mixed glial cultures co-labelled with αSMA 

established that pericytes specifically expressed both chemokines (Figure 4.8). In fact, 

quantification of IP-10 and MCP-1 expression in αSMA positive cells revealed that the pattern 

of chemokine expression induced by the cytokine treatment closely mirrors that of mixed 

cultures (Figure 4.9). This can be explained by the fact that pericytes were the predominant 

cell type in these cultures. However, one difference worth drawing attention to is that MCP-1 

was expressed in 13 (±4 (SEM), n = 3)% of αSMA positive cells under basal conditions. This 

value was much lower than MCP-1 positive cells when considering all cells in the mixed 

culture. This result indicated that microglia or astrocytes were the primary contributors of 

MCP-1 under basal conditions.  
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Figure 4.8 IP-10 and MCP-1 are induced in αSMA positive pericytes in response to pro-
inflammatory cues in mixed glial cultures. 

Representative images of pericytes in a mixed glial cultures context treated for 24 hours with 
vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml) or LPS (10 ng/ml) ± IFNγ (10 ng/ml) labelled 
with antibodies for IP-10 (A) or MCP-1 (B)(green), αSMA (red) and Hoechst (blue), scale bar = 
100 μm.  
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Figure 4.9 Cytokine treatment is required to induce IP-10, but not MCP-1, expression in 
pericytes 

Mixed glial cultures were treated with with vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml) 
or LPS (10 ng/ml) ± IFNγ (10 ng/ml) for 24 hours, then fixed and labelled with antibodies for 
IP-10 (A) or MCP-1 (B) and αSMA. Staining was quantified using MetaXpress™ Image Analysis 
software. Values were plotted as a percentage of the αSMA positive cells that were also IP-10 
or MCP-1 positive, of the total cells measured by Hoechst ± SEM. Data was from triplicate 
wells, four images per well, from two cases. Significance was evaluated using two-way 
ANOVA and Tukey’s multiple comparison tests. Significant difference is indicated *** (p < 
0.001), not significant (n.s.). 
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4.4.6 Treatment with cytokines increases IP-10, but not MCP-1, expression in microglia 

and astrocytes 

Co-labelling mixed glial cultures with cell specific markers for microglia (CD45) (Figure 

4.10), or astrocytes (GFAP) (Figure 4.12) revealed cell specific expression of IP-10 and MCP-1 

in response to cytokine treatment. Interestingly, microglia expressed both IP-10 and MCP-1 

under basal conditions, (28 (± 3 (SEM), n = 3)% and 74 (± 7 (SEM), n = 3)% respectively) 

(Figure 4.11). Alternatively IP-10 expression in astrocytes in untreated conditions was 

undetectable, while virtually all astrocytes expressed MCP-1 (Figure 4.13). Taken together 

this data indicated that microglia alone contributed to IP-10 expression basally, while the 

majority of MCP-1 expression originated from microglia and astrocytes. 

Quantification of the number of CD45 (Figure 4.11A) and GFAP (Figure 4.13A) positive 

cells expressing IP-10 also indicated that the effect of combining LPS and IFNγ was pericyte 

specific. There was no significant change in the total number of astrocytes or microglia in 

response to any of the treatments (data not shown). MCP-1 expression appeared to be 

pericyte specific, as basal expression of MCP-1 was detected in 74 (± 7 (SEM), n = 3) and 98 (± 

2 (SEM), n = 3)% of all CD45 positive microglia (Figure 4.11B) and GFAP positive astrocytes 

(Figure 4.13B) in these cultures under vehicle treated conditions respectively.  
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Figure 4.10 IP-10 and MCP-1 expression in CD45 positive microglia in mixed glial cultures 

Representative images of microglia in a mixed glial culture context treated for 24 hours with 
vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml) or LPS (10 ng/ml) ± IFNγ (10 ng/ml) labelled 
with antibodies for IP-10 (A) or MCP-1 (B)(green), CD45 (red) and Hoechst (blue). Scale bar = 
100 μm. 
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Figure 4.11 Cytokine treatment is required to induce IP-10, but not MCP-1, expression in 
microglia 

Mixed glial cultures were treated with with vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml) 
or LPS (10 ng/ml) ± IFNγ (10 ng/ml) for 24 hours, then fixed and labelled with antibodies for 
IP-10 (A) or MCP-1 (B) and CD45. Staining was quantified using MetaXpress™ Image Analysis 
software. Values were plotted as a percentage of the CD45 positive cells that were also IP-10 
or MCP-1 positive, of the total cells measured by Hoechst ± SEM. Data was from triplicate 
wells, four images per well, from two cases. Significance was evaluated using two-way 
ANOVA and Tukey’s multiple comparison tests. Significant difference is indicated *** (p < 
0.001), ** (p < 0.01), not significant (n.s.). 
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Figure 4.12 IP-10 and MCP-1 expression in GFAP positive astrocytes in response to pro-
inflammatory cues in mixed glial cultures 

Representative images of astrocytes in a mixed glial culture context treated for 24 hours with 
vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml) or LPS (10ng/ml) ± IFNγ (10ng/ml) labelled 
with antibodies for IP-10 (A) or MCP-1 (B)(green), GFAP (red) and Hoechst (blue). Scale bar = 
100μm. 
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Figure 4.13 Cytokine treatment is required to induce IP-10, but not MCP-1, expression in 
astrocytes 

Mixed glial cultures were treated with vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml), LPS 
(10 ng/ml) ± IFNγ (10 ng/ml) for 24 hours, then fixed and stained for IP-10 (A) or MCP-1 (B) 
and GFAP. Staining was quantified using MetaXpress™ Image Analysis software. Values were 
plotted as a percentage of the GFAP positive cells that were also IP-10 or MCP-1 positive, of 
the total cells measured by Hoechst ± SEM. Data was from triplicate wells, four images per 
well, from two cases. Significance was evaluated using two-way ANOVA and Tukey’s multiple 
comparison tests. Significant difference is indicated *** (p < 0.001).* (p < 0.05).  

 

4.4.7 Pericytes respond to inflammatory cues in the absence of typical immune cells 

Initial examination of an inflammatory response in mixed glial cultures using NFκB 

translocation as a read-out had showed NFκB nuclear translocation in response to TNFα, IL-

1β and LPS. However, the presence of microglia and astrocytes in mixed cultures made it 

difficult to assess the specific response of pericytes to the cytokines added. Since microglia 

and astrocytes do not generally divide in culture microglia and astrocyte deficient cultures 

were obtained after several passages. These cultures were approximately 90% positive for 

αSMA and PDGFRβ as stated above (Figure 4.2B). Initial experiments to test NFκB response 

were consistent with mixed culture results. NFκB nuclear translocation was observed by 

immunocytochemistry after TNFα, IL-1β and LPS but not with IFNγ or vehicle treatment 

(Figure 4.14). 
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Figure 4.14 Pericytes respond to inflammatory cues by 
inducing nuclear translocation of NFκB in the absence 
of microglia or astrocytes 

Immunocytochemistry of NFκB p65 staining (green) in 
primary human brain pericytes treated for two hours 
with vehicle (Veh), IFNγ (10 ng/ml), TNFα (50 ng/ml), 
IL-1β (10 ng/ml), or LPS (10 ng/ml). Nuclei were 
labelled with Hoechst (blue). Scale bar = 100μm. 
Images are from one representative experiment that 
was repeated in three separate cases. 
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4.4.8 Pericytes exhibit increased expression of IP-10 and MCP-1 with cytokine treatment 

in the absence of microglia or astrocytes 

Analysis of the mixed glial cultures did indeed reveal high basal or induced expression 

of IP-10 and MCP-1 expression in vitro by microglia, astrocytes and pericytes. However, the 

individual role of pericytes in IP-10 and MCP-1 expression in response to systemic 

inflammation could not be determined in mixed cultures. Therefore, later passage, microglia 

and astrocyte-free pericyte cultures were exposed to TNFα, IL-1β, LPS with or without IFNγ, 

and analysed by immunocytochemistry for IP-10 and MCP-1 expression. Results were similar 

to that of mixed glial cultures. Immunocytochemical quantification of IP-10 positive cells 

revealed there was little or no detectable induction by any treatment alone (IFNγ, TNFα, IL-

1β, or LPS) (Figure 4.15A). However, the combination treatment of IFNγ + TNFα, IFNγ + IL-1β, 

or IFNγ + LPS maximally induced expression in 97 (± 1 (SEM), n = 3)%, 77 (± 0.2 (SEM), n = 

3)%, or 64 (± 6 (SEM), n = 3)%, of cells respectively after 24 hours of treatment. Of notable 

difference between mixed glial cultures and pericyte cultures is the induction of IP-10 by LPS 

in the presence of microglia and astrocytes. Pericytes alone did not appear to express IP-10 in 

response to LPS treatment. Furthermore, expression of MCP-1 as seen by 

immunocytochemistry was consistent with western blot data, basally 31 (± 3 (SEM), n = 3)% 

of cells expressed MCP-1 protein (Figure 4.15B). Upon treatment with IFNγ, TNFα, IL-1β or 

LPS the percentage of cells expressing MCP-1 increased to 56 (± 4 (SEM), n = 3)%, 81 (± 1 

(SEM), n = 3)%, 59 (± 4 (SEM), n = 3)%, and 32 (± 3 (SEM), n = 3)% respectively. There was a 

small but significant increase in MCP-1 expression by the combination treatments. 
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Figure 4.15 Cytokine-induced IP-10 and MCP-1 expression in pericytes in the absence of 
microglia or astrocytes 

Pericyte cultures were treated with vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml), LPS (10 
ng/ml) ± IFNγ (10 ng/ml) for 24 hours, then fixed and stained for IP-10 (A) or MCP-1 (B). 
Staining was quantified using MetaXpress™ Image Analysis software. Values were plotted as 
a percentage of IP-10 positive, of the total cells measured by Hoechst ± SEM. Data was from 
triplicate wells, four images per well, from three cases. Significance was evaluated using two-
way ANOVA and Tukey’s multiple comparison tests. Significant difference is indicated *** (p 
< 0.001). 

 

4.4.9 Pericytes secrete IP-10 and MCP-1 in response to pro-inflammatory cytokines 

IP-10 and MCP-1 are chemokines that are generally secreted and influence the 

recruitment of immune cells to sites of inflammation. In order to ascertain whether the 

induced chemokine translation resulted in chemokine secretion in pericytes, western blot 

analysis of conditioned media was performed. Western blot analysis of pericyte lysates and 

media revealed that treatment with IFNγ as well as TNFα, IL-1β and LPS for 24 hours induced 

translation as well as secretion of MCP-1 but not IP-10 (Figure 4.16). Previous experiments in 

mixed glial cultures had revealed the combination of IFNγ with TNFα, IL-1β or LPS to have a 

synergistic effect on IP-10 expression in pericytes; therefore the combination cytokine 

treatments on pericyte only cultures were also examined. Western blot data revealed that 

although IP-10 is undetectable in response to any of the above treatments alone, in 

combination there was an increase in translation and secretion of IP-10 after 24 hours of 

treatment with IFNγ and TNFα, IL-1β or LPS. In contrast to results from mixed cultures MCP-1 

expression and secretion were enhanced by the combination treatment in pericytes alone.  
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Figure 4.16 IP-10 and MCP-1 are expressed and secreted by primary human brain pericytes. 

Pericytes treated with vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml), or LPS (10 ng/ml) ± 
IFNγ (10 ng/ml) for 24 hours. Cell lysates and conditioned media were analyzed for IP10 and 
MCP-1 protein expression by western blot analysis. Images are representative of experiments 
repeated in three cases.  
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In order to determine if induced expression of IP-10 and MCP-1 in response to cytokine 

treatment in pericytes was a transient occurrence, time-course analysis was performed. 

Immunocytochemical data of pericytes treated for up to 96 hours revealed that the effect of 

cytokine-induced chemokine expression was time-dependent with maximal percentage of 

cells expressing IP-10 between six and 24 hours (Figure 4.17A), and MCP-1 between two and 

48 hours (Figure 4.17B). Accompanying the increase in protein expression in cells was a 

sustained increase in secretion lasting at least 72 hours for IP-10 and 96 hours for MCP-1 

(Figure 4.18). This data suggests that IP-10 and MCP-1 can be reduced after acute immune 

challenge. However, brain pericyte-specific regulation of these chemokines in chronic 

inflammatory conditions, which are characteristic of T2D and AD, was unknown, and was 

addressed in chapter 6. 
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Figure 4.17 Pericyte IP-10 and MCP-1 induction by pro-inflammatory cytokines is time-
dependent  

Pericytes treated with vehicle (Veh), TNFα (50ng/ml), IL-1β (10ng/ml), or LPS (10ng/ml) ± 
IFNγ (10ng/ml) for the indicated times were analyzed by immunocytochemistry for IP-10 (A) 
and MCP-1 (B) expression. Staining was quantified using MetaXpress™ Image Analysis 
software. Values were plotted as percentages of total cells measured by Hoechst ± SEM. Data 
is representative of experiments repeated in two cases. 
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Figure 4.18 Pericytes demonstrate sustained IP-10 and MCP-1 secretion by pro-
inflammatory cytokines for up to four days after treatment 

Western blot analysis of conditioned media from pericyte cultures in response to treatment 
of TNFα (50 ng/ml) (A), IL-1β (10 ng/ml) (B), or LPS (10 ng/ml) (C), with IFNγ (10 ng/ml) for up 
to 96 hours revealed IP-10 and MCP-1 secretion. Western blots are representative of 
experiments repeated in two cases. 
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4.5 Discussion 

This chapter describes the examination of the effects of inflammatory stimuli on 

primary adult human brain derived cells. The mixed cell populations stained positively for 

microglia, astrocyte, fibroblast and pericyte markers. Since microglia and astrocytes do not 

normally proliferate in culture, after passaging, only pericyte and fibroblast cells remain 

(Gibbons et al., 2007, Gibbons et al., 2011, Smith et al., 2013a). Using a number of markers in 

this and previous studies (CD45, PU.1, and GFAP) I am confident with the identification of 

microglia and astrocytes in our cultures (Gibbons et al., 2007, Gibbons et al., 2011, Smith et 

al., 2013a). Inflammatory cues such as IFNγ, TNFα, IL-1β and the bacterial endotoxin LPS, are 

commonly found elevated in conditions such as T2D, obesity and metabolic syndrome 

(Tremaroli and Backhed, 2012, Odegaard and Chawla, 2013). A thorough examination of 

chemokine expression and secretion in response to these immune stimuli has revealed much 

concerning the role not only of typical brain immune cells, but also of human brain pericytes 

in neuroinflammation. 

4.5.1 Pericytes are the predominant cell type in mixed glial cultures from human brain 

More recently, using markers of pericytes (αSMA, PDGFRβ, NG2) and fibroblasts (P4H, 

fibronectin) the proliferative population of cells from adult human brain cultures has been 

identified predominantly as pericytes. However, currently there is much debate in the 

literature about the in vitro identification of pericytes and in particular how they are 

distinguished (or not) from mesenchymal stem cells or fibroblasts, because there is no one 

specific marker for any of these cells (Vandenhaute et al., 2011, Chen et al., 2013). The fact 

that fibronectin was detected in our cultures was in line with earlier studies as fibronectin 

has been shown to be expressed in pericyte cell lines (Kose et al., 2007). Furthermore αSMA 

was expressed in pericytes at different levels dependent on state of differentiation and 

treatment conditions as well as location on capillaries (Nehls and Drenckhahn, 1991, Verbeek 

et al., 1994, Dore-Duffy et al., 2011, Pieper et al., 2014) (and unpublished observations). 

PDGFRβ was a more widely used marker for pericytes, however was also expressed in other 

cell types such as fibroblasts and astrocytes and can be upregulated in response to stresses 

such as injury and inflammation (Reuterdahl et al., 1991, Reuterdahl et al., 1993, Heldin and 
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Westermark, 1999). In double-label studies it was found that 70-90% of the cells (depending 

upon passage number) expressed both αSMA and PDGFRβ. The other pericyte marker used 

here was NG2 which was a marker commonly used to identify pericytes, however was also 

present in meningeal fibroblast and other precursor cell types (Morgenstern et al., 2003, 

Karram et al., 2005). For the above reasons, although operationally these cells have been 

defined as pericytes (based on αSMA, PDGFRβ and NG2 staining), it is possible that they 

represented a mixed cell population that may have additionally contained mesenchymal 

stem cells and fibroblast-like cells. Many markers used here are present in fibroblasts, 

vascular smooth muscle cells, mesenchymal stem cells and pericytes to different extents. In 

fact, there is evidence for cells existing as a spectrum of the above cell types and are 

therefore impossible to identify with exact certainty at this time (Armulik et al., 2005). For 

simplicity purposes the later passage cultures will be referred to as pericytes for the 

remainder of the thesis. It is important to note that positive staining for endothelial cell 

markers was not observed. This may have been due to the fact that supplements specific for 

endothelial cell culture were not used, as has been done in previous studies (Bernas et al., 

2010, Tigges et al., 2012). Another very important cell population that was not present in the 

mixed glial cultures was neurons. Although there was evidence of immature neuronal marker 

expression in these cultures, adult neurons either did not survive after resection of the brain 

tissue, or were sensitive to the conditions of isolation (Park et al., 2012). Nevertheless, the 

presence of pericytes allowed for the study of vital inflammatory processes from primary 

human brain tissue and was a valuable and precious resource.  

4.5.2 Pericytes are responsive to immune stimulation in culture 

A common indicator of an inflammatory response is translocation of the transcription 

factor NFκB to the nucleus, therefore this has been used as an initial marker of a pro-

inflammatory state (Lentsch and Ward, 1999, Li and Verma, 2002). Under our standard basal 

cell culture conditions, the human brain-derived microglia, astrocytes and pericytes 

expressed only cytoplasmic NFκB staining suggesting that these cells under our normal 

culture conditions were in a non-immunologically-activated state, making them a powerful 

system for studying human brain inflammation in vitro. To activate these cells cytokines IFNγ, 

TNFα and IL-1β as well as the bacterial endotoxin LPS were used. These immune stimuli have 
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been commonly found elevated in conditions of chronic peripheral and central inflammation 

(Glass et al., 2010, Tremaroli and Backhed, 2012, Meraz-Rios et al., 2013, Odegaard and 

Chawla, 2013).  

It has been shown that both the early (mixed glial) and late (pericyte only) cultures 

were able to respond to inflammatory cues by induction nuclear translocation of NFκB from 

the cytoplasm. This result was consistent with previous work in rodent astrocytes, microglia, 

leptomeninges and more recently by Guijarro-Munoz and colleagues in human pericyte cells 

in response to LPS (Quan et al., 1997, Wu et al., 2005, Gorina et al., 2011, Guijarro-Munoz et 

al., 2013). However, nuclear translocation of NFκB with IFNγ treatment was not observed, 

which was controversial in other studies (Sizemore et al., 2004, Shultz et al., 2009). 

Interestingly, NFκB nuclear localization has been shown to be increased in pericytes from 

diabetic patients compared to controls (Romeo et al., 2002). Additionally, inhibition or 

blockade of the NFκB pathway has been shown to protect from LPS-induced neurotoxicity 

(Zhang et al., 2010, Lee et al., 2012). This uncovers potential targets for anti-inflammatory 

drug development, which is supported by in vitro evidence in human brain cells from our 

group and others (Guijarro-Munoz et al., 2013). 

4.5.3 Microglia and astrocytes are not necessary for an immune response 

Quantification of chemokine expression in the mixed cultures revealed a higher level 

of expression of IP-10 in microglia and MCP-1 in both microglia and astrocytes, under basal 

and treated conditions compared to pericytes. Analysis of IP-10 and MCP-1 expression by 

pericytes in the presence or absence of microglia and astrocytes has revealed similar 

responses in both conditions. There was a synergistic induction of IP-10 by pericytes in 

response to combination of IFNγ and TNFα/IL-1β or LPS in the presence or absence of other 

cell types. However, whilst LPS alone induced pericyte MCP-1 expression in the presence or 

absence of microglia and astrocytes, IP-10 induction by LPS was only observed in pericytes in 

the context of early passage cultures containing microglia and astrocytes. This may be due to 

factors released specifically by the microglia and astrocytes themselves in response to LPS 

that cause IP-10 induction in pericytes. Alternatively, it might be due to changes in pericytes 

with passaging. Currently in our laboratory, investigations of secreted proteins by mixed glial 

and pericyte only cultures in response to inflammatory stimuli are underway. This 
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information will offer vital clues as to the full potential of pericytes as messengers of 

inflammatory signals and the contribution of microglia and astrocytes to this process. 

4.5.4 Differential regulation of IP-10 and MCP-1 

Although IP-10 and MCP-1 are both chemokines, they are regulated by different 

mechanisms. IP-10 transcription has been shown to be induced by activation of several 

pathways including NFκB, JAK/STAT, and PI3K in a cell specific manner (Mendez-Samperio et 

al., 2009, Williams et al., 2009). Synergism of IP-10 expression induced by IFNγ together with 

TNFα or IL-1β has been documented, however this was also cell type specific (Yeruva et al., 

2008, Liu et al., 2011). In the current study basal expression of IP-10 in pericytes and 

astrocytes was undetectable; however microglia basally expressed the protein in 

approximately 20% of cells. This was consistent with low levels of basal IP-10 secretion in 

human mixed glial cultures and mouse microglia shown in the past (Shen et al., 2006, Smith 

et al., 2013b). The induction of IP-10 protein expression in response to cytokine treatment 

was increased in a similar fashion in each cell type examined here, although a higher 

percentage of microglia expressed IP-10 than pericytes or astrocytes in all conditions 

examined. 

Expression of MCP-1 is largely regulated at the mRNA level by transcription factors 

NFκB, activating protein-1 (AP-1), and specificity protein-1 (Sp1) in a tissue specific and 

stimulus specific manner (Ueda et al., 1994, Deng et al., 2013). In particular activation of 

NFκB and AP-1 by TNFα or IL-1β has shown to induce MCP-1 mRNA transcription, Sp1 is 

responsible for basal expression of MCP-1 (Ueda et al., 1994, Tsou et al., 2012). While there is 

evidence of Sp1 expression in microglial and astrocytes, expression in human brain pericytes 

is unknown (Liu et al., 2005, Lee et al., 2008a). Different expression levels of Sp1 in microglia 

and astrocytes compared to pericytes could explain the increased basal expression of MCP-1 

(100% of microglia and astrocytes) compared to pericytes (20%).  

Furthermore, MCP-1 has been shown to be synergistically induced by IFNγ + IL-1β, 

however this was also cell type-dependent (Struyf et al., 1998). Additionally, LPS and IFNγ 

have been shown to synergize in immune pathway activation in macrophages, however this 

has not been shown in pericytes (Kovarik et al., 1998). While cytokine treatment increases 

expression of MCP-1 in pericytes, no significant change was observed in microglia or 
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astrocytes, which appeared to be already basally activated in this regard. Perhaps this is due 

to the necessity of MCP-1 expression to maintain homeostatic conditions and provide 

neuroprotection, requiring basal expression in some cell types. This is consistent with the 

previous studies where MCP-1 knock-down decreased advantageous inflammatory cell 

activation and increased neurotoxicity (El Khoury et al., 2007, Godefroy et al., 2012). 

Alternatively MCP-1 expression has also shown to be responsible for transmission of 

peripheral LPS-induced inflammatory response to the CNS (Thompson et al., 2008). The 

combined interpretation of the above studies may be that basal MCP-1 is important for 

physiological immune communication from the periphery to the brain, such as in sickness 

behaviour, however in access can be pathological. Nevertheless, given that chemokines IP-10 

and MCP-1 were secreted by pericytes in response to inflammatory cues, this supports a role 

for pericytes in recruitment of immune cells in conditions of peripheral or central 

inflammation. 

4.5.5 Pericytes as mediators of inflammatory signals to and within the central nervous 

system 

Anatomically, pericytes surround endothelial cells and are in contact with astrocytes, 

neurons and other glial cells. Together these cells comprise the NVU (Nakagawa et al., 2007, 

Morris et al., 2009). Experiments presented in this chapter have shown that αSMA positive 

pericytes secreted chemokines and cytokines into media in response to pro-inflammatory 

cues in the absence of microglia or astrocytes. These results supported previous studies using 

human and mouse brain pericytes showing immune activation with LPS (Kovac et al., 2011, 

Guijarro-Munoz et al., 2013). The current studies build on and extend previous work to show 

that a range of cytokines, in addition to LPS, can cause pro-inflammatory immune activation 

of human brain pericytes and therefore implicates these cells in the interaction of systemic 

and CNS immune signalling.  

The role of IP-10 in autoimmune T1D has been extensively investigated, although it is 

unclear to what extent IP-10 is involved in T2D pathogenesis (Christen and von Herrath, 

2004). Interestingly both IP-10 and MCP-1 levels were increased in T2D patients and 

correlated with progression of diabetic retinopathy (Sartipy and Loskutoff, 2003b, Nawaz et 

al., 2013, Sajadi et al., 2013). Induced MCP-1 expression has been shown in T-cell infiltration 
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areas and increased immune cell recruitment in animal models of central and systemic 

inflammation (Carrillo-de Sauvage et al., 2012, Sagar et al., 2012, Cazareth et al., 2014). This 

may be in part due to the ability of MCP-1 to enhance permeability of BBB as shown in co-

culture models of endothelial cells and astrocytes (Stamatovic et al., 2005). Increased 

expression of IP-10 and MCP-1 has also been implicated in metabolic syndrome, AD and HIV-

related dementia and has shown to induce neuronal toxicity in in vitro models (Xia et al., 

2000, Sui et al., 2004, Tanuma et al., 2006, Carrillo-de Sauvage et al., 2012, Mehla et al., 

2012). Alternatively several studies of AD rodent models with knockout of MCP-1 or its 

receptor (CCR2) demonstrated increased pathologies such as increased β-amyloid 

accumulation and more severe cognitive impairment (El Khoury et al., 2007, Kiyota et al., 

2013). The evidence is quite clear that these two chemokines play a role in inflammation and 

possibly neurodegeneration in the brain. IP-10 and MCP-1 have also been implicated in the 

pathogenesis of diabetes and other related metabolic syndromes and have been shown to 

play critical roles in promoting the peripheral inflammatory response in impaired metabolic 

states (Sartipy and Loskutoff, 2003a, Schulthess et al., 2009, Herder et al., 2011, Faber et al., 

2013, Sajadi et al., 2013, Baturcam et al., 2014) and reviewed (Ota, 2013). The current study 

revealed regulatory mechanisms of chemokine production by human brain pericytes and 

offered this as a possible mechanism for the communication of systemic inflammation signals 

to the brain.  

4.5.6 Pericytes as dynamic cellular components of the BBB interface 

Other groups have also shown that pericytes can secrete factors that are essential for 

proper BBB functioning and can affect gene and protein expression in surrounding 

endothelial cells (Armulik et al., 2010, Shimizu et al., 2011). Co-culture studies of brain 

pericytes and endothelial cells indicated an important role in maintenance of haemostasis as 

well as BBB permeability to pathogens such as HIV-1 in human and mouse cells respectively 

(Kim et al., 2006, Dohgu and Banks, 2013). Cytokine-induced release of chemokines and 

other inflammatory mediators by pericytes may be able to act in an autocrine and paracrine 

fashion to damage cells of the neurovascular unit and disrupt the BBB. An example of this has 

been shown by disruption of endothelial junctions by MCP-1, which is impairs proper BBB 

maintenance and functioning (Stamatovic et al., 2005, Roberts et al., 2012). Although it has 
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been discovered that pericytes have differential roles in foetal or young compared to aged 

animals, these cells are essential for proper brain functioning (Daneman et al., 2010). Loss of 

pericytes in mouse brain microvasculature leads to BBB permeability and neuronal cell death 

that worsens with age (Armulik et al., 2010, Bell et al., 2010). This was significant because 

BBB disruption is a feature not only of central inflammation but appears to be an early 

dysfunction associated with a number of neurodegenerative disorders such as Epilepsy, 

motor neuron disease, and Alzheimer’s disease (reviewed (Marchi et al., 2012, Erickson and 

Banks, 2013, Winkler et al., 2013)).  

4.5.7 Caveats/Disadvantages  

In this study it has been shown that principal immune cells such as microglia and 

astrocytes are not alone in the inflammatory response as it pertains specifically to the human 

brain. Pericytes demonstrated the ability to respond to pro-inflammatory cues and activate a 

variety of signalling cascades to transmit a pro-inflammatory response to principal immune 

and other brain cells. However caution must be used when interpreting data of this kind from 

in vitro cultures as culture conditions (media type, supplements added, etc) can greatly affect 

the physiology and biology of the cell system examined. Furthermore, although no direct 

connection could be made to patient status, age, or medication taken, all cells used in these 

studies are from epilepsy tissue, and therefore have potential pathological complications. 

Any information obtained from studies such as these should be verified in human tissue 

where possible. 

4.5.8 Conclusions 

These studies demonstrate that in addition to microglia and astrocytes, human brain 

pericytes can generate a pro-inflammatory response after immune challenge in vitro. Thus 

immune mediators present in metabolic disorders such as T2D and obesity could possibly 

influence CNS inflammation by signalling through pericytes lining the brain microvasculature. 

Considering the anatomical positioning of pericytes, their potential as systemic inflammation 

mediators as well as modulators of BBB function is made clear by their ability to respond to 

external stimuli and relay signals to the surrounding environment. The following chapters 
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evaluate more thoroughly the changes in pericytes associated with an immune challenge and 

the implications for metabolic-inflammatory-CNS interaction. 
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CHAPTER 5: Microarray Analysis of the Pro-Inflammatory Response in Human 

Brain Pericytes 

5.1 Introduction 

Human brain pericytes have been shown to play a role in neuroinflammation by 

upregulation of chemokines IP-10 and MCP-1 (Smith et al., 2013b, Jansson et al., 2014). The 

previous chapter has characterized the induction of protein expression and secretion of IP-10 

and MCP-1 in response to inflammatory cues such as IFNγ, TNFα, IL-1β and LPS. Recruitment 

of immune cells to sites of inflammation by release of chemokines has been well 

documented (Liu et al., 2014). However, this is not the sole change occurring in an immune 

response. It is currently unknown to what extent pericytes react to pro-inflammatory cues 

generated during central or systemic inflammation. 

Microarray can be used to measure changes in gene expression between different cell 

types, tissues, species, age, or disease status (Beutner et al., 2013). This type of analysis 

involves genome wide measures of gene expression from biological samples. With over 

30,000 transcripts in the human genome, microarray analysis provides an invaluable tool for 

probing specific biological processes.  

Microarray experiments have been utilized to study gene changes associated with brain 

disorders such as AD. Examination of tissue from normal human aged brain and AD brain by 

microarray uncovered a dysregulation of autophagy in AD (Lipinski et al., 2010). Additionally 

age-related changes in human brain using microarray have investigated, and have identified 

inflammatory activation to be high in aged normal brains compared to young controls, but 

also compared to AD brains (Cribbs et al., 2012). 

Past efforts to understand the full extent of inflammatory response in brain cells such 

as microglia, astrocytes, and endothelial cells using microarray has contributed greatly to our 

understanding of the inflammatory influence on brain disease. For example, validation of an 

AD mouse model was performed on microglia and astrocytes isolated from mouse brain, 

confirming microglia dysfunction, increased inflammatory response and identifying cell type 
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specific gene changes associated with AD (Orre et al., 2014a). This technique has also been 

used to identify specific inflammatory gene signatures associated with aging in isolated 

mouse microglia and astrocytes (Orre et al., 2014b). Cell type specific investigations of 

inflammatory response to IFNγ treatment in human endothelial cells revealed extensive 

upregulation of pro-inflammatory genes, of which IP-10 was the highest (Indraccolo et al., 

2007). Additionally, differences in gene expression of monocytes and T-cells was discovered 

in response to TNFα and IFNβ treatment using microarray that might not have been evident 

with traditional hypothesis driven experiments (Henig et al., 2013). 

Microarray analysis has been used to identify disrupted cellular processes in brain 

disease and protective mechanisms of potential therapeutic molecules (Dirscherl et al., 2010, 

Lipinski et al., 2010, Juknat et al., 2013). Recently microarray has also identified vast 

differences in brain inflammatory responses in rodents compared to humans, further 

emphasizing the need for studies of human brain inflammation for successful translation of 

treatment options (Seok et al., 2013). The purpose of this study was to identify the full extent 

of changes in pericytes exposed to pro-inflammatory stimulus. The combined treatment of 

IFNγ and IL-1β was used for the genome wide study because it has been shown to produce a 

robust inflammatory response in pericytes, retinal microvascular endothelial cells, and β-

cells, and has been implicated in diabetes-induced β-cell death (Collier et al., 2011, Burke et 

al., 2013, Nawaz et al., 2013, Jansson et al., 2014). 

5.2 Aims 

 Examine pericyte gene changes on a genome-wide scale in response to a pro-
inflammatory stimulus from primary human cell cultures 
 

 Validate gene hits obtained from microarray in cultured human brain pericytes 
 

 Examine cytokine specific gene changes in pericytes of inflammatory–related 
transcripts 
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5.3 Methods 

5.3.1 Time-course analysis of IP-10 mRNA expression in pericytes 

Pericytes between passage five and six were seeded into 6-well plates at a density of 

1.37 x 105 cells per well. Once cells had reached 80% confluency (2-3 days later) the 48 hour 

well was treated with IFNγ and IL-1β (10 ng/ml final concentration). 24 hours later the 24 

hour well was treated, and continued with 8, 4, 2, and 0.5 hour timepoints. RNA was 

extracted and analyzed by q-RT-PCR as described in section 2.5.1. This experiment was done 

once to determine the optimal time-point for the microarray experiment. 

5.3.2 Microarray of human brain pericytes 

Tissue used for cell culture in this section was processed and cells were maintained as 

described in section 2.2. Five cases from epilepsy tissue were chosen for this experiment, all 

male, ages ranging from 39-53 years. All cultures were frozen down in 5% DMSO in FBS at 

passage four after initial isolation excepting one case that was frozen at passage 3. This case 

was thawed two days prior to the rest in order to obtain all cases at same passage number. 

Cases were thawed from liquid nitrogen quickly at 37 oC. Cells were transferred to 15 ml 

conicals with fresh pre-warmed complete DMEM/F12 and centrifuged to pellet cells. Cells 

were resuspended in 15 ml complete DMEM/F12 transferred to T75 tissue culture flasks. 

Cells were incubated for three days to enable 80-90% confluency to be reached. Cells were 

trypsinized as indicated in section 2.2.1 and seeded into 6-well plates and 96-well plates at 

1.37 x 105 cells/well and 5,000 cells per well respectively in complete DMEM/F12 and 

incubated at 37 oC, 5% CO2 for two days. Cells were treated with vehicle (0.1% BSA in PBS) or 

IFNγ and IL-1β at final concentrations of 10 ng/ml for 24 hours, in triplicate wells of a 6-well 

plate per treatment per case. Cells in 96-well plates were treated as well, 30 wells per 

treatment per case. At endpoint cells in 6-well plates were rinsed twice with PBS and lysed 

with Trizol® reagent. Triplicate wells were pooled and stored in screw cap tubes at -80 oC 

until ready for RNA extraction. RNA extraction was carried out as in section 2.5.1. RNA 

concentrations ranged from 270-564 µg/µl, all with 260/280 ratios between 2.0 and 2.1. Prior 

to storing RNA at -80 oC, 4 µl was taken for RNA quality testing. RNA quality was analysed 

using the Experion™ System (BIO-RAD) and the Experion™ RNA StdSens Analysis Kit. RNA was 
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then labelled and hybridised to Affymetrix Genechip® PrimeView™ Human Gene Expression 

Arrays according to manufacturer’s instructions by colleagues at New Zealand Genomics 

Limited (NZGL http://www.nzgenomics.co.nz/). 

The microarray data analysis was done by Daniel Hurley at NZGL. PrimeView™ array 

data in .CEL file format was read using the ‘affy’ package in the statistical language R, and 

normalised using the Robust Multi-array Average method. QA of the data showed that it was 

of good quality and free of obvious artefacts or outliers. The ‘limma’ package was used to 

compare differential expression between the control (vehicle-treated) and IFNγ/IL-1β-treated 

samples. Benjamini-Hochberg false-discovery rate control was used to adjust for multiple 

testing.  

5.3.3 Validation of gene hits 

Pericytes were plated and treated with vehicle or cytokines (IFN and IL-1β, 10 ng/ml) 

for 24 hours as in section 5.3.2. RNA was extracted and qRT-PCR was performed as described 

in 2.5. This process was repeated three individual times with cells from the same case at 

three successive passages. Data was combined for statistical analysis. 

Investigation of gene expression changes in response to individual cytokines was 

performed in pericytes from three different cases between passages five and eight. Pericytes 

were treated for 24 hours with vehicle, TNFα (50 ng/ml), IL-1β (10 ng/ml) or LPS (10 ng/ml) 

with or without IFNγ (10 ng/ml). RNA was extracted and qRT-PCR was performed as 

described in 2.5. 

  

http://www.nzgenomics.co.nz/
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5.4 Results 

5.4.1 IP-10 and MCP-1 transcription is upregulated in a time-dependent manner in human 

brain pericytes 

Experiments completed in Chapter 4 had revealed an increase in IP-10 and MCP-1 

protein levels in response to pro-inflammatory cues. However, it was unknown whether 

there was additional transcriptional regulation involved. In order to investigate the extent of 

the pro-inflammatory response in human brain pericytes I sought to carry out an unbiased 

approach by examining gene expression changes by microarray. As microarray analysis is 

costly initially it was necessary to determine a single optimal time-point for cytokine 

treatment. The treatment of IFNγ + IL-1β had revealed the synergistic induction of IP-10 

mRNA in β-cells in a previous study (Burke et al., 2013). This treatment condition was chosen 

for microarray analysis as it would reveal a robust response to represent a likely pathological 

event. The results have shown that IP-10 mRNA was present at extremely low levels under 

basal conditions (Figure 5.1A). However IP-10 mRNA expression was induced by treatment 

with inflammatory stimuli IFNγ and IL-1β by as little as 30 minutes. IP-10 mRNA was 

increased at one hour by almost 1000-fold compared to vehicle control, with a maximum 

between eight and 24 hours. Similarly MCP-1 induction was seen after 30 minutes, and 

continued for the 48 hours examined (Figure 5.1B). Maximal induction of MCP-1 mRNA 

occurred between eight and 24 hours with >100 fold increase. The fold change in gene 

expression of MCP-1 compared to IP-10 was not as extensive but this was likely due to the 

fact that MCP-1 mRNA was basally expressed (with Ct values 10 less than for IP-10 in 

untreated conditions) while IP-10 was close to the limit of detection by qRT-PCR. Since the 24 

hour time-point produced significant changes in expression of IP-10 and MCP-1, this 

experimental condition was used in subsequent transcriptome experiments to detect early as 

well as late-induced changes in gene expression in pericytes in response to cytokine 

treatment. 
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Figure 5.1 Human brain pericytes upregulated IP-10 and MCP-1 transcription in response to 
IFNγ and IL-1β treatment. 

Pericytes at passage six were treated with IFNγ and IL-1β (10 ng/ml final concentration for 
each) for the above timepoints. Quantitative RT-PCR was used to measure changes in IP-10 
(A) and MCP-1 (B) transcripts normalized to vehicle and plotted as a fold change (2-ΔΔCt) ± 
SEM. This experiment was completed once to determine optimal treatment time for 
microarray experiment. 

 

5.4.2 Gene expression data from human primary pericytes is consistent across five 

individual cases  

Since the qRT-PCR data revealed that treatment with pro-inflammatory cytokines 

IFNγ + IL-1β could induce gene expression of chemokines IP-10 and MCP-1 I sought to 

identify other regulatory mechanisms at the level of transcription in the pericyte cultures. 

The purpose of this experiment was to determine the initial changes in gene expression of 

pericytes in the absence of microglia or astrocytes. Cells from five separate cases were 

obtained with an age range of 45 (± 7) years, all male. Cells were treated with vehicle or IFNγ 

+ IL-1β for 24 hours, a combination of cytokines modelling pathological events (Burke et al., 

2013). RNA was extracted and submitted for microarray analysis using Affymetrix Primeview 

arrays. 

Analysis parameters for microarray analysis similar to those in section 3.3.5 were 

completed for quality assurance purposes. Box and whisker plots demonstrate unnormalized 

and normalized gene expression from each sample is free of artefacts or outliers and all five 
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cases showed a very similar gene expression profile under control and induced conditions 

(Figure 5.2A and B). 

 

 

Figure 5.2 Human brain pericytes offer a reliable resource for microarray analysis 

Box and Whisker plot of unnormalized A) and normalized B) expression values from each 
chip. 1, 3, 5, 7, and 9 correspond to vehicle treated from five cases, 2, 4, 6, 8, and 10 
correspond to IFNγ and IL-1β treated. 

 

5.4.3 Genome wide changes in inflammatory mRNA levels in response to IFNγ + IL-1β 

treatment in human brain pericytes 

Primary analysis of microarray data confirmed the increased expression of both IP-10 

and MCP-1 in response to IFNγ and IL-1β treatment. A significant increase was also observed 

in a plethora of genes involved in the immune response including, but not limited to 

interleukins (IL-6, IL-8, IL-32), chemokines (C-X-C motif ligand-9 (CXCL9), CXCL10, C-X-C motif 



CHAPTER 5 

 

131 

 

ligand-11 (CXCL11), CCL2, C-C motif ligand 8 (CCL8)), intracellular adhesion molecules (ICAM-

1), vascular adhesion molecule (VCAM)), superoxide dismutase (SOD2), cyclooxygenase 2 

(COX2) and apolipoprotein L (APOL1, APOL2, APOL3, APOL4, APOL6) by initial microarray 

analysis. Pathway analysis using the Gather online tool (http://gather.genome.duke.edu/) 

and selecting genes with > 1.5 fold difference (increased or decreased) and a p-value <1 x 106 

revealed enrichment for genes involved in immune response, complement activation, 

response to stress, and chemotaxis (Figure 5.3). Although the general response of the 

primary cells to IFNγ and IL-1β was to increase gene expression, there was also 

downregulation of several genes including tumour necrosis factor receptor super family 

member 10D (TNFRSF10D, involved in inhibition of apoptosis(Lalaoui et al., 2011)), C-X-C 

motif 12 (CXCL12) (expressed in embryonic and post-natal meninges and acts as a 

chemoattractant to embryonic neurons (Zhu et al., 2002)), and cyclic AMP response element 

binding protein 5 (CREB5). 

 

 

Figure 5.3 Primary human brain pericytes show extensive inflammatory mediated changes 
in gene regulation. 

Gather was used to demonstrate gene ontology of changes > 1.5 fold, p< 1 x 10-6 from 

microarray analysis of pericytes treated with IFNγ and IL-1β.  

  

http://gather.genome.duke.edu/
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5.4.4 Validation of microarray hits 

The extensive changes in gene expression encouraged us to restrict our investigation 

to a smaller number of gene hits to validate. Genes selected for validation had a fold change 

of > 2 in microarray with a p value of ≤ 1 x 10-6. Genes showing significant changes in 

expression by microarray were selected based on the involvement in biological processes 

relevant to inflammation. Raw data from microarray of chosen gene hits was plotted for 

individual genes to verify significance and consistency between cases (Figure 5.4 and Figure 

5.5). Experimental procedures used for microarray experiment (section 5.3.2) were repeated 

three times with one case over three passages. RNA was extracted and gene expression 

quantified as in section 2.5. The validation data confirmed the results obtained by 

microarray, upregulated genes by microarray were also increased by qRT-PCR analysis and 

genes downregulated by microarray were also decreased by qRT-PCR. Figure 5.6 represents 

the fold changes in gene expression of IFNγ and IL-1β over vehicle treated cells. 

These experiments were completed in collaboration with Justin Rustenhoven. 
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Figure 5.4 Analysis of raw data from microarray experiment of chosen genes for validation 
by qRT-PCR reveals significant changes in gene expression. 

Each graph represents raw data from microarray experiments for the genes selected for 
confirmation by qRT-PCR. Each point is the relative transcript abundance of that gene 
compared to a known reference gene from each patient sample in the designated condition 
(Vehicle (Veh) or IFNγ + IL-1β treated).  
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Figure 5.5 Analysis of raw data from microarray experiment of chosen genes for validation 
by qRT-PCR reveals significant changes in gene expression. 

Each graph represents raw data from microarray experiments for the genes selected for 
confirmation by qRT-PCR. Each point is the relative transcript abundance of that gene 
compared to a known reference gene from each patient sample in the designated condition 
(Vehicle (Veh) or IFNγ + IL-1β treated). 
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Figure 5.6 Validation of microarray hits reveals significant changes in pericyte gene 
expression across passages. 

Gene target hits from microarray were validated across three successive passages of 
pericytes. 2-ΔΔCt values represent the mean fold change ± SEM of IFNγ + IL-1β treated from 
vehicle treated cells. Data was tested for significance using students two-tailed t-test, p < 
0.05, all differences are significant. 

 

5.4.5 Gene expression in pericytes is cytokine specific 

Discovery of extensive gene changes in response to a robust treatment with IFNγ and 

IL-1β prompted further investigation. Recent data has shown that IFNγ, TNFα, IL-1β and LPS 

stimulate a pro-inflammatory response of pericytes by activation of NFκB, and/or secretion 

of chemokines IP-10 and MCP-1 to different respective degrees. A cytokine specific signature 

of gene expression changes in response to the cytokines tested in chapter 4 was generated 

from the list of validated microarray hits. The fold changes over vehicle treated of each 

transcript are presented per treatment, although all the treatments were included in the 

same experimental set up (Figure 5.7). 
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Figure 5.7 Gene expression profiles of pericytes treated with TNFα, IL-1β, or LPS with or 
without IFNγ 

Pericytes were treated with vehicle (Veh), TNFα (50 ng/ml), IL-1β (10 ng/ml) or LPS (10 
ng/ml) ± IFNγ (10 ng/ml) for 24 hours and gene expression was analyzed by qRT-PCR. Target 
gene expression was normalized to GAPDH and plotted as a fold change from vehicle (2-ΔΔCt) 
± SEM. Data was analyzed with a two-way ANOVA and Tukey’s test for multiple comparisons. 
All values were significantly different from vehicle (p < 0.001) unless otherwise indicated, ** 
(p < 0.01), * (p < 0.05), not significant, (n.s.). 
 

Examination of the gene expression profile of pericytes in response to individual 

cytokines enabled identification of specific regulation mechanisms involved. Treatment with 

IFNγ alone induced expression of IP-10, MCP-1, human leukocyte antigen class II 

histocompatibility antigen, DM alpha chain (HLA-DMA), activating transcription factor 3 

(ATF3), CXCL11, CD74, APOL1, interferon response factor 1 (IRF1), and cyclooxygenase 2 

(COX2). 

HLA-DMA and ATF3 appear to be specifically regulated by IFNγ, as there was no 

change in these transcripts with TNFα, IL-1β or LPS alone. Results from TNFα, IL-1β and LPS 

treated pericytes are quite similar with minor exceptions, IL-1β did not induce CD74, APOL1, 

and neither LPS nor IL-1β induced IRF1. Interestingly the signatures of the combined 

treatments are very similar, resulting in an additive increase in gene expression compared to 

individual treatment for HLA-DMA, ATF3, ICAM-1, CXCL11, SOD2 and COX2 with IFNγ + TNFα, 

SOD2, and ICAM-1 with IFNγ + IL-1β, and ICAM-1 and COX2 with IFNγ + LPS treatment. 

Since PDGF is an important mitogen for pericytes and required for pericyte survival, 

PDGFRβ was included in these experiments to determine if gene expression was affected by 

cytokine treatment. Although the differences were not significant, all treatments resulted in 

reduced transcript expression of PDGFRβ. This data indicated a possible role of pro-

inflammatory cytokines in modulation of growth factor signalling in pericytes which has been 

addressed in the remaining chapters. 
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5.5 Discussion 

It is clear that pericytes play a key role in the neurovascular unit of the BBB and when 

performing appropriately are vital for brain homeostasis. However, in circumstances of 

chronic inflammation, such as that in T2D, these cells may act in a manner that is harmful to 

BBB integrity and brain function. To better understand the role of pericytes in inflammation-

mediated pathologies global gene expression changes were examined in response to pro-

inflammatory cytokines in primary adult human brain pericytes.  

5.5.1 Pericytes respond to IFNγ and IL-1β treatment by upregulating a great number of 

transcripts 

Evaluation of gene hits obtained from our microarray study showed increases in IFNγ-

regulated genes, interleukins (IL-6, IL-8, and IL-32) and interleukin associated receptors, 

which have known roles in inflammatory processes in a number of different cell types and 

tissues (Harada et al., 1994, Netea et al., 2005, Indraccolo et al., 2007, Murakami and Hirano, 

2012, Perera et al., 2012, Lee et al., 2013b). There was also an observed increase in ATF3 

gene expression, which has been shown to be activated in response to stress and can act as a 

negative feedback mechanism to inhibit IL-6 expression (Gilchrist et al., 2006, Hunt et al., 

2012). Indoleamine 2,3-dioxygenase (IDO-1), which regulates tryptophan metabolism, was 

also strongly induced in the array study. This enzyme has been implicated in immune 

suppression and levels of IDO-1 have been found elevated in the neurofibrillary tangles of AD 

(Bonda et al., 2010). Chemokines IP-10 (CXCL10), CXCL11 and CXCL9 showed the largest 

increase by microarray, and both IP-10 and CXCL11 were validated by qRT-PCR. The role of IP-

10 has been discussed, however CXCL9 and CXCL11 are also important in peripherally 

mediated-CNS inflammation (Wen et al., 2010, Fil et al., 2011, Alcendor et al., 2012, Owens 

et al., 2013). Interestingly CXCL9, -10 and -11 inhibit endothelial and perivascular cell growth 

which may contribute to BBB breakdown (Lasagni et al., 2003, Yates-Binder et al., 2012, 

Bodnar et al., 2013). As previously mentioned, MCP-1 expression was also increased in our 

microarray experiment and has shown to reduce BBB integrity in in vitro and in vivo studies 

(Stamatovic et al., 2005). Rat pericytes have shown the ability to express major 

histocompatibility complex (MHC) class II antigen presenting molecules (such as HLA) as well 
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as ICAM-1 in response to IFNγ treatment, which was consistent with our results of 

upregulated HLA-DMA and ICAM-1 expression in response to cytokine treatment (Balabanov 

et al., 1999). Particularly ICAM-1 may be involved in regulating immune responses by 

enhancing leukocyte interactions (Stark et al., 2013). There was also a significant increase in 

CD74 expression, a membrane protein that is found surrounding neurofibrillary tangles in AD 

(Bryan et al., 2008). Gene expression for pro-apoptotic, lipid binding proteins APOL1,-2,-3,-4, 

and -6 were all increased in response to IFNγ and IL-1β treatment which was consistent with 

previous work in mouse embryonic fibroblast cells (Wan et al., 2008). This family of proteins 

is involved in lipid transport and metabolism and the secreted form of APOL-1 was increased 

in plasma of T2D subjects (Duchateau et al., 2000). APOL proteins were found highly 

expressed in vascular endothelial cells, although until now expression has not been 

documented in pericytes (Monajemi et al., 2002, Vanhollebeke and Pays, 2006). Other gene 

hits that have been verified by qRT-PCR include IRF1, SOD2, and COX-2. IRF1 has been shown 

to mediate mouse microglial cell death in response to IFNγ and LPS (Suk et al., 2001). COX2 is 

often used as a marker for neuronal inflammation and has shown some beneficial effects in 

decreasing the risk of inflammatory mediated AD (Flynn and Melov, 2013, Takechi et al., 

2013). SOD2 is a mitochondrial anti-oxidant enzyme and plays an important role in protection 

of and recovery from ischemic injury (Ruszkiewicz and Albrecht, 2015). Previous studies have 

shown that SOD2 dysregulation contributed to AD pathology in transgenic mice and neuronal 

cell death after ischemia (Esposito et al., 2006, Jung et al., 2010, Flynn and Melov, 2013). 

Treatment of pericytes with IFNγ and IL-1β also resulted in a downregulation of several 

genes, CXCL12, TNFRSF10D, and CREB5, which were confirmed by qRT-PCR validation. 

CXCL12 is involved in chemoattraction but also in neuromodulation, as it has been shown to 

affect neuronal signalling and CREB activation. Studies have also demonstrated CXCL12 

involvement in neurotransmitter release and modulation of voltage gated channels (Meucci 

et al., 1998, Guyon and Nahon, 2007). Moreover, animal studies have indicated a protective 

role for CXCL12 in stroke-induced brain injury (Hiasa et al., 2004, Zemani et al., 2008). 

Although in our conditions and timepoints there is no evidence of cell death of pericyte cells, 

we did detect an increase in TNFSF10/TRAIL and a decrease in TNFRSF10D expression by 

microarray, two genes that activate and inhibit cell death mechanisms respectively in 
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response to IFNγ (Peng et al., 2008, Munoz-Erazo et al., 2012). However, cell death was not 

investigated in these experiments and can therefore not be discounted. Viability of pericytes 

in response to inflammatory cues, specifically, chronic inflammation that is characteristic of 

T2D, will be addressed in later chapters. 

5.5.2 Cytokine specific changes in gene expression in pericytes 

Gene hits identified from the microarray experiment offered a glimpse of the 

inflammatory response of pericytes. In order to better understand the potential of pericytes 

to react to other cytokines specifically, gene expression data was obtained from pericytes 

treated with the conditions examined in Chapter 4. qRT-PCR analysis of pericytes treated 

with cytokines alone (IFNγ, TNFα, IL-1β, or LPS) revealed an increase in IP-10 expression, 

which is in contrast to the protein expression data in Chapter 4. This may be due to the high 

sensitivity of qRT-PCR analysis; however, since IP-10 was undetectable in some samples from 

vehicle treated, the Ct values had to be set at the maximum cycle number of 40. If anything, 

this would underestimate the induction by cytokine treatment. Therefore, it is likely that the 

increase in mRNA levels of IP-10 is indeed real, and the transcription regulatory mechanisms 

for this chemokine are distinct from translation. Furthermore, there is an additive effect of 

combining IFNγ with TNFα, IL-1β or LPS, on IP-10 gene expression, as seen with protein 

expression in Chapter 4. The additive effect of the combination treatments was not restricted 

to IP-10 expression, there was also an additive effect of cell surface proteins HLA-DMA, COX2 

and SOD2, although it was most pronounced in ICAM-1, and CD74, and CXCL11 expression.  

The combined expression of chemokines to recruit immune cells with cell surface 

expression of proteins that promote leukocyte adhesion and migration may ultimately lead 

to a greater presence of pro-inflammatory cells at the BBB interface. Such an environment, if 

prolonged, may result in BBB breakdown, increased infiltration of activated immune cells to 

the brain, as well as pro-inflammatory and harmful cytokines and chemokines, therefore 

attracting additional immune cells. This potentiated inflammatory response in the brain 

would then damage otherwise healthy cells of the CNS, increasing ROS and oxidative stress, 

over-activated microglia and astrocytes and ultimately triggering neuronal dysfunction and 

death. Evidence of this theory was demonstrated in a recent study investigating pathological 

gene regulation in a rare inflammatory brain disease, Rasmussen encephalitis, which has 
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shown evidence of TH1 cell recruitment and accumulation of lymphocytes in leptomeninges 

and perivascular space correlating with increases in chemokine expression (Owens et al., 

2013). Furthermore, investigation of primed meningeal and astrocyte cells revealed an 

induction of neuronal cell death in rodent and foetal human brain cultures (Skaper et al., 

1995, Downen et al., 1999). Whether this translates to adult human cells or brain is currently 

unknown. 

The current study of global gene expression changes in pericytes in response to pro-

inflammatory stimuli has provided a starting point with which to further elucidate the 

molecular and genetic mechanisms by which inflammatory conditions in T2D can affect 

human brain pericytes. This information will be vital in characterizing the role of pericytes in 

translating systemic inflammatory signals in the brain and identifying other pericyte functions 

affected. 

5.5.3 Caveats 

Although the information generated from microarrays of human tissue has led to 

discoveries of novel genes associated with disease, there are many factors to consider when 

comparing these types of data. AD is a complicated disease associated with a spectrum of 

associated pathologies, all having cell-specific effects. In addition, other contributing factors 

can affect the quality of RNA and therefore the outcome of the gene expression data, 

including post-mortem interval, processing and storage time, as well as pH of the tissue 

(Weis et al., 2007). Ultimately microarray studies done with human disease tissue should be 

validated in a cell specific manner. 

Currently the concentration of circulating cytokines in the peripheral system is under 

debate however, in general, basal concentrations are found to be in the pM range 

(Pollmacher et al., 2002). Depending on the immune insult, this could increase 10-100-fold. It 

is therefore possible that the cytokine concentrations used in this microarray study are 

higher than that found in the circulation and the brain. This could result in a saturation of 

certain gene expression changes as well as masking smaller changes that might otherwise be 

captured had we used lower concentrations. Future experiments may be necessary to 

identify more subtle changes associated with low levels of inflammation in the brain. 
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The experimental conditions presented in this chapter represent an acute 

inflammatory insult and therefore does not necessarily mimic the chronic inflammatory 

conditions that are present in neurodegenerative disease such as AD. The following chapter 

will help to determine the effects of a chronic pro-inflammatory environment on human 

brain pericytes. 

5.5.4 Conclusions 

The information presented in this study taken together provides a good basis for anti-

inflammatory drugs becoming a new avenue for treatment of brain disease. Unfortunately 

these drugs seem to be beneficial only in very early-pre-symptomatic disease in recent trials 

(Breitner et al., 2011). The data obtained from this analysis provided a basis of gene 

expression changes associated with an inflammatory response in human brain pericytes, and 

will be a valuable asset for further research in this field. Gene changes identified here may 

also be useful in monitoring the progression of inflammation in T2D and how it affects brain 

inflammation, by examining pericyte mediated immune responses. 

Perhaps, in the case of peripheral inflammation, pericytes could be targeted to reduce 

systemic inflammation-induced brain toxicity and maintain blood-brain barrier function.
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CHAPTER 6: Platelet-Derived Growth Factor and Insulin Signalling in Human 

Brain Pericytes 

6.1 Introduction 

The previous chapters have demonstrated that systemic immune signals have a 

dramatic pro-inflammatory effect on human brain pericytes, microglia and astrocytes. In 

particular, the work presented here on pericyte cultures has shown that these critical 

perivascular cells respond to brain inflammation with a rich pro-inflammatory signature. 

Many of the molecules generated by inflamed brain pericytes have the potential to damage 

the BBB as well as resident brain cells such as neurons (Sui et al., 2004, Kovac et al., 2011, 

Mehla et al., 2012, Roberts et al., 2012). Furthermore, pericytes are in a unique anatomical 

location and are therefore able to respond to systemic influences linking these with resident 

brain cells (del Zoppo, 2010). In this way brain pericytes may provide a critical link between 

systemic and brain inflammation and may be involved in the increased risk of brain disease in 

people with T2D and metabolic syndrome. As outlined in the introduction, chronic 

inflammation and IR are two predominant conditions detected in T2D and AD. However, it is 

currently unknown how these conditions affect human brain pericytes. More recently 

PDGFRβ has been shown to be crucial to pericyte-mediated BBB maintenance, and 

knockdown of this receptor in pericytes resulted in AD-like pathologies (Sagare et al., 2013). 

The present chapter examined several aspects of pericyte biology, including PDGF signalling, 

in response to IR or chronic inflammatory conditions.  

6.1.1 The role of PDGF signalling in pericytes 

Platelet-derived growth factor (PDGF) is a major mitogen produced by several 

different cell types including but not limited to platelets, vascular smooth muscle and 

endothelial cells, macrophages, fibroblasts, neurons, and astrocytes (Kaplan et al., 1979, 

DiCorleto and Bowen-Pope, 1983, Nilsson et al., 1985, Paulsson et al., 1987, Noble et al., 

1988, Sasahara et al., 1991, Heldin and Westermark, 1999). PDGF is produced as A or B 

polypeptide chains that form homo- or heterodimers. While PDGF-AA has high affinity for 
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PDGFRα homodimers, PDGF-AB can bind PDGFRα homodimers as well as PDGFRαβ 

heterodimers, and PDGF-BB can induce dimerization and activation of PDGFRα and β homo- 

and heterodimers (Heldin and Westermark, 1999). Ligand binding to the receptor dimers 

results in phosphorylation and internalization of the receptor (Sorkin and Waters, 1993). This 

then initiates a signalling cascade specific to the ligand-receptor isoform combinations 

(Rosenkranz and Kazlauskas, 1999). Through interactions with signalling proteins Src, PI3K, 

phospholipase C gamma, growth factor receptor-bound protein 2, Src homology region 2-

domain phosphatase 1, and Ras p21 protein activator 1, the PDGFRβ can activate ERK, MAPK, 

Akt and Janus associated kinase (JAK)-signal transducer and activator of transcription (STAT) 

pathways (Vignais et al., 1996, Heldin and Westermark, 1999). In the context of the CNS, 

PDGF-BB is secreted by endothelial cells and binds to the PDGFRβ on the cell surface of 

pericytes to promote proliferation, migration, and  recruitment to developing capillaries 

(Hellstrom et al., 1999, Gaengel et al., 2009, Makihara et al., 2015).  

6.1.2 Pericytes, inflammation and PDGF signalling 

Recently evidence of altered PDGFRβ signalling in IR or chronic inflammatory 

conditions was presented in adipocytes (Hoehn et al., 2008). Using several models of IR such 

as chronic hyperinsulinemia, inflammation (TNFα), Cushing’s syndrome (dexamethasone), 

hyperlipidemia (palmitate) and oxidative stress (glucose oxidase), the authors tested PDGF 

response in the presence of these stressors. Results indicated that both chronic TNFα and 

insulin treatment partially modified PDGF signalling. Interestingly, Hoehn and colleagues 

found that a high fat diet inhibited PDGFRβ phosphorylation in the soleus muscle tissue in 

response to insulin or PDGF treatment (Hoehn et al., 2008). Moreover, TNFα and IL-1β have 

been shown to reduce cell surface receptor expression of PDGFRβ in fibroblast cells 

(Tingstrom et al., 1992). Conversely in lung myofibroblasts LPS enhanced PDGF signalling, 

indicating that activation or deactivation of PDGF pathways is cell-type specific (Coin et al., 

1996). 

Conditions of chronic inflammation such as those in obesity and diabetes have been 

implicated in BBB impairment which suggests a possible loss of vascular coverage by 

pericytes (Odegaard and Chawla, 2013). Moreover, hyperglycemia in diabetes induces retinal 

pericyte cell death and PDGF resistance (Geraldes et al., 2009). Pericytes have also been 
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shown to support endothelial mediated insulin transport across the BBB, suggesting that 

pericytes could be involved in insulin deficiency in AD (Banks et al., 2012) . However it is 

unknown how systemic hyperinsulinemia or IR affects pericyte function. I hypothesize that IR 

and/or inflammation can have detrimental effects on pericyte survival and proliferation, and 

this may contribute to diabetes-associated BBB permeability. Considering the crucial nature 

of pericytes to BBB function and integrity (see section 4.5.6), it is imperative we understand 

the implications of an IR and pro-inflammatory environment on pericyte function. In this 

chapter models of IR and chronic inflammation in vitro were used to investigate the effects of 

diabetes-associated stressors on PDGFRβ and pericyte health. 

6.2 Aims 

 Establish a method to measure PDGFRβ response to PDGF-BB treatment in human 
brain pericytes  

 Using the established methods of immunocytochemistry and western blot to measure 
PDGF-BB response, investigate the effects of CI or inflammation on PDGF signalling  
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6.3 Methods 

6.3.1 Pericyte culture 

Culture of human brain pericytes was carried out as described in section 2.2.1 

6.3.2 Chronic insulin model in brain pericytes 

Pericytes cultured as previously described (section 2.2.1) were seeded in complete 

media in 6-well plates at 1.37 x 105 cells/well. When cells were 80-90% confluent media was 

replaced with serum free media with vehicle or 100 nM insulin for 24 hours. After 24 hours of 

treatment cells were treated again with vehicle or insulin (100nM final concentration). 

Following a total of 48 hours of CI or vehicle treatment cells were serum starved for two 

hours then treated with vehicle, insulin (100 nM) or PDGF-BB (R&D Systems 220-BB, 100 

ng/ml) for 30 minutes. Proteins were extracted and analyzed by western blot as previously 

described (section 2.4). 

6.3.3 Chronic inflammation model in brain pericytes 

Pericytes cultured as previously described (section 2.2.1) were seeded in complete 

media either in 96-well plates at 5000 cells/well for immunocytochemistry analysis or in 6-

well plates at 1.37 x 105 cells/well for western and qRT-PCR analysis. The following day media 

was changed and cytokines were added for a final concentration of 1 ng/ml for IFNγ, IL-1β 

and LPS and 5 ng/ml for TNFα. Following 24 hours incubation the cytokine treatment was 

repeated. This was continued for four consecutive days (cytokines added a total of four 

times). 24 hours after the final treatment, cells were either serum starved for two hours then 

treated with PDGF-BB (10 ng/ml) or vehicle for 30 minutes, or RNA was extracted for qRT-

PCR as in section 2.5. A summary of the experimental design is outlined in Figure 6.1 .Cells 

were then either fixed for immunocytochemistry (section 2.3), or proteins were extracted 

according to section 2.4. 
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Figure 6.1 Experimental outline of chronic inflammation model in cultured pericytes 

 

6.3.4 Immunocytochemistry 

Cells were treated as indicated (section 6.3.3) and immunolabelled as in section 2.3 

6.3.4.1 Transfluor analysis for PDGFRβ puncta 

Cells were treated as indicated and immunolabelled as in section 2.3. Analysis for 

PDGFRβ puncta was carried out as described (section 2.3.1) 

6.3.5 Western blot analysis 

Western blot analysis was carried out as previously described (section 2.4). 

6.3.6 qRT-PCR analysis 

Pericytes were treated as described above (section 6.3.3), and qRT-PCR analysis was 

carried out as described (section 2.5). 
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6.4 Results 

6.4.1 PDGF signalling in human brain pericytes 

PDGF-signalling has been shown to be critical to pericyte BBB function in rodent 

models (Armulik et al., 2010). The previous chapter has established the expression of PDGFRβ 

in cultures of primary human brain pericytes. Insulin has also been shown to affect PDGFRβ 

signalling in other cell types and regulates antioxidant gene expression in retinal pericytes 

(Geraldes et al., 2008, Hoehn et al., 2008). However, response to and activation of the insulin 

or PDGFRβ pathway in human pericytes had yet to be investigated. Therefore brain pericytes 

were tested for an acute response to both insulin and PDGF-BB. Pericytes cultured as 

previously described (section 2.2.1) were serum starved for two hours then treated with 

vehicle, insulin (10, 100 and 1000 nM), or PDGF-BB for 30 minutes. In this experiment, 

phosphorylation of Akt at Ser473 was used as a marker of insulin response and total Akt was 

used for normalization. Western blot analysis revealed the absence of phosphorylated Akt in 

serum starved conditions treated with vehicle (Figure 6.2). Although 10 nM insulin was 

ineffective in inducing phosphorylation of Akt, treatment with 100 nM insulin was sufficient 

to induce phosphorylation of Akt. Phospho-Akt band intensity was increased with 1000 nM 

insulin treatment indicating a concentration-dependent response to insulin in pericytes. 

PDGFRβ phosphorylation sites have previously been identified, with tyrosine 751 (Tyr751) 

being the main residue phosphorylated in response to PDGF stimulation and responsible for 

association with PI3K (Kazlauskas and Cooper, 1989). Thus phosphorylation of PDGFRβ at 

Tyr751 was used as marker of PDGF pathway activation. Bands were detected at the correct 

molecular weight for all conditions tested indicating that the receptor was present in the 

samples. In contradiction, no bands of phosphorylated PDGFRβ were detected in serum 

starved vehicle treated conditions, or after insulin treatment suggesting that PDGFRβ was 

present but not phosphorylated under these conditions. However, treatment with PDGF-BB 

at both 10 ng/ml and 100 ng/ml resulted in phosphorylation of both PDGFRβ and Akt with a 

stronger effect obtained with 100 ng/ml. These changes occurred with no apparent changes 

in total PDGFRβ or Akt.  
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Figure 6.2 Pericytes respond to insulin and PDGF-BB in a concentration-dependent manner 

Primary human brain pericytes were serum starved for two hours then treated with vehicle 
(Veh), insulin (Ins) or PDGF-BB at the indicated concentrations for 30 minutes. 
Phosphorylated and total expression of Akt (Ser473) and PDGFRβ (Tyr751) were analyzed by 
western blot. Images are representative of experiments repeated in two cases. 

 

6.4.2 Chronic insulin does not affect insulin or PDGF signalling in human brain pericytes 

Western blot results indicated that pericytes were responsive to both insulin and 

PDGF-BB in culture. CI has previously been shown to affect PDGFRβ signalling in adipocytes 

and may indeed play a role in pericyte survival and/or signalling (Hoehn et al., 2008). 

Moreover, insulin has been shown to inhibit PDGF-induced cell proliferation in fibroblasts 

(Cirri et al., 2005). Interestingly, retinal pericytes were sensitive to circulating glucose levels 

and underwent apoptosis in response to hyperglycemia in diabetic retinopathy (Geraldes et 

al., 2009). In the same manner that pericytes may be exposed to inflammation and 

hyperglycemia in the periphery, they may also be exposed to hyperinsulinemia in diabetic 

conditions. Therefore the insulin resistance model that was previously investigated in chapter 
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one in human neurons was tested in brain pericytes. Pericytes exposed to CI were tested for 

their response to both insulin and PDGF-BB by phosphorylation of Akt at Ser473 and PDGFRβ 

at Tyr751 (Figure 6.3A). Analysis of Akt phosphorylation in response to acute insulin under 

control conditions revealed an increase in band intensity relative to vehicle treated cells (9.2 

fold ± 4.6 (SEM), n = 3). In CI treated cells, however, the increase in phospho-Akt after acute 

insulin was not as pronounced (2.2-fold (± 1.5 (SEM), n = 3) (Figure 6.3B). Alternatively, Akt 

phosphorylation in response to PDGF-BB treatment increased by 49-fold (± 14 (SEM), n = 3), 

and 50-fold (± 25 (SEM), n = 3), under control and CI conditions respectively. Insulin 

treatment did not induce phosphorylation of PDGFRβ, which was consistent with previous 

experiments. However, under both control and CI conditions, phospho-PDGFRβ was 

increased in response to PDGF-BB treatment, 9.4-fold (± 4.7 (SEM), n = 3), and 8.9-fold (± 5.6 

(SEM), n = 3) respectively. These values were not statistically different indicating that CI does 

not affect PDGF signalling in human brain pericytes.  
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Figure 6.3 Chronic insulin does not affect response of pericytes to acute insulin or PDGF-BB 
treatment 

A) Pericytes were pre-treated (PT) for 48 hours with vehicle (Veh) or insulin (Ins) (100 
nM added every 24 hours). Cells were serum starved for two hours then treated with 
vehicle, insulin (100 nM) or PDGF-BB (100 ng/ml) for 30 minutes. Phosphorylation and 
total expression of Akt (Ser473) and PDGFRβ (Tyr751) were analyzed by western blot. 
Blots are representative of experiments repeated in three cases.  

B) Western blot protein bands in A) were quantified using Image Studio software 
(LiCOR).Values are obtained from triplicate experiments normalized to vehicle and 
plotted ± SEM. Data was analysed with a two-way ANOVA and Tukey’s test for 
multiple comparisons and were not significantly different.  

 

6.4.3 Investigating the effects of chronic inflammation in human brain pericytes 

Chronic inflammation is a common manifestation in metabolic disorders such as IR 

and diabetes and can be detrimental to cell health, survival and function (Hotamisligil, 2006). 

In order to investigate the possible effects of chronic inflammation on pericytes, we 

developed a model of chronic inflammation based on a previous study (Hoehn et al., 2008). 

Primary human brain pericytes were treated with cytokines IFNγ, TNFα, IL-1β, or LPS every 24 

hours for four days as outlined in section 6.3.3.  

Initial observations of pericytes in culture under chronic inflammatory conditions had 

shown that although IFNγ, and LPS treated cells appeared to grow similarly to vehicle treated 

cells, TNFα and IL-1β treated cells had a different growth pattern (Figure 6.4A). TNFα and IL-

1β treated cells showed a more fibrous pattern and tended to grow in parallel paths. This 

phenomenon was not observed when cells were treated the same way in 96-well plates. 

Nevertheless this result was consistent with previous reports in mouse pericytes, 

demonstrating the induction of a bipolar, linear morphology in pericytes by TNFα treatment 

(Tigges et al., 2013). A similar phenotype in cells treated with IL-1β can be explained by the 

fact that IL-1β has been shown to activate similar cellular pathways as TNFα (for example 

NFκB) (Ledesma et al., 2004, Jansson et al., 2014). I had hypothesized that a chronic pro-

inflammatory environment would be toxic to cells and induce cell death. However, contrary 

to what was expected, total cell number was significantly increased in chronic TNFα (128% ± 
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4.5 (SEM, n = 3) and IL-1β (116% ± 3.8 (SEM), n = 3) conditions compared to controls (Figure 

6.4B).  
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Figure 6.4 Chronic cytokine treatment changes general morphology and cell number of 
pericytes in culture  

Pericytes were exposed to chronic cytokine treatment, IFNγ (1 ng/ml), TNFα (5 ng/ml), IL-1β 
(1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days.  

A) Brightfield images of pericytes treated as indicated. Scale bar = 100 µm. 

B) Hoechst was used to quantify total cells using MetaXpress™ Image Analysis software. 
Data from triplicate wells, four images per well, from three cases was normalized to 
vehicle and plotted ± SEM. Data was analyzed using Kruskal-Wallis and Dunn’s test for 
multiple comparisons. Significant difference from vehicle is indicated, *** (p < 0.001), 
** (p < 0.01). 
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Considering the difference in total cells we speculated that changes in cell number 

could be due to either increased proliferation or decreased cell death, which is addressed in 

the next chapter. PDGF is an important growth factor regulating cell proliferation in 

pericytes, therefore PDGFRβ expression was examined to determine if receptor expression 

was correlated with cell number. Pericytes treated as in Figure 6.1, were analysed by 

immunocytochemistry of PDGFRβ (Figure 6.5). Quantification of PDGFRβ positive cells under 

chronic inflammatory conditions had revealed no changes in percentages of cells expressing 

PDGFRβ (Figure 6.5B). Interestingly, quantification of the intensity of PDGFRβ staining per cell 

revealed a significant decrease by TNFα (27% ± 4 (SEM), n = 3) and IL-1β (16% ± 4 (SEM), n = 

3) treatment (Figure 6.5C). This result was consistent with previous studies in fibroblast cells 

showing decreased cell surface expression of PDGFRβ in response to TNFα, IL-1β and PDGF-

BB treatment (Tingstrom et al., 1992). Furthermore, despite increased cell numbers as a 

result of TNFα and IL-1β treatment, the mean stain area of PDGFRβ staining was significantly 

decreased with these two treatments (Figure 6.5D). This data supports previous observations 

of difference in growth patterns of pericytes treated with TNFα or IL-1β. 
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Figure 6.5 Chronic TNFα and IL-1β reduce pericyte PDGFRβ expression 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days.  

A) Representative images of cells treated as indicated and labelled with a PDGFRβ 
antibody (green) and Hoechst (blue). Scale bar = 100 µm. 

B) Percent positive for PDGFRβ of total cells measured by Hoechst, treated as above 
were quantified using MetaXpress™ Image Analysis software. Data was normalized to 
vehicle and plotted ± SEM. 

C) Mean integrated intensity of PDGFRβ per cell, of cells treated in B), was quantified 
using MetaXpress™ Image Analysis software. Data was normalized to vehicle and 
plotted ± SEM. 

D) Mean stain area of PDGFRβ per cell, of cells treated in B), was quantified using 
MetaXpress™ Image Analysis software. Data was normalized to vehicle and plotted ± 
SEM. 

Data from triplicate wells, four images per well from three cases was analyzed using Kruskal-
Wallis and Dunn’s test for multiple comparisons. Significant difference from vehicle is 
indicated, *** (p < 0.001), ** (p < 0.01), * (p < 0.05). 

 

6.4.3.1 Chronic IFNγ treatment reduces αSMA expression in pericytes 

αSMA is another prominent marker for pericytes, and has been shown to change with 

treatment or different media conditions (Nehls and Drenckhahn, 1991, Livak and Schmittgen, 

2001). Since αSMA is a cytoskeletal protein and plays a role in cell shape, we investigated 

whether inflammatory conditions affected pericyte morphology through changes in αSMA. 

Pericytes were treated chronically with cytokines as described in Figure 6.1. Examination of 

αSMA expression by immunocytochemistry of the cells treated with vehicle, IFNγ, TNFα, IL-1β 

or LPS revealed that chronic IFNγ conditions induced a difference in αSMA staining pattern 

and distribution by visual examination (Figure 6.6A). In addition, quantification of αSMA 

staining demonstrated a significant reduction in the percentage of αSMA positive cells 

(Figure 6.6B) as well as overall intensity of αSMA staining after IFNγ treatment compared to 

controls (Figure 6.6C). This could imply a change in cytoskeletal arrangement or perhaps 

cellular differentiation, which will be addressed in the next section. 
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Figure 6.6 Chronic IFNγ treatment reduces αSMA expression in pericytes 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days.  

A) Representative images of cells treated as indicated labelled with a αSMA antibody 
(red) and Hoechst (blue). Scale bar = 100 µm. 

B) Percent positive for αSMA of total cells measured by Hoechst, treated as above were 
quantified using MetaXpress™ Image Analysis software. Data was normalized to 
vehicle and plotted ± SEM 

C) Mean integrated intensity of αSMA per cell, of cells treated in B) was quantified using 
MetaXpress™ Image Analysis software. Data was normalized to vehicle and plotted ± 
SEM.  

Data from triplicate wells, four images per well from three cases was analyzed using 
Kruskal-Wallis and Dunn’s test for multiple comparisons. Significant difference from 
vehicle is indicated, *** (p < 0.001), ** (p < 0.01). 

 

6.4.3.2 Gene expression changes in pericytes exposed to chronic inflammation 

Chapter 5 had revealed gene expression changes of pericytes in response to pro-

inflammatory cues. However, while this had established a role for human pericytes in 

inflammation, the question remained, how do these cells cope with a chronic inflammatory 

environment? Past literature has shown evidence for the potential mesenchymal properties 

of pericytes, which can be augmented in conditions of necessity such as injury or stress 

(Dore-Duffy et al., 2006, Covas et al., 2008, Crisan et al., 2008). Inflammatory cytokines IFNγ 

and TNFα have also been shown to modulate stem cell differentiation (Wang et al., 2013). 

Therefore, with this question in mind, we examined gene expression changes in pericytes 

after chronic cytokine treatment. Specifically transcripts for pericyte markers (Fibronectin, 

Nestin, αSMA, Collagen IV, Figure 6.7), cell survival and proliferation (B-cell lymphoma-2 (Bcl-

2), Ki67, proliferating cell nuclear antigen (PCNA), and PDGFRβ, (Figure 6.8)), cell fate (cluster 

of differentiation 146 (CD146), cluster of differentiation (CD73), cluster of differentiation 105 

(CD105) and Nucleostemin, (Figure 6.9)), and previously validated inflammation-related 

genes (IP-10, MCP-1, COX2, ICAM-1, (Figure 6.10)), and CD74, ATF3 and IRF1, (Figure 6.11)), 

were investigated to determine if chronic inflammation affected cell fate, cell survival 

mechanisms, or the inflammatory response. Pericytes were treated as in section 6.3.3 for 
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four days and mRNA was extracted for qRT-PCR analysis. Results were be discussed by 

cytokine treatment for simplicity purposes. 

 
IFNγ: Examination of gene expression changes in response to chronic IFNγ treatment 

revealed a trend of decreased expression in Nestin, αSMA, Collagen IV, Ki67, as well as 

CD146, and an increase in PDGFRβ, PCNA, and Bcl-2 expression, although none of these 

changes were statistically significant. However, inflammation-related genes, CD73, IP-10, 

MCP-1, COX2, and ICAM-1, were increased in response to IFNγ treatment as expected and 

these changes were statistically significant. Furthermore, increases in ATF3, CD74 and IRF1 

were exclusive to IFNγ treatment. 

 
TNFα: Treatment of pericytes with TNFα resulted in decreased expression of PDGFRβ, and 

although this change did not reach statistical significance, it was consistent with 

immunocytochemistry data. There were also significant increases in inflammatory responsive 

genes, CD73, IP-10, MCP-1, and ICAM-1 expression. 

 
IL-1β: In congruence with immunocytochemical data, IL-1β treated pericytes demonstrated 

a decrease in PDGFRβ gene expression that was not significant but was consistent with 

immunocytochemistry data. Interestingly, there was an increase in αSMA expression with IL-

1β treatment which was consistent with western blot data. Cell fate markers were 

modulated with IL-1β treatment, CD105 was decreased (not significantly) and CD73 was 

increased. In addition, PCNA expression was significantly decreased, which may suggest that 

chronic IL-1β affects proliferation in pericytes. There were also significant increases in 

inflammatory response transcripts, MCP-1, ICAM-1 and COX2 in response to chronic IL-1β 

treatment. 

 
LPS: Chronic LPS treatment showed no significant changes in gene expression of the genes 

tested, which is consistent with chapter 5 data, for 24 hour treatment.  

 
The previous experiments have shown that chronic cytokine treatment has significant effects 

on human brain pericytes relating to cell growth, growth factor receptor and cytoskeletal 

protein expression. In addition, gene expression analysis revealed regulation of pericyte 
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markers, cell fate, proliferation and pro-inflammatory genes in chronic inflammatory 

conditions. In particular, expression of PDGFRβ, a receptor crucial for pericyte survival was 

altered with chronic cytokine treatment. The next section examines the relevant PDGF 

signalling pathway to elucidate the effects of chronic inflammatory conditions on human 

brain pericyte function. 

 

 

Figure 6.7 Gene expression analysis of cell type markers in pericytes treated chronically 
with pro-inflammatory cytokines. 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days. RNA was 
extracted and transcripts were quantified using qRT-PCR. Data was from three cases and fold 
change (2-ΔΔCt) was plotted ± SEM. Data was analyzed using Kruskal-Wallis and Dunn’s test for 
multiple comparisons. Significant difference from vehicle is indicated, ** (p < 0.01).  
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Figure 6.8 Gene expression analysis of proliferation markers in pericytes treated chronically 
with pro-inflammatory cytokines. 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days. RNA was 
extracted and transcripts were quantified using qRT-PCR. Data was from three separate cases 
and fold change (2-ΔΔCt) was plotted ± SEM. Data was analyzed using Kruskal-Wallis and 
Dunn’s test for multiple comparisons. Significant difference from vehicle is indicated, ** (p < 
0.01). 
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Figure 6.9 Gene expression analysis of cell fate markers in pericytes treated chronically 
with pro-inflammatory cytokines 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days. RNA was 
extracted and transcripts were quantified using qRT-PCR. Data was from three cases and fold 
change (2-ΔΔCt) was plotted ± SEM. Data was analyzed using Kruskal-Wallis and Dunn’s test for 
multiple comparisons. Significant difference from vehicle is indicated, ** (p < 0.01). 
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Figure 6.10 Gene expression analysis of inflammatory markers in pericytes treated 
chronically with pro-inflammatory cytokines 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days. RNA was 
extracted and transcripts were quantified using qRT-PCR. Data was from three cases and fold 
change (2-ΔΔCt) was plotted ± SEM. Data was analyzed using Kruskal-Wallis and Dunn’s test for 
multiple comparisons. Significant difference from vehicle is indicated, *** (p < 0.001), ** (p < 
0.01), * (p < 0.05). 
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Figure 6.11 Gene expression analysis of inflammatory markers in pericytes treated 
chronically with pro-inflammatory cytokines 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days. RNA was 
extracted and transcripts were quantified using qRT-PCR. Data was from three separate cases 
and fold change (2-ΔΔCt) was plotted ± SEM. Data was analyzed using Kruskal-Wallis and 
Dunn’s test for multiple comparisons. Significant difference from vehicle is indicated, ** (p < 
0.01), * (p < 0.05). 
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6.4.3.3 Chronic IFNγ increases PDGF-BB induced PDGFRβ phosphorylation 

Since PDGFRβ plays such an important role in pericyte survival, and previous work has 

shown cytokines to alter PDGF signalling, we were interested in whether chronic 

inflammation could influence PDGFRβ dysregulation. In order to further investigate the 

mechanisms by which cytokines may affect PDGFRβ signalling we treated cells with chronic 

cytokine conditions as described (section 6.3.3) and examined the PDGF-BB induced 

phosphorylation status of PDGFRβ (Tyr751) by western blot. Following chronic cytokine 

treatment cells were serum starved for two hours then treated with 100 ng/ml PDGF-BB for 

30 minutes to detect PDGF-BB induced phospho-PDGFRβ. Western blot analysis revealed 

total PDGFRβ expression to be stable under all chronic conditions tested. Bands for 

phosphorylated PDGFRβ were not detected under control conditions treated with vehicle 

(Figure 6.12A). PDGFRβ phosphorylation was induced after 30 minutes of PDGF-BB 

treatment. Interestingly, chronic IFNγ treatment increased PDGF-BB induced phosphorylation 

of PDGFRβ by 1.5 fold (± 0.1 (SEM), n = 3) over controls with PDGF-BB (Figure 6.12B). In 

addition TNFα and IL-1β treatment resulted in decreased PDGF-BB induced PDGFRβ 

phosphorylation, however this difference was minor. Expression of αSMA was not changed 

with PDGF-BB treatment, yet showed decreased expression under IFNγ treated conditions, 

and increased expression with TNFα, IL-1β and LPS treatment, which is consistent with 

immunocytochemical data (Figure 6.12C). 
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Figure 6.12 Chronic cytokine treatment affects PDGF-BB-induced PDGFRβ phosphorylation 
in pericytes 

A) Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 
ng/ml), TNFα (5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for 
four days. Cells were then serum starved for two hours then treated with PDGF-BB 
(100 ng/ml) for 30 minutes. Protein lysates were analyzed for phosphorylated 
PDGFRβ and αSMA. GAPDH was used as a loading control. Blots are representative of 
experiments repeated in three cases. 

B) Quantification of western blots from A) Phospho-PDGFRβ levels were normalized to 
total PDGFRβ, then to PDGF-BB treated control, only PDGF-BB treated wells are 
shown (corresponding to lanes 2, 4, 6, 8, and 10 of western blot)  

C) Quantification of western blots from A) αSMA was normalized to GAPDH then to 
vehicle treated control. (Bars on graph correspond to lanes 1, 3, 5, 7 and 9 of western 
blot) 

Data presented was from three cases. Significance was evaluated using Kruskal-Wallis and 
Dunn’s multiple comparisons test. Differences were not statistically significant. 
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6.4.3.4 Chronic IFNγ increases basal and PDGF-BB induced PDGFRβ internalization 

Characteristic PDGF signalling involves binding of the ligand to the receptor, followed 

by dimerization, autophosphorylation and internalization (Kapeller et al., 1993, Sorkin and 

Waters, 1993). Receptor internalization can be used by the cell as a regulatory mechanism to 

switch off a particular pathway, and avoid chronic signal activation (Sorkin and Waters, 

1993). Indeed this has been documented for PDGFRβ pathway regulation (Sorkin et al., 

1991). Additionally it has been shown that PDGFRβ internalization can occur independently 

of receptor phosphorylation (Pahara et al., 2010). I postulated that although treatment with 

TNFα or IL-1β did not increase phosphorylation, it may affect PDGF signalling through 

receptor internalization. Since there was an increase in PDGF-BB induced PDGFRβ 

phosphorylation under chronic IFNγ conditions I sought to determine if this also affected 

internalization of the receptor. PDGFRβ expression in pericytes treated with vehicle or PDGF-

BB for 30 minutes was examined by immunocytochemistry (Figure 6.13). Quantification of 

staining, both by positive cells and integrated intensity of staining, revealed that overall 

expression of PDGFRβ was unchanged in response to 30 minutes of PDGF-BB treatment (data 

not shown). This result was consistent with western blot data. However, upon closer 

examination of PDGFRβ staining, it was observed that PDGF-BB treatment increased the 

appearance of puncta in the cell, which is indicative of receptor internalization (Figure 6.13) 

(Tingstrom et al., 1992, Kapeller et al., 1993). This was quantified using the transfluor 

algorithm from the MetaXpress™ Image Analysis software (Figure 6.14). Treatment with 

PDGF-BB, (100 ng/ml) for 30 minutes, induced a 2.5-fold increase in the number of puncta 

per cell in control conditions. However, those wells treated chronically with IFNγ (1 ng/ml) 

resulted in a 1.8-fold (not significant) increase in puncta per cell under basal conditions and 

4.8-fold increase when treated with PDGF-BB, which indicated that IFNγ increased PDGF-BB 

induced PDGFRβ internalization. IL-1β treatment resulted in less PDGFRβ puncta under basal 

conditions although PDGF-BB induced puncta were not significantly different from control 

with PDGF-BB. There was no significant difference in basal or PDGF-BB induced PDGFRβ 

internalization in response to chronic TNFα, or LPS treatment compared to controls. These 

results supported previous experiments and suggested that increased PDGFRβ internalization 

with chronic IFNγ treatment may result in enhanced signalling. The phenotypic effects of 
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altered phosphorylation and internalization of the PDGFRβ in human brain pericytes under 

chronic inflammatory conditions will be addressed in the next chapter. 
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Figure 6.13 Internalization of PDGFRβ in pericytes in response to chronic cytokine 
treatment 

Pericytes were exposed to vehicle (Veh) or chronic cytokine treatment, IFNγ (1 ng/ml), TNFα 
(5 ng/ml), IL-1β (1 ng/ml), or LPS (1 ng/ml) added every 24 hours for four days. Cells were 
then serum starved for two hours then treated with PDGF-BB (100 ng/ml) for 30 minutes. 
Cells were fixed and immunolabelled for PDGFRβ (green) and Hoechst (blue). Scale bar = 10 
µm 

 

 

Figure 6.14 Chronic IFNγ treatment increases PDGFRβ internalization  

Pericytes treated as in Figure 6.13 were labelled for PDGFRβ. The number of PDGFRβ puncta 
per cell, (as labelled with Hoechst), were quantified using the transfluor assay with 
MetaXpress™ Image Analysis software. Data from three cases was normalized to vehicle and 
plotted ± SEM. Data was analyzed using a two-way ANOVA and Tukey’s test for multiple 
comparisons. Significant difference from vehicle is indicated, *** (p < 0.001), ** (p < 0.01), * 
(p < 0.05). 
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6.5 Discussion 

Chronic hyperinsulinemia and inflammation are two conditions common in T2D 

(Lebovitz, 2001, Hotamisligil, 2006). Pericytes of the blood retinal barrier share many 

similarities with brain pericytes and are susceptible to peripheral conditions such as 

hyperglycemia and inflammation (Geraldes et al., 2009). However, it is currently unknown 

how human brain pericytes are affected by peripheral conditions. This chapter investigates 

the effects of chronic insulin or cytokine treatment on pericyte signalling in vitro in order to 

identify contributing factors to pericyte dysfunction. These results offer insight into pericyte 

biology in disease conditions. 

6.5.1 PDGFRβ signalling is not affected by IR in human brain pericytes 

Retinal pericyte loss is an early occurrence in the development of diabetic retinopathy 

(Hammes et al., 2002). Although the effects of diabetes associated stressors have been 

examined in pericytes, IR was not one of them. Specifically oxidative stress, hyperglycemia, 

TNFα, and activation of NFκB and protein kinase C have been linked to pericyte loss (Behl et 

al., 2008, Geraldes et al., 2009, Kim et al., 2012). Insulin treatment has shown to protect 

retinal pericytes from ischemia-induced apoptosis, and this effect was reduced in retinal 

pericytes from diabetic animals (Kobayashi and Puro, 2007). Our results indicated that 

chronic hyperinsulinemia did not reduce insulin or PDGF signalling in pericytes. However, 

concentrations used in experiments here to test acute response were significantly above 

physiological levels, (which, in the blood is in the pM range), in order to sufficiently detect 

phosphorylated Akt and PDGFRβ. It is possible that lower concentrations of PDGF-BB or 

insulin may be less able to activate the appropriate pathways involved in pericyte survival 

signalling. To test this, alternative and more sensitive methods of measuring response in 

pericytes would be required. In addition, the effects of reduced insulin signalling in pericytes 

may only be evident when the cells were exposed to stress such as inflammation or 

hyperglycemia. Further investigations are needed to determine the extent of the effects of IR 

on brain pericytes. Moreover, as previous ex vivo studies of insulin response in post-mortem 

brain tissue from AD patients showed reduced insulin signalling, it would be valuable to know 
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if pericytes from AD patients respond differently to insulin than pericytes from normal 

healthy subjects (Talbot et al., 2012). 

6.5.2 Examining the effects of chronic cytokine treatment on human brain pericytes 

Chronic conditions of inflammation were modelled in pericyte cultures with cytokine 

treatment over four days. Investigation of pericyte characteristics such as expression of 

pericyte specific proteins PDGFRβ and αSMA, as well as PDGF signalling with western blot 

analysis and immunocytochemistry, and gene expression analysis has uncovered new 

functional information on the effects of chronic inflammation in human brain pericytes. 

These results are summarized in Table 6.1. 

Table 6.1 Summary of effects of chronic cytokine treatment on human brain pericytes 

 IFNγ TNFα IL-1β LPS 

Morphology No change Fibrous, linear Fibrous, linear No change 

αSMA expression ↓(*ICC, WB) No change ↑(WB) No change 

PDGFRβ 
expression 

No change *↓(*ICC) ↓(*ICC) No change 

PDGFRβ 
phosphorylation 

↑ No change No change No change 

PDGFRβ 
internalization 

↑* No change No change No change 

Total cell numbers No change ↑ ↑ No change 

Gene expression ↑PCNA 
↑PDGFRβ 
↑Bcl-2 
*↑CD73 
*↑ICAM-1 
*↑COX2 
*↑IP-10 
*↑MCP-1 
*↑ATF3 
*↑CD74 
*↑IRF1 
↓Nestin 
↓Collagen IV 
↓αSMA 
↓Ki67 

*↑CD73 
*↑MCP-1 
*↑IP-10 
*↑ICAM-1 
 
↓PDGFRβ 
 

*↑αSMA 
*↑CD73 
*↑MCP-1 
*↑ICAM-1 
*↑COX2 
 
↓PDGFRβ 
↓CD105 
*↓PCNA 

No change 

↑increase, ↓decrease, WB, western blot, ICC, immunocytochemistry, * statistically 
significant 
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6.5.2.1 Chronic IFNγ decreases αSMA expression in human brain pericytes 

Pericytes responded to chronic IFNγ treatment by reducing expression of the filament 

protein, αSMA. Reduction in αSMA by IFNγ treatment was most prominent by 

immunocytochemistry, however was supported by western blot and qRT-PCR data. Although 

this outcome has been shown in other cell types, this was the first observation in pericytes 

(Shi and Rockey, 2010). Interestingly, PDGF-BB treatment has been shown to reduce αSMA 

gene expression in smooth muscle cells (Kaplan-Albuquerque et al., 2003). Perhaps in 

pericytes, IFNγ is able to modulate αSMA expression through enhanced PDGFRβ signalling. 

However, it is possible that expression of αSMA in brain pericytes may be a result of in vitro 

culture conditions, as several groups have failed to identify the protein on brain capillaries 

(Nehls and Drenckhahn, 1991, Boado and Pardridge, 1994). Nevertheless, αSMA was found 

expressed on venules and arterioles in brain vasculature and is believed to contribute to the 

contractile action of vessels (Nehls and Drenckhahn, 1991, 1993). In this case, decrease in 

αSMA expression by chronic IFNγ may contribute to decreased blood flow regulation and 

vessel contractility in disease conditions, as seen in αSMA null mice (Schildmeyer et al., 

2000). αSMA expression has also been shown to be vital for blood retinal barrier integrity, as 

deletion of the protein results in vascular leakage (Tomasek et al., 2006). 

6.5.2.2 Chronic IFNγ enhances phosphorylation and internalization of PDGFRβ in 

human brain pericytes 

Chronic IFNγ treatment was also shown to increase PDGF-BB induced PDGFRβ 

phosphorylation and internalization. There is currently no evidence of this phenomenon in 

the literature. Typical IFNγ stimulation results in activation of the JAK-STAT pathway and 

modulation of growth, proliferation and cell death processes. However as previously shown 

in Chapter 4, IFNγ also stimulates the production and release of chemokines. Other studies 

have also shown that in addition to the release of pro-inflammatory cytokines, IFNγ has been 

shown to influence the production of reactive oxygen species (Marchi et al., 2014, Pieper et 

al., 2014). A possible mechanism of PDGF-independent PDGFRβ phosphorylation could be 

through the production of reactive oxygen species and association with Src kinases, as has 

been documented for PDGFRα in a model of retinopathy (Lei and Kazlauskas, 2009). Despite 

that this may not be the process involved in the interaction of IFNγ and PDGF signalling in 
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pericytes cells, it is necessary to highlight that there is a wide range of cellular effects that 

IFNγ generates, and these can be cell type specific (Maher et al., 2007). The following chapter 

addresses the potential phenotypic consequences of IFNγ-induced increased PDGFRβ 

activation. 

6.5.2.3 Chronic IFNγ treatment induces gene expression changes relevant to pericyte 

function 

Gene expression changes in response to IFNγ treatment included a trend of 

reductions in αSMA, Collagen IV, Nestin, CD146, and Ki67 (not statistically significant). While 

the reduction in αSMA expression did not reach statistical significance, it was in agreement 

with the immunocytochemistry and western data. Nestin has been used as a marker of 

neural precursor or stem cell potential (Park et al., 2012). Since there was a reduction in 

Nestin gene expression with chronic IFNγ this may indicate a reduction in mesenchymal 

status, which is supported by findings that IFNγ has been shown to reduce proliferation and 

Nestin expression of murine neural stem cells in culture (Hu et al., 2014). However, this is in 

opposition to the observed effects of IFNγ on PFGFRβ phosphorylation and internalization. 

Previous evidence has shown that pharmacological inhibition of PDGFRβ in mesenchymal 

stem cells resulted in increased mesenchymal differentiation, however this was not receptor 

isoform specific (Ball et al., 2012). Studies of the effect of IFNγ treatment in human neural 

stem cell culture has shown decreased proliferation and modulation of stem cell 

differentiation through expression of Indoleamine-pyrrole 2,3 dioxygenase (which was 

upregulated in our pericyte microarray data set) (Croitoru-Lamoury et al., 2011). These 

findings indicate that IFNγ may contribute to reduced ability of pericyte regeneration under 

chronic inflammatory conditions, and therefore exacerbate BBB damage. 

Collagen IV, on the other hand, plays a completely different role in pericytes. Collagen 

IV is one of the key components of the basement membrane forming the BBB, and is 

important for vessel integrity (Poschl et al., 2004, Gould et al., 2005). Distinct areas of 

reduced collagen IV in between pericytes provide a space for monocytes to cross the 

vasculature, a process called transmigration. These areas are enlarged during inflammation 

due to cytokine induced reduction in collagen IV (Wang et al., 2006). Though this process has 

not been investigated specifically with IFNγ, our data suggests that IFNγ may contribute to 
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collagen IV depletion from pericytes which could potentially lead to increased infiltration of 

immune cells to the CNS.  

Fibronectin is another protein involved in basement membrane formation and is 

expressed in pericyte cultures (Kose et al., 2007, Shimizu et al., 2013). Increases in fibronectin 

expression with transforming growth factor-β treatment have been reported in immortalized 

pericyte cultures and in animal models of AD (Shimizu et al., 2013, Tigges et al., 2013). 

However, fibronectin expression did not change in response to IFNγ, TNFα, IL-1β or LPS 

chronic treatment in pericyte cultures. 

CD146, also known as melanoma cell adhesion molecule, is commonly associated with 

tumour growth and progression. CD146 is expressed on the cell surface of pericytes from 

multiple organs and is commonly used to isolate pericyte cells using flow cytometry methods 

(Li et al., 2003, Covas et al., 2008, Crisan et al., 2008). The combination of CD146 and PDGFRβ 

is indicative of pericytes and mesenchymal cells, while CD146-negative cells have impaired 

regenerative capabilities (Schwab and Gargett, 2007). Our data indicate that the reduction in 

CD146 and increase in PDGFRβ gene expression with IFNγ treatment supports a more 

differentiated pericyte phenotype. CD146 expression has also been shown to be involved in 

T-cell recruitment in endothelial cells (Guezguez et al., 2007).  

CD73 has been used in the past as a marker for mesenchymal stem cells (Bai et al., 

2007). Functionally CD73 is a cell surface enzyme that is activated by inflammatory cytokines 

and is responsible for reducing local concentration spikes during an inflammatory response 

by degrading ATP (Antonioli et al., 2013). The enzyme has also been shown to negatively 

regulate immune cell trafficking and adhesion, and is therefore an important mediator of the 

negative feedback response during acute inflammation (Salmi and Jalkanen, 2005). CD73 

gene expression was increased in pericytes in response to chronic IFNγ treatment, indicating 

that these cells can act in an anti-inflammatory fashion, something that has not been 

previously reported. Although we did not test the expression of CD73 in response to 

cytokines at other timepoints, it would be beneficial to know if expression of CD73 changes 

over time from acute to chronic inflammation. It is possible that the change in expression 

observed after four days is diminished compared to what may be apparent after a few hours. 

This would indicate whether pericytes could maintain a form of negative regulation of the 
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inflammatory response, and would offer a potential target to enhance in inflammatory 

disease. 

Expression of IP-10 mRNA in response to chronic IFNγ was increased compared to 24 

hour treatment as seen in chapter 5 which was virtually undetectable. This is likely due to 

secondary factors activated and secreted after chronic stimulation. Further analysis of MCP-

1, COX2, ICAM-1 ATF3, IRF1 and CD74 expression in response to chronic IFNγ or one-24 hour 

treatment showed similar trends. Maintained expression of pro-inflammatory genes in 

response to chronic IFNγ treatment excludes the possibility of desensitization to 

inflammatory cytokines, therefore further supporting the idea of detrimental effects of 

chronic inflammation. 

6.5.2.4 TNFα and IL-1β demonstrate similar effects on growth patterns and cell 

numbers in pericytes  

Since a previous study had shown chronic TNFα to disrupt PDGFRβ signalling, it was 

hypothesized that this would also be the case in pericytes (Hoehn et al., 2008). Quantification 

of PDGFRβ expression in pericytes showed no change in number of cells expressing PDGFRβ, 

although integrated intensity per cell was decreased by TNFα and IL-1β. This may be due to 

the fact that TNFα and IL-1β modified the growth pattern of pericytes. Pericytes treated 

chronically grew more in concentrated foci, as demonstrated by quantification of the mean 

stain area of PDGFRβ staining. However, this observation was confounded by the different 

growth patterns in 96-well plates compared to 6-well plates. Pericytes grown in 6-well plates 

treated chronically with TNFα and IL-1β developed a more fibrous, linear growth pattern, in 

contrast to the clumped masses seen in 96 well plates. This observation was consistent with 

the documented effect of TNFα on in vivo blood vessels and in vitro pericyte remodelling in 

mice (Baluk et al., 2009, Tigges et al., 2013). Western blot data suggested a reduction in both 

phosphorylated and total PDGFRβ with TNFα or IL-1β treatment, although this was not 

consistent enough between experiments to reach statistical significance. Indeed reports of an 

increase in PDGF signalling with TNFα and IL-1β contradict these conclusions, although the 

effects of chronic cytokine treatment were not examined (Nair et al., 2014). 

Since TNFα and IL-1β activate the same transcription factors it was not surprising to 

see that both cytokines induced expression of the same genes including MCP-1, COX2, ICAM-
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1 and CD73. As with chronic IFNγ treatment, chronic TNFα and IL-1β induced changes of 

inflammatory transcripts were consistent with the one-time 24 hour results. A difference 

worthy to discuss is the effect of IL-1β treatment on CD105 expression. Although the 

difference was not statistically significant from controls, there was a trend of decreased 

expression with an average 45% less expression with IL-1β treatment. CD105 is a 

transforming growth factor beta-associated cell surface protein and important for scar 

formation and recovery from ischemia (Shen et al., 2014). In particular CD105+, PDGFR+ cells 

are the primary proliferating cells surrounding infarct area after ischemia (Fernandez-Klett et 

al., 2013). Reduction in CD105 gene expression by IL-1β did not reach statistical significance, 

however it does provide justification to examine protein expression in pericytes treated with 

IL-1β which may be more biologically meaningful.  

6.5.2.5 Chronic LPS 

Investigations of PDGF signalling in pericytes in response to chronic LPS treatment 

uncovered no significant changes in PDGFRβ phosphorylation or internalization. Nor did LPS 

affect cell numbers or αSMA expression. There was also no change in expression in any of the 

genes investigated in response to chronic LPS treatment. The lack of a response to chronic 

LPS treatment was not expected, as acute LPS treatment induced NFκB activation, IP-10, 

MCP-1, IL-6, IL-8 and ICAM-1 gene expression (chapter 4). Tolerance to chronic LPS has been 

reported in the literature in several cell types and in animal models and may explain why 

there were no observed changes in pericytes under these conditions (Mathison et al., 1993, 

Wheeler et al., 2008, Natarajan et al., 2010). Evidently chronic LPS treatment in pericytes 

does not provide an appropriate in vitro model for chronic inflammation.  

Chronic inflammation is a key contributor to the pathophysiology of both T2D and AD. 

The present chapter demonstrated chronic inflammation induced changes in crucial pericyte 

signalling pathways as well as transcriptional regulation. Since the aforementioned data 

strongly implicated chronic inflammation in PDGF and cellular proliferation pathways, the 

next chapter focused on the effects of chronic inflammation on pericyte proliferation. 
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6.5.3 Caveats 

The in vitro model of chronic inflammation used in this chapter is one of many 

possible scenarios, and does not exactly replicate conditions of human disease. In brain 

vasculature many cell types interact and synchronise to maintain homeostatic conditions and 

to respond to stress (del Zoppo, 2010). Our culture system does not include other cell types 

and therefore is at a disadvantage. Co-culture models of pericytes, endothelial cells, and 

astrocytes have been studied in the past, both with animal and with transformed human 

cells. The study of these cell types together allows examination of pericyte-endothelial 

interactions and modelling of the BBB in vitro (Deli et al., 2005, Toth et al., 2011). Our lab is 

currently optimizing isolation of endothelial cells from the brain tissue that the pericytes 

originate. Investigations of these two cells types in culture in response to pro-inflammatory 

cues will add to the work completed to date in human brain pericytes. 

6.5.4 Conclusions 

Chronic inflammation is a central theme in T2D and AD and may indeed influence the 

relationship between metabolic disorders and brain disease. The present data suggests that 

pericytes exposed to cytokines in a chronic condition display altered cytoskeletal protein as 

well as cell fate gene expression. This may cause significant reductions in pericyte function 

and rejuvenating capabilities. Furthermore, this data indicates that IFNγ in particular 

modulates PDGFRβ activation. PDGFRβ has been shown to be crucial for pericyte survival and 

BBB maintenance in animal models; however, its role in human pericytes has yet to be 

elucidated. The next chapter examined the role of PDGFRβ in human brain pericytes and the 

effect of chronic inflammation on PDGF signalling. 
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CHAPTER 7: The Role of PDGFRβ in PDGF-Mediated Pericyte Survival and 

Proliferation 

7.1 Introduction 

The previous chapters have demonstrated that human brain pericytes in culture 

expressed PDGFRβ and this could be modified by chronic cytokine treatment. Furthermore, 

pericytes responded to PDGF-BB treatment by inducing canonical phosphorylation and 

internalization of the PDGFRβ. Interestingly, this process was affected by chronic cytokine 

treatment; however, it was currently unknown whether inflammation affects biological 

PDGF-outputs such as proliferation, in human pericytes. Since inflammation is a key factor in 

both disorders, unravelling the effects on PDGF signalling may therefore be important in 

uncovering the causes for pericyte loss associated with T2D and AD. 

7.1.1 Animal models of pericyte deficiency demonstrate impaired blood brain barrier 

function 

PDGF signalling is crucial for proper pericyte function and survival (Winkler et al., 

2010). Several studies of partial and complete knockout of PDGF and PDGFRβ in animal 

models have contributed to the present knowledge of PDGF signalling in the CNS. During 

development PDGFRβ is exclusively expressed in brain pericytes and is required for 

recruitment of cells to the vascular walls of the CNS (Hellstrom et al., 1999). Animals deficient 

in PDGF-BB were unable to recruit pericytes to microvasculature and developed 

microaneurysms before birth, indicating that pericytes contribute to the structural stability of 

capillaries (Lindahl et al., 1997). Investigations of the role of PDGF signalling in brain tissue 

from PDGFRβ-deficient rodents revealed PDGFRβ-dependent pericyte reduction (Winkler et 

al., 2010). As a result of pericyte loss, BBB and blood-spinal cord barrier integrity were 

compromised, demonstrating the importance of PDGFRβ for pericyte-dependent barrier 

maintenance as well as development (Winkler et al., 2012). Pericytes fulfil a supportive 

function for neighbouring endothelial cells as well. Pericytes establish direct contact with 
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endothelial cells, and through several actions are able to control endothelial transcytosis, 

migration, and proliferation (Armulik et al., 2005, Armulik et al., 2010, Ribatti et al., 2011). 

Pericytes can also provide a protective role for endothelial cells exposed to stress such 

as inflammation (Tu et al., 2011). BBB permeability has been linked to many inflammatory 

diseases such as AD, Huntington’s disease, Parkinson’s disease, multiple sclerosis and stroke 

(reviewed in (Bell and Zlokovic, 2009, Hirsch and Hunot, 2009, Drake et al., 2011). Not 

surprisingly, pericyte deficient mouse models with impaired BBB function crossed with AD 

mouse models displayed exacerbated brain pathologies such as elevated β-amyloid and tau 

levels, neuronal loss and cognitive decline (Sagare et al., 2013). In addition pericyte loss 

correlated with BBB breakdown in human AD brain tissue (Baloyannis and Baloyannis, 2012, 

Sengillo et al., 2013). Recent novel imaging techniques have enabled quantification of BBB 

integrity in live human subjects and revealed BBB impairment that increased with age in the 

healthy subjects and with mild cognitive impairment (Montagne et al., 2015). The loss of BBB 

function was associated with increased levels of circulating PDGFRβ in CSF which was 

indicative of pericyte damage (Montagne et al., 2015). This new data pointed toward pericyte 

loss and BBB breakdown being a very early event in the development of neurodegeneration. 

In congruence with this theory, pericyte injury and loss are early occurrences in blood 

retinal barrier breakdown associated with diabetic retinopathy (Hammes et al., 2002). The 

retina is in fact an extension of the CNS, behaving much like the brain in response to stress 

and injury, and is protected by a blood retinal barrier similar to the BBB (London et al., 2013). 

In addition, like the BBB, inflammation has been linked to blood retinal barrier permeability 

and retinal pericyte loss (Genove et al., 2014).  

7.1.2 Pericytes are multifunctional cellular entities of the BBB 

Pericytes are not solely important in the BBB. Recent studies have also established a 

role for pericytes in blood flow regulation (Peppiatt et al., 2006, Bell et al., 2010). Energy 

requirements of neuronal cells necessitate a tightly regulated and constant flow of nutrients 

and oxygen (Harris et al., 2012). Pericytes can respond to signals such as calcium gradients, 

and glutamate by constriction and dilation respectively to ensure adequate energy supply for 

the surrounding neurons (Hirase et al., 2004, Peppiatt et al., 2006). Pericytes may also 

contribute to the neuronal and glial population by their mesenchymal properties as shown by 
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the expression of glial and neuronal markers when serum deprived (Dore-Duffy et al., 2006, 

Dore-Duffy, 2008). Furthermore pericytes respond to ischemic insult and aid in scar 

formation in stroke models by migration and upregulation of PDGFRβ expression (Renner et 

al., 2003, Jung et al., 2011, Zechariah et al., 2013). 

Considering the fundamental roles demonstrated by pericytes in diverse processes of 

brain maintenance and function, a more complete understanding of the effects of 

inflammation on pericytes is necessary. The following chapter utilizes siRNA technology to 

examine the effects of chronic inflammation on PDGF-dependent proliferation in the 

presence or absence of PDGFRβ. 

7.2 Aims 

 Optimize knockdown of PDGFR in pericyte cultures using siRNA 

 Examine cell viability, metabolism and proliferation in PDGFRβ deficient pericytes  

 Investigate the effects of chronic inflammation on PDGF-dependent modulation of 

cell viability, metabolism and proliferation, in the presence or absence of PDGFRβ 
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7.3 Methods 

7.3.1 siRNA knock down of PDGFRβ 

Pericytes cultured as previously described (section 2.2.1) were seeded in complete 

media either in 96-well plates at 3-4000 cells/well for immunocytochemistry analysis or in 6-

well plates at 1.37 x 105 cells/well for western and qRT-PCR analysis. The following day, 

media was changed to antibiotic-free DMEM/F12 with 10% FBS with Glutamax (Gibco 

35050061) and cells were incubated for another 24 hours. On day three cells were 

transfected with control siRNA (Santa Cruz sc-37007) or PDGFRβ siRNA (Santa Cruz sc-29442). 

To transfect cells, 20X the desired concentration of siRNA was diluted in DMEM/F12 (without 

additives) and mixed 1:1 with Lipofectamine RNAiMax (Life Technologies 13778150) in 

DMEM/F12 (0.3 µl or 9 µl per well of 96-well or 6-well respectively) and incubated at room 

temperature for 15 minutes. Then siRNA/Lipofectamine mix was then added to wells at a 

1/10 dilution. Cells were then incubated for the indicated times at 37 oC, 5% CO2. 

For chronic inflammation experiments, treatments were started 24 hours after 

transfection and repeated as in section (6.3.3) (Figure 7.1). Once optimized, siRNA control 

was matched to PDGFRβ siRNA concentration. 

 

 

Figure 7.1 Experimental outline of chronic cytokine treatment with PDGFRβ knockdown 

 

http://www.lifetechnologies.com/order/catalog/product/13778150
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7.3.2 Immunocytochemistry 

Immunocytochemistry was completed as described in section 2.3, and quantification 

of PDGFRβ positive cells was carried out as described in section 2.3.1. Briefly, cells are 

counted as positive if expressing an intensity level above background. This threshold value is 

set and optimized for each experiment to account for real staining. As stated previously, both 

percent positive cell values and integrated intensity values for PDGFRβ staining show similar 

results. It should be noted however that this method of analysis if semi-quantitative and not 

absolute as settings are user defined changes detected are always compared to controls from 

the same plate. 

7.3.3 Western blot analysis 

Western blot analysis was completed as described in section 2.4. 

7.3.4 AlamarBlue Assay 

AlamarBlue® (AbD Serotec BUF012B) was used as a measure of cell health and 

metabolism. The AlamarBlue® reagent is an oxidation-reduction indicator that produces 

fluorescence when reduced by media metabolizing cells. AlamarBlue® reagent was added to 

wells at a 1/10 dilution and cells were incubated at 37oC, 5% CO2 for one hour. Fluorescence 

was measured using the FluoStar Optima plate reader (bmg alphatech) with an excitation of 

544 nm and emission of 590 nm. Controls of media alone (no cells) with AlamarBlue® were 

included and fluorescence values were used as baseline. Previous work in the lab has 

established this bioassay as an effective and reliable method to measure cell health, which is 

correlated with cell number. Incubation time with the reagent between one and four hours 

revealed consistent results, therefore one hour incubations were used for simplicity 

purposes. Fluorescence intensity values were normalized to total cell counts obtained by 

Hoechst stain in the same wells. The resulting values were then indicative of cell metabolism 

rate per cell. 

7.3.5 5-ethynyl-2’-deoxyuridine labelling 

Cells were labelled with is 5-ethynyl-2'-deoxyuridine (EdU) using Click-iT®Assay Kit 

(Life Technologies C10340) to detect proliferating cells according to manufacturer’s 
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instructions. Briefly, EdU was added to cells in culture at a final concentration of 5 µM and 

incubated for 24 hours. Cells were fixed with 4% PFA for 15 minutes at room temperature. 

Cells were rinsed with 3% BSA in PBS and then were permeabilized with 0.5% Triton X-100 in 

PBS for 20 minutes at room temperature. Once permeabilized cells were washed twice with 

3% BSA in PBS and then EdU reaction cocktail was added for 30 minutes at room 

temperature protected from light. Cells were then washed once more with 3% BSA in PBS 

and labelled with indicated antibodies as in section 2.3.  
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7.4 Results 

7.4.1 Investigating the role of PDGFRβ in human brain pericytes using siRNA technology 

Previous studies in animal models have shown that inhibition of PDGFRβ signalling 

through deletion or partial deletion of PDGF or its receptor resulted in pericyte cell loss 

(Lindahl et al., 1997). However, it was unknown whether PDGFRβ is required for human 

pericyte survival. Therefore, siRNA was used to knockdown PDGFRβ in human brain pericyte 

cultures. Pericytes were transfected with PDGFRβ siRNA at concentrations of 1, 10 and 50 

nM, and were incubated for two, four or six days with the siRNA to determine the optimal 

conditions for PDGFRβ knockdown (Figure 7.2A). Cells were labelled with PDGFRβ by 

immunocytochemistry to quantify knockdown (Figure 7.2B). No significant knockdown was 

apparent after two days, however after four days there was a significant reduction in PDGFRβ 

expression that continued to six days (Figure 7.2A). Here knockdown was quantified as 

percent of cells that were positive for the PDGFRβ by immunocytochemical staining. Since 

our lab has previously used this technique in human brain pericytes for targeted gene 

disruption with great success, this result was not surprising. Therefore, 50 nM siRNA was 

used to confirm PDGFRβ knockdown at four days by western blot analysis. Interestingly 

PDGFRβ knockdown had no effect on overall αSMA expression (Figure 7.2C). Since activation 

of Akt in response to growth factors is required for cell survival signals we examined Akt 

activation in the absence of PDGFRβ (Lalaoui et al., 2011). Cells transfected with control 

siRNA or PDGFRβ siRNA (50 nM) were tested for PDGF-BB induced Akt phosphorylation. 

Following four days of transfection cells were serum starved for two hours then treated with 

vehicle or PDGF-BB (100 ng/ml) for 30 minutes. Western blot revealed that with knockdown 

of PDGFRβ there was a complete loss of PDGF-BB induced Akt phosphorylation. This 

confirmed that although PDGF-BB can signal through PDGFRα, in pericytes PDGF-BB-induced 

activation of Akt was specific to PDGFRβ. Since 50 nM siRNA transfection was effective in 

knocking down PDGFRβ at both four and six days, subsequent experiments were repeated 

with 50 nM siRNA for five days. 
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Figure 7.2 PDGFRβ gene silencing in pericytes 

A) Pericytes were transfected with siRNA targeting PDGFRβ at 1, 10 and 50 nM as well as 
a scrambled siRNA as control (50 nM) for two, four or six days. Cells were fixed and 
labelled by immunocytochemistry for PDGFRβ to determine the optimal conditions 
for knockdown with siRNA. Percent positive for PDGFRβ of the total cells measured by 
Hoechst were quantified using MetaXpress™ Image Analysis software and plotted ± 
SEM.  

B) Representative images of pericytes in A) after four days of transfection, labelled for 
PDGFRβ. Scale bar = 100 µm 

C) Pericytes transfected with PDGFRβ siRNA (50 nM) or scrambled control for four days 
were serum starved for two hours then treated with PDGF-BB (100 ng/ml) for 30 
minutes. Protein lysates were analyzed by western blot for PDGFRβ, αSMA, phospho-
Akt and Akt, and GAPDH was used as a loading control. 

 

7.4.2 Investigating the effects of chronic inflammation in pericyte cultures in the absence 

of PDGFRβ 

The previous chapter demonstrated that chronic treatment of pericytes with 

cytokines affects PDGFRβ signalling, and protein and gene expression. Since PDGF is a major 

survival signal in cells, I hypothesized that knockdown of the receptor would either induce 

cell death or reduce cell proliferation. I postulated that a chronic pro-inflammatory 

environment would render pericytes more susceptible to stress and cell death and therefore 

present a potential mechanism for pericyte loss in inflammatory related neurodegeneration. 

Pericytes were transfected with control or PDGFRβ siRNA for 24 hours, and then treated 

chronically with cytokines for four days as described in section 7.3.1. Pericytes were then 

examined for changes in cell metabolism, and proliferation in response to PDGF treatment 

with chronic IFNγ, TNFα, IL-1β, and LPS. Overall cell health and metabolism can be measured 

in vitro using many different techniques, one of which is AlamarBlue®(Rampersad, 2012). This 

assay was used to assess cell health of pericytes both under chronic inflammatory conditions 

and PDGFRβ deficiency. Ki67, a marker commonly used for detection of cell proliferation, is 

located in the nucleus during all active stages of cell division and therefore indicates the 

proportion of cells that are undergoing division at the time of fixation (Scholzen and Gerdes, 

2000). Another useful marker for detection of cell proliferation is EdU, which is incorporated 
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into dividing cells. EdU can be added to live cells and detected after fixation, therefore giving 

an indication of rate of division over a specific time period (Cappella et al., 2008). In our case, 

EdU was added to cells 24 hours prior to endpoint. 

The following experiments involved the combination of chronic cytokine treatment 

with or without PDGFRβ knockdown. For simplicity purposes the results were described by 

cytokine treatment. All results were normalized to vehicle control conditions, which will be 

discussed first. 

7.4.2.1 PDGF-BB treatment significantly reduces PDGFRβ expression in pericytes 

Initial observations of PDGFRβ expression to confirm knockdown were startling. 

PDGFRβ-siRNA confirmed knockdown of the protein in 76 (± 3 (SEM 

), n = 3)% of total cells, whereas 48 hours PDGF-BB treatment reduced PDGFRβ expression in 

65 (± 3 (SEM), n = 3)% of total cells (Figure 7.3). PDGF-BB treatment also further reduced 

PDGFRβ expression in PDGFRβ siRNA treated wells (86 (± 2 (SEM), n = 3)% reduction). This 

data indicated that treatment of cells with PDGF-BB is the primary influence on PDGFRβ 

expression, even more so than siRNA transfection. 
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Figure 7.3 PDGF-BB treatment significantly reduces PDGFRβ expression in pericytes 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 72 hours then 
treated with vehicle or (PDGF-BB) for 48 hours. Cells were fixed and immunolabelled for 
PDGFRβ. Percent positive for PDGFRβ of the total cells measure by Hoechst were quantified 
using MetaXpress™ Image Analysis software and plotted ± SEM. Data was from three cases. 
Data was analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. 
Significant difference from vehicle is indicated, *** (p < 0.001), * (p < 0.05). 

 

7.4.2.2 Total pericyte numbers are not affected by PDGFRβ knockdown 

PDGFRβ, as stated previously, has a major role in governing signals for proliferation, 

and mice deficient for this protein demonstrate reduced pericyte coverage of brain 

microvasculature (Winkler et al., 2010). This recent study has led to the hypothesis that a 

reduction in PDGFRβ expression in human brain pericytes would negatively affect 

proliferation and perhaps survival. However, examination of total cell numbers of pericytes 

showing greater than 70% reduction in PDGFRβ expression revealed no significant 

differences from control siRNA (Figure 7.4). There was a significant increase in cell number 

after 48 hours of treatment with PDGF-BB with control siRNA, and this was not seen with 

PDGFRβ knockdown.  
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Figure 7.4 Total pericyte counts after knockdown of PDGFRβ 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 72 hours then 
treated with vehicle or PDGF-BB (10 ng/ml) for 48 hours. Cells were fixed and labelled with 
Hoechst. Total cells quantified using MetaXpress™ Image Analysis software were normalized 
to untreated control siRNA values and plotted ± SEM. Data was from five cases. Data was 
analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. Significant 
difference from control is indicated,* (p < 0.05). 

 

7.4.2.1 PDGFRβ knockdown with siRNA decreases cell metabolism in pericytes 

Under vehicle treated conditions, addition of PDGF-BB for 48 hours resulted in an 

increase in cell metabolism by 130 (± 1 (SEM), n = 3)% (not significant) of controls (Figure 7.5) 

Although metabolism of cells transfected with PDGFRβ siRNA was not significantly different 

from what was observed in cells transfected with control siRNA, PDGF-BB-induced increase in 

cell metabolism was completely abolished with knockdown of PDGFRβ. 
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Figure 7.5 PDGFRβ knockdown reduces metabolism of PDGF-BB treated pericytes 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 72 hours then 
treated with vehicle or PDGF-BB (10 ng/ml) for 48 hours. Reduction of AlamarBlue® was 
measured after one hour incubation and normalized to total cells. Data was from three cases, 
values are normalized to untreated, and control siRNA transfected and plotted ± SEM. Data 
was analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. Significant 
difference is indicated,* (p < 0.05). 

 

7.4.2.2 PDGFRβ knockdown with siRNA increases proliferation in pericytes 

Considering the previous results, in which PDGFRβ knockdown completely blocked 

both PDGF-BB-induced Akt phosphorylation and reduced PDGF-BB-mediated cell 

metabolism, PDGF-BB induced cell proliferation was expected to be inhibited as well. As 

anticipated, treatment of pericytes with PDGF-BB for 48 hours increased cell proliferation as 

shown both by Ki67 (Figure 7.6A) and EdU (Figure 7.6B) positive cells, which were increased 

by 5 and 7-fold respectively compared to vehicle. Unexpectedly, cells transfected with 

PDGFRβ siRNA without PDGF-BB treatment exhibited a 3-fold increase in Ki67 (not 

significant) and a 4-fold increase in EdU positive cells respectively compared to control siRNA. 
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Figure 7.6 PDGF-BB induces proliferation in human brain pericytes 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 72 hours then 
treated with vehicle or PDGF-BB (10 ng/ml) for 48 hours. Cells were fixed and labelled for 
Ki67 (A), EdU (B) and Hoechst. Positive cells of the total cells measured by Hoechst were 
quantified using MetaXpress™ Image Analysis software and plotted ± SEM. Data was from 
five cases. Data was analyzed using two-way ANOVA and Tukey’s test for multiple 
comparisons. Significant difference from control is indicated, *** (p < 0.001), ** (p < 0.01). 
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7.4.3 Examining the effects of chronic cytokine treatment on cell metabolism and PDGF-

induced cell proliferation 

Results presented in chapter 6 have shown that chronic IFNγ treatment induced an 

increase in PDGFRβ phosphorylation and internalization. It was also shown that chronic TNFα 

and IL-1β treatment increased cell numbers in pericyte cultures. In order to determine the 

mechanisms behind these changes and the overall effect on pericyte survival and 

proliferation, pericytes transfected with control siRNA or PDGFRβ siRNA were treated with 

cytokines chronically for four days as described above (section 7.3.1). Treatment of cells with 

vehicle or PDGF-BB for 48 hours before fixation allowed the assessment of the effect of 

chronic cytokine treatment on PDGF-BB-induced proliferation and whether this was PDGFRβ 

dependent. Data presented from each cytokine treatment was obtained from combined 

experiments, however are discussed separately for simplicity purposes. 

7.4.3.1 Chronic IFNγ significantly decreases pericyte metabolism and proliferation in 

response to PDGF-BB 

Chronic treatment of pericytes with IFNγ has shown to increase both PDGFRβ 

phosphorylation and internalization, pointing towards the conclusion that IFNγ increased 

PDGFRβ signalling. These results have led to the hypothesis that chronic IFNγ would 

exacerbate any PDGF-BB dependent effects, such as increased metabolism and proliferation. 

Treatment of pericytes with chronic IFNγ in the presence of the control siRNA resulted in 

increased cell numbers compared to controls (Figure 7.7A), something not observed without 

transfection (refer to Figure 6.4 in chapter 6). In contrast, treatment of pericytes with PDGF-

BB under chronic IFNγ conditions did not result in increased cell metabolism by examination 

with AlamarBlue® (Figure 7.7B). No change in cell metabolism was seen with PDGFRβ 

knockdown and IFNγ treatment. Similar effects were seen with regards to cell proliferation. 

Under chronic IFNγ conditions, PDGF-BB induced proliferation was blunted as shown by both 

Ki67 and EdU quantification (Figure 7.7 C and D). There were no significant differences 

between vehicle and IFNγ treatment with PDGFRβ knock down despite that there was a 

general trend of reduction with IFNγ treatment. 



CHAPTER 7 

 

197 

 

 

Figure 7.7 Chronic IFNγ treatment reduces PDGF-BB dependent proliferation and 
metabolism in pericytes 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 24 hours then 
treated with vehicle (Veh) or IFNγ (1 ng/ml) chronically for four days. 48 hours before 
endpoint cells were treated with vehicle or PDGF-BB (10 ng/ml). Total cells measured with 
Hoechst stain (A), and AlamarBlue® reduction (B), Ki67 (C) and EdU (D) positive cells, 
normalized to total Hoechst positive cells were plotted ± SEM. Positive cells were quantified 
using MetaXpress™ Image Analysis software. Data was from three to five cases. Data was 
analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. Significant 
difference is indicated, *** (p < 0.001), ** (p < 0.01), *(p < 0.05). 
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7.4.3.2 Chronic TNFα -induced increase in cell number is not dependent on PDGFRβ 

Previous experiments had shown that chronic TNFα treatment increased cell numbers 

in pericyte cultures (see Figure 6.4 in chapter 6). Examination of cell numbers with reduced 

PDGFRβ expression indicated that the TNFα-induced increase was independent of PDGFRβ 

expression. Chronic treatment of pericytes with TNFα resulted in increased cell numbers with 

both control and PDGFRβ siRNA (Figure 7.8A). In support of this, cell metabolism was also 

increased with chronic TNFα treatment but only with control siRNA (Figure 7.8B). There were 

no differences in proliferation markers Ki67 or EdU with TNFα treatment (Figure 7.8C and D). 

 

Figure 7.8 Pericyte cell numbers are increased with TNFα independently of PDGFRβ 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 24 hours then 
treated with vehicle (Veh) or TNFα (5 ng/ml) chronically for four days. 48 hours before 
endpoint cells were treated with vehicle or PDGF-BB (10 ng/ml). Total cells measured with 
Hoechst stain (A), and AlamarBlue® reduction (B), Ki67 (C) and EdU (D) positive cells, 
normalized to total Hoechst positive cells were plotted ± SEM. Positive cells were quantified 
using MetaXpress™ Image Analysis software. Data was from three to five cases. Data was 
analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. Significant 
difference is indicated, *** (p < 0.001), *(p < 0.05). 
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7.4.3.3 Chronic IL-1β decreases PDGF-BB induced proliferation in pericytes 

Investigation of chronic IL-1β treatment with control siRNA was consistent with 

previous experiments in that there were increased cell numbers compared to vehicle. 

However there were no significant differences in cell numbers between vehicle and chronic 

IL-1β treated with PDGF-BB or with PDGFRβ knockdown (Figure 7.9A). Cell metabolism was 

also increased by chronic IL-1β treatment compared to vehicle, although this was not 

significant (Figure 7.9B). Furthermore there were no significant differences in percent 

positive for Ki67 with IL-1β treatment (Figure 7.9C); although there was a significant decrease 

in PDGF-induced EdU positive cells (Figure 7.9D). EdU positive cells treated chronically with 

IL-1β were also lower with PDGFRβ siRNA, though the differences did not reach statistical 

significance. This data would indicate that IL-1β may increase cell numbers basally, however 

not through increased proliferation. Similar to TNFα, IL-1β reduced PDGF-BB induced 

proliferation in pericytes. 
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Figure 7.9 IL-1β reduces PDGF-BB induced proliferation in pericytes 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 24 hours then 
treated with vehicle (Veh) or IL-1β (1 ng/ml) chronically for four days. 48 hours before 
endpoint cells were treated with vehicle or PDGF-BB (10 ng/ml). Total cells measured with 
Hoechst stain (A), and AlamarBlue® reduction (B), Ki67 (C) and EdU (D) positive cells, 
normalized to total Hoechst positive cells were plotted ± SEM. Positive cells were quantified 
using MetaXpress™ Image Analysis software. Data was from three to five cases. Data was 
analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. Significant 
difference is indicated, ** (p < 0.01), *(p < 0.05). 

 

7.4.3.4 Chronic LPS does not affect proliferation or metabolism in pericytes 

Lastly, we have observed that LPS does not significantly change cell number, 

metabolism, or proliferation in the presence or absence of PDGF-BB or PDGFRβ (Figure 7.10). 

This is consistent with previous analysis of inflammatory response of pericytes in culture, LPS 

alone does not induce significant changes in chemokine, or gene expression or cell growth or 

morphology. 
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Figure 7.10 Chronic LPS treatment does not significantly affect pericyte proliferation or 
metabolism 

Pericytes were transfected with 50 nM siRNA (control (Con) or PDGFRβ) for 24 hours then 
treated with vehicle (Veh) or LPS (1 ng/ml) chronically for four days. 48 hours before 
endpoint cells were treated with vehicle or PDGF-BB (10 ng/ml). Total cells measured with 
Hoechst stain (A), and AlamarBlue® reduction (B), Ki67 (C) and EdU (D) positive cells, 
normalized to total Hoechst positive cells were plotted ± SEM. Positive cells were quantified 
using MetaXpress™ Image Analysis software. Data was from three to five cases. Data was 
analyzed using two-way ANOVA and Tukey’s test for multiple comparisons. Differences were 
not significant. 
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7.5 Discussion 

Pericytes are a vital component of brain microvasculature and as such play an integral 

role in brain homeostasis and BBB function (Armulik et al., 2010). PDGFRβ has previously 

been identified to be vital for pericyte presence at the BBB in animal models and has recently 

been implicated in human brain disease (Bell et al., 2010, Montagne et al., 2015). Work 

presented in this thesis has demonstrated that cultures of human brain pericytes expressed 

PDGFRβ and responded to PDGF-BB stimulation by phosphorylation of PDGFRβ and Akt. The 

effects of chronic cytokine treatment on human brain pericyte survival and proliferation were 

investigated using an in vitro model of chronic inflammation. The results presented in this 

chapter offer potential mechanisms of pericyte dysfunction in conditions of chronic 

inflammation such as T2D and neurodegeneration and are summarized in Table 7.1. 

 

Table 7.1 Summary of the effects of PDGFRβ knockdown and chronic inflammation on 
survival, metabolism and proliferation in human brain pericytes 

 PDGFRβ 
siRNA 

IFNγ TNFα IL-1β LPS 

Total cells No change ↑ ↑ ↑  

PDGF-treated 
Total cells 

↓ No change ↑ ↑ No 
change 

Cell metabolism No change No change ↑ ↑  

PDGF-treated 
Cell metabolism  

↓ ↓ No change No change No 
change 

Cell proliferation ↑ ↓ No change ↓ No 
change 

PDGF-treated 
Cell proliferation 

↓ ↓ No change ↓ No 
change 

 

7.5.1 PDGFRβ knockdown in pericytes does not reduce total cell numbers 

The severe phenotypes observed in PDGFRβ knockout and PDGFRβ-deficient mice 

indicated that this growth factor was important in pericyte survival (Daneman et al., 2010). In 

order to elucidate if this effect could be extrapolated to cells in culture, gene silencing 

technology was used to knockdown PDGFRβ protein in human brain pericytes. Initial cell 
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counts indicated that loss of PDGFRβ expression did not reduce overall cell numbers in 

culture, however did reduce PDGF-BB induced increases in cell number, metabolism and 

proliferation. PDGF-dependent effects were not completely blocked by PDGFRβ siRNA 

transfection and this may have been due to the small percentage of cells still expressing 

PDGFRβ, as the siRNA knockdown was not 100% effective. Analysis of PDGFRβ specific 

activation pathways in fibroblasts with either knockdown of the α, β or both receptors 

revealed increased proliferation rates in response to PDGF–BB treatment compared to the 

double knockout cells (Wu et al., 2008). This suggests that PDGF-BB may have been inducing 

proliferation through PDGFRα. However if this were the case, PDGFRα signalling would be 

through an alternative pathway to Akt, as it was shown here that there was no Akt activation 

in response to PDGF-BB treatment with PDGFRβ knockdown. This was in contrast to that 

seen in PDGFRβ –null fibroblast cells that display Akt phosphorylation after PDGF-BB 

treatment (Wu et al., 2008). Overall the effect of PDGFRβ knockdown in cultured human 

pericytes on cell survival appeared negligible. Although several groups have examined the 

effects of PDGFRβ knockdown or deficiency in whole animal models, interpretation of 

phenotypes cannot exclude PDGFRβ-dependent developmental defects. It is possible that 

PDGFRβ loss itself does not induce cell death of pericytes, but simply inhibits recruitment and 

proliferation at the BBB. Implications of reduced proliferation in response to PDGF-BB 

treatment may be important for situations where new pericytes are required, such as healing 

after injury such as ischemia or during the development of new vasculature (Daneman et al., 

2010, Hall et al., 2014). In the case of chronic inflammation, perturbations in PDGF-BB 

signalling may result in decreased pericyte proliferation, and therefore any damages in BBB 

would be left unrepaired. Investigation of loss of PDGFRβ and the effects on pericyte survival 

and function in a whole animal context should be examined with an inducible knockout of 

PDGFRβ in brain pericytes. Ultimately studies using cultured human pericyte will offer 

specific mechanistic properties of pericyte function and perhaps provide molecular targets 

for improving pericyte survival and proliferation exposed to chronic inflammatory conditions. 

To date PDGF signalling in human brain pericytes has not been investigated. 

Considering the evidence of decreased insulin signalling in AD it would be interesting to 

examine PDGF signalling in pericytes from AD tissue. Perhaps pericytes from AD tissue are 
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less responsive to PDGF stimulation, and therefore exhibit less pericyte coverage in the brain 

vasculature. Molecular targets that may enhance PDGFRβ expression or sensitivity may 

therefore be beneficial in repairing BBB in chronic inflammatory conditions. 

7.5.2 Chronic inflammation affects pericyte metabolism and proliferation 

A thorough examination of PDGF-mediated processes such as proliferation and 

metabolism has uncovered new information on the role of the PDGFRβ in human brain 

pericytes. We have also examined the effects of chronic cytokine treatment on pericyte 

survival, and proliferation in the presence or absence of a key growth factor signalling 

pathway. Identification of the molecular mechanisms by which inflammation influences 

pericyte function and survival is essential to our understanding of neurodegenerative brain 

disease. 

7.5.2.1 Chronic IFNγ treatment reduces PDGF-dependent processes in pericytes 

Treatment of human brain pericytes with chronic IFNγ resulted in reduced 

proliferation in response to PDGF-BB. This result was unexpected considering the 

enhancement of PDGFRβ phosphorylation and internalization by IFNγ. It could be that IFNγ 

induces the internalization of PDGFRβ in order to negatively regulate the signalling pathway. 

IFNγ has been shown to inhibit PDGF-induced cell spreading in fibroblasts through 

upregulation of murine guanylate binding protein (GBP) and inhibition of the PI3K pathway 

(Messmer-Blust et al., 2010). Interestingly upon re-examination of microarray data from 

chapter 4, GBP proteins are upregulated in response to IFN + IL-1β treatment. This provided 

evidence of GBP expression in human brain pericytes and offered a potential mechanism for 

the reduction of PDGF signalling but not for the increased internalization and 

phosphorylation of the receptor. (Maher et al., 2007). It is also possible that IFNγ treatment 

affected PDGF signalling through intermediary means, and modulation of proliferation may 

be independent of PDGFRβ. Pericytes with knockdown of PDGFRβ demonstrated reduced 

proliferation with chronic IFNγ treatment. Although the differences were not statistically 

significant, there was a consistent trend across five cases. This would imply that IFNγ may 

inhibit proliferation independently of PDGFRβ as well. 
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The implications of IFNγ induced PDGF resistance, and reduced proliferative capacity 

of pericytes, has been demonstrated in ischemic models where PDGF treatment reduced 

infarct size by upregulating fibronectin and collagen IV expression (Makihara et al., 2015). 

Therefore the constant presence of IFNγ in the circulation under systemic inflammatory 

conditions may contribute to the diminished ability of pericytes to repopulate and replenish 

sites of injury and therefore exaggerate BBB permeability. Understanding the specific 

mechanisms involved in inflammation mediated pericyte dysfunction will provide relevant 

information in order to combat inflammation and its detrimental effects on the BBB and 

subsequent brain function. 

7.5.2.2 Chronic TNFα and IL-1β 

TNFα and IL-1β demonstrate mostly similar effects on pericytes in culture. TNFα and 

IL-1β signalling pathways converge at several points including activation of MAP kinases, 

NFκB, and activator protein 1 (Saklatvala et al., 1996, Pober and Sessa, 2007). Proliferation 

and activation of astrocytes, also known as astrogliosis, can be induced by TNFα and IL-1β, 

but the effects on pericyte proliferation were not yet known (Cui et al., 2011). Our 

observations showed that chronic treatment of pericytes with either TNFα or IL-1β increased 

pericyte number independent of PDGF treatment. Of particular interest was the reduced 

proliferative response of pericytes to PGDF when treated chronically with IL-1β. The 

reduction in EdU positive cells did not appear to be dependent on the presence of PDGFRβ as 

a similar trend was seen with PDGFRβ siRNA. In contrast, the reduction in PDGF-BB-induced 

proliferation under chronic IL-1β conditions was not accompanied by a reduction in total cell 

number. Our experimental design examined proliferation at or near the end of the chronic 

four day treatment period, therefore, it could be that initial treatment of TNFα or IL-1β 

stimulated cell division, the rate of which was slowed by the time we examined EdU and Ki67 

positive cells. Besides performing multiple time point analyses, this phenomenon could be 

investigated using the xCELLigence system for real time measuring of cell viability (Ke et al., 

2011). This system allows continuous monitoring of cell viability over time in live cells and 

could offer additional information on the effects of chronic cytokine treatment on 

proliferation rates of pericytes.  
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Both TNFα and IL-1β have been strongly implicated in T2D and AD, and therefore are 

potential targets for inhibition of inflammation mediated damage. The results from this 

chapter suggest a role for TNFα and IL-1β in modulation of PDGF-BB induced proliferation, 

independent of the PDGFRβ in human brain pericytes.  

7.5.3 Caveats 

Investigation of the effects of PDGFRβ loss in this chapter incorporated the use of 

siRNA transfection. Transfection in itself is known to cause cell stress and even apoptosis to a 

certain extent (Dorsett and Tuschl, 2004, Nolte et al., 2009). To control for this, cells 

transfected with a scrambled siRNA was incorporated as a control. Unfortunately, control 

siRNA transfected cells did show toxicity demonstrated by decreased cell numbers and 

proliferation compared to non-transfected cells (data not shown). This may dampen any 

effects observed of the PDGFRβ siRNA; however, a transfected control is necessary. Ideally 

these experiments should be completed with several siRNA controls of different sequences, 

however, not reasonable in practice considering the precious nature of the primary cells 

used. An alternative option would be pharmacological inhibition of PDGF signalling as this has 

been used in previous studies to examine the effects of the loss of PDGF signalling in 

mesenchymal cells and may be used in future experiments to validate current data (Ball et 

al., 2012). 

The experimental design for chronic cytokine treatment in pericytes included the use 

of serum in the culture media. The reason for this is that serum deprivation for long periods 

has been observed in our group to be detrimental to pericytes, and would confound data of 

cytokine treatment. However serum itself has been shown to induce cell proliferation and 

migration independent of PDGFR (α or β) status, and therefore must be considered when 

interpreting this data (Wu et al., 2008). 

Furthermore, the chronic inflammation model used here included the addition of 

cytokines to culture media every 24 hours for four days. Since we have shown that pericytes 

secrete soluble factors into the media in response to cytokine treatment, changing the media 

during our chronic treatments would remove those soluble factors and perhaps change the 

response of the cells. Therefore the media was left, meaning that some of the nutrients in 

the media may have been depleted over the duration of treatment time. It may be useful to 
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observe if pericytes respond in a similar manner when these soluble factors are removed and 

the culture media replenished. 

7.5.4 Conclusions 

The data presented in this chapter provides possible mechanisms for inflammation-

induced pericyte dysfunction in disease conditions such as diabetes and neurodegeneration. 

Cytokine-mediated reduction in pericyte PDGF-BB response and proliferation may indeed be 

an early event in the development of neurodegeneration and may be targeted as a 

preventative treatment in healthy aging. This data is supported by the recent study of early 

pericyte loss and BBB breakdown during aging (Montagne et al., 2015). The study of human 

brain pericytes in culture offers vital information regarding molecular signalling and is 

therefore a valuable tool for understanding the role of these cells in health and disease. 
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CHAPTER 8: General Discussion 

8.1 Overview  

Scientists are now in agreement that systemic conditions have an incredible impact 

on brain function, homeostasis and development of disease (Spielman et al., 2014). Of 

particular interests are the growing epidemic of T2D and related metabolic disorders, and the 

associated risk of neurodegeneration. Epidemiological evidence of associated risks has 

provided incentive for further investigation into the mechanisms of neurodegeneration, but 

offered little in terms of exact contributing factors. Since the many of the aforementioned 

epidemiological studies have examined end point symptoms and pathologies, some genetic 

and environmental factors that could explain this association may have been overlooked. 

This is not the fault of those in charge of the studies per se, humans are a diverse species that 

are exposed to such a wide variety of conditions and circumstances that it renders it 

impossible to account and control for all contributing factors. Such data is further 

complicated by emerging studies identifying new factors that may add to the ever increasing 

list of conditions influencing brain degeneration, that were not previously accounted for in 

past studies.  

However, scientists have recognized and pre-empted this problem by undertaking 

longitudinal studies of healthy and diseased subjects, and retaining metabolic, as well as 

cognitive information over many years (Luchsinger et al., 2004, Pratico, 2013). Information 

obtained from longitudinal studies in combination with in vivo and in vitro investigations of 

mechanisms at the systemic, cellular and molecular levels allows scientists and clinicians 

together to understand the origin of neurodegeneration. While animal studies have 

benefited the field immensely, caution must be taken in interpreting brain–related results. 

The difference between humans and rodents anatomical brain structure is not the only 

feature that must be considered. A recent weighted gene network co-expression analysis 

study comparing gene expression in over 1,000 microarrays from brains of mice to brains of 

humans, revealed distinct differences in genes related to AD (Miller et al., 2010). These 
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results were not surprising considering that none of the transgenic models of AD have 

recapitulated human pathology completely. How could they, when there is now strong 

evidence that sporadic AD is a result of a combination of environmental factors including age, 

metabolic and inflammatory status as well as genetics? Furthermore, healthy aging is 

accompanied by many of the same symptoms seen in AD such as decreased insulin signalling 

and inflammation, though to a lesser extent (Barrientos et al., 2006, Bishop et al., 2010, Liu et 

al., 2012, Baylis et al., 2013, Steculorum et al., 2014). It is therefore crucial to differentiate 

between normal aging processes and disease in humans, which cannot be done in foetal cells 

and is difficult to accurately replicate with animal models.  

This thesis sought to investigate the molecular mechanisms involved in IR and 

inflammation in vitro. In particular, we were interested in genomic changes in response to IR 

in human neurons and pericytes of the neurovascular unit that are in key positions for 

communications from the periphery to the CNS. 

8.1.1 Objective 1: Identification of the effects of insulin resistance in human neurons at 

the genetic level 

IR is a key factor that ties T2D and AD together. Previous in vitro models of IR have 

examined protein related affects such as β-amyloid processing, and tau tangle formation. 

Since β-amyloid and tau do not singularly contribute to AD as has been discussed (section 

1.2.3), we sought to identify IR induced changes at the genetic level that may predispose 

neurons to the degeneration seen in AD. Our in vitro model of IR was validated by a 

demonstrated reduction in Akt and GSK3β phosphorylation in response to acute insulin 

treatment. Microarray analysis of human neurons under IR conditions uncovered alterations 

in transcript levels of genes involved in cholesterol metabolism and synthesis. The same and 

related genes were also identified by another group in insulin deficient mice (Suzuki et al., 

2010). In our IR model, these genes were upregulated in response to insulin treatment, which 

is consistent with the aforementioned study. However, this effect was not inhibited in the IR 

condition. If anything gene expression levels were further increased in the IR condition. 

Additionally, neuronal insulin response in our chronic hyperinsulinemic model of IR closely 

mirrored that of neurons in normal B27 supplemented culture media, indicating that careful 

considerations need to be taken when culturing neurons in these types of supplements. 
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8.1.2 Objective 2: Characterization of identity and inflammatory response of mixed glial 

cultures isolated from human brain tissue 

Having demonstrated that IR, which is a contributing factor for T2D, affects gene 

expression in human neurons, I next explored the role of non-neuronal cells in the context of 

systemic inflammation as a contributor of neurodegeneration in metabolic disorders. 

Inflammation in the brain is a fundamental component of brain disease and is orchestrated 

by several cell types including principal immune cells such as microglia and astrocytes. Mixed 

glial cultures from human brain tissue were found to encompass not only these two cell types 

but also another previously uncharacterized population of dividing cells. This population of 

cells were identified as pericytes derived from the microvasculature of the brain and were 

found to respond to immune stimuli in the presence and absence of neighbouring glial cells 

(Smith et al., 2013b, Jansson et al., 2014). Human pericytes secreted chemokines IP-10 and 

MCP-1 in response to pathologically relevant cytokines and therefore may play a vital role in 

recruitment of immune cells to the CNS in systemic inflammatory conditions such as T2D. 

8.1.3 Objective 3: Genome wide investigations of pericytes in response to pro-

inflammatory signals 

Primary human brain pericytes have only just begun to be investigated for their role 

in neuroinflammation. The finding that pericytes cells were immunoactive in culture led to 

further investigation of the extent of their immune response capabilities by microarray 

analysis. For the first time, genome wide analysis of human brain pericytes in response to 

cytokine treatment was performed. Results were astonishing in two ways 1) the immense 

scope of transcript changes associated with an inflammatory response, and 2) the 

consistency and reliability of response generated by cells from different patient tissue 

samples. The key finding from this microarray was the dynamic means by which human brain 

pericytes respond to inflammatory cues. In particular the expression of chemokines to recruit 

immune cells, and cell surface proteins that will promote their migration and adhesion 

surrounding the BBB may contribute to the exchange of peripheral inflammatory 

components to the CNS.  
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8.1.4 Objective 4: Investigation of the effects of insulin resistance or chronic 

inflammation on pericytes and pericyte-specific growth factor signalling 

Common factors involved in T2D and AD are IR and chronic inflammation. Initial 

investigations have shown that pericytes were not significantly affected by chronic insulin 

treatment in terms of growth factor response. They were however affected by chronic 

inflammatory conditions. Chronic cytokine treatment altered pericyte specific cell marker 

expression as well as pericyte response to a critical growth factor, PDGF-BB. Furthermore, 

pericyte proliferation and metabolism were negatively affected by chronic cytokine 

treatment in our in vitro model of chronic inflammation. Results presented offer potential 

mechanistic explanation for pericyte dysfunction and loss documented in T2D and AD. 
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8.2 Future Directions 

The findings from this thesis offer some molecular clues as to how conditions in T2D 

such as IR and inflammation may promote neurodegeneration. Data presented here indicate 

that aberrations in insulin signalling affect neurons, while inflammation, in particular chronic 

inflammation, may disturb BBB function through pericytes. However, many questions 

remain. Although IR modified the regulation of cholesterol metabolism genes in this study, 

further investigation is warranted to determine whether these gene changes translate to 

differences in protein levels, and therefore cholesterol and lipid content of the cells. 

Furthermore, it is unknown if alternative causes of IR, such as TNFα, have an effect on 

cholesterol homeostasis and thus neuronal function and survival. Investigation of post-

mortem brain tissue of AD patients with and without T2D, to quantify cholesterol content 

and expression of related genes would provide insight into the contribution of this 

mechanism to brain disease. 

The current study of inflammatory response in human brain pericytes has only just 

begun. As mentioned earlier, our lab group is currently optimizing the isolation of endothelial 

cells from brain tissue with plans to perform co-culture experiments with pericytes and 

endothelial cells. The addition of astrocytes would also allow for a more relevant model of 

BBB interaction in cells of the neurovascular unit. Importantly, the practical ease of use of 

human brain pericytes and the reliability of inter-experimental cellular responses makes 

these cells an ideal platform for screening of molecular compounds that may reduce 

inflammation, provide pericyte protection, or enhance BBB integrity in co-culture models.  

Chronic IFNγ treatment in pericytes causes striking alterations in PDGF signalling via 

mechanisms which are the subject of our ongoing studies. Examination of alternative 

downstream pathway activation will be conducted to elucidate the mechanisms involved 

using pharmacological inhibitors and siRNA technology targeting specific points of the PDGF 

and IFNγ pathways. Preliminary data also suggests that pericytes from disease individuals 

display pathologies of the relevant disease (unpublished observations). Future plans to 

examine PDGF signalling and inflammatory response of pericytes derived from AD tissue 

compared to healthy controls may uncover disease specific regulation and potentially offer 

targets for therapeutic benefit.  
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Pericytes of the blood retinal barrier are very much like the BBB (London et al., 2013). 

Indeed retinal pericyte degeneration is an early occurrence in the development of diabetic 

retinopathy (Hammes et al., 2002). Furthermore, preliminary studies have suggested that the 

retina may be used as an early screening tool for pre-symptomatic AD (Shi et al., 2014). The 

finding that pericyte loss occurs early in AD supports the use of pericyte damage as a marker 

for BBB impairment and risk of brain disease (Montagne et al., 2015). Future studies into the 

relationship between retinal degeneration and AD will be most informative and has great 

potential as an early detection method for AD. Since current therapeutic evidence indicates 

that therapies initiated very early in the progression of AD will be most beneficial (see 

section1.2.4), screening for early disease-linked events such as pericyte loss and BBB leakage, 

will be crucial in early detection and implementation of successful neurodegenerative 

therapies. 
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8.3 Conclusion 

In conclusion, the data presented in this thesis offer mechanistic explanations for 

several of the observed links between AD and metabolic disorders such as T2D.  

Inferences of the effects of systemic IR and inflammation are theoretical as in vivo 

studies are needed to demonstrate physiological communication of peripheral conditions to 

the CNS, however based on the data presented here; I propose the following model that 

incorporates the main findings of this thesis and the current literature (Figure 8.1). 

In healthy individuals, insulin is able to cross the BBB by a receptor-mediated process 

and promote critical brain processes such as neuronal survival, synaptic plasticity and 

neurogenesis (Dikic et al., 1994, Banks et al., 1997, Chiu et al., 2008, Apostolatos et al., 2012). 

Effective communication across the BBB of acute immune responses such as that observed in 

sickness behaviour is crucial for proper elimination of infection and recovery (Hart, 

1988)(Figure 8.1A). 

In T2D, deficient insulin signalling in neurons may be a result of peripheral 

hyperinsulinemia or decreased insulin transport into the CNS (Steen et al., 2005, Talbot et al., 

2012). (Schwartz et al., 1990a, Mayer and Belsham, 2010). Irrespective of the cause, reduced 

insulin signalling results in an imbalance in cellular cholesterol and lipid homeostasis, in 

addition to β-amyloid protein aggregation, hyperphosphorylated tau, decreased pro-survival 

signalling and apoptosis (Suzuki et al., 2010, Gupta et al., 2011, Son et al., 2012, Rhee et al., 

2013). This has effects on crucial neuronal signalling and function, such as impaired protein 

trafficking and synaptic transmission rendering neurons weak and vulnerable (Suzuki et al., 

2010, Picone et al., 2011, Suzuki et al., 2013)(Figure 8.1B, bottom).  

Increased peripheral inflammation in T2D can be transmitted to the CNS by 

communication with cells forming the BBB such as pericytes (Jansson et al., 2014, Vasilache 

et al., 2015). This would result in a priming effect on immune cells within the CNS, such as 

microglia (Skaper et al., 1995, Krstic et al., 2012, Puntener et al., 2012). Chronic inflammation 

such as that in T2D induces pericyte dysfunction and impaired BBB integrity (Hawkins et al., 

2007, Drake et al., 2011, Acharya et al., 2013). Pro-inflammatory cytokines and activated 

immune cells can then more easily penetrate the leaky BBB, and induce degeneration in 

fragile neurons (Cunningham et al., 2005, Takeda et al., 2010, Drake et al., 2011) .This 
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condition can also be exacerbated and neurodegeneration triggered by vascular injury such 

as stroke or systemic infection (Snowdon et al., 1997, Holmes et al., 2003)(Figure 8.1B, top). 

This paradigm supports the idea that AD is not a “one treatment for all” type of 

disease (Brothers and Wilcock, 2013). Due to the complexity and irreversible nature of the 

disease, more individually targeted therapies may be required to see improvements, and 

more emphasis needs to be placed on preventative therapies for an aging population. Any 

treatments should incorporate metabolic, inflammatory and genomic information in order to 

maximize possible benefits.  
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Figure 8.1 Insulin resistance and inflammation: the double edged sword of T2D associated 
neurodegeneration 

The interactions of systemic conditions and the CNS are depicted above in normal healthy (A) 
and T2D conditions (B).  
A) Under normal conditions peripheral insulin (orange) is transported across the BBB by a 
receptor mediated process (1) and supports neuronal (blue) processes and survival (2). 
Simultaneously, peripheral immune cells (purple) send signals to the cells of the BBB such as 
pericytes (blue) (3) of acute inflammation or stress. Pericytes then secrete chemokines and 
cytokines that communicate this to cells of the CNS (4), such as astrocytes (green) and 
microglia (pink).  
B) In T2D and AD insulin transport across the BBB is reduced (5), and central IR results in 
decreased insulin-dependent signalling. This causes impaired neuronal function, decreased 
neuronal signalling, and neurogenesis (6). Systemic inflammation in T2D results in chronic 
circulating cytokines that damage the BBB and induce pericyte dysfunction (7). This results in 
infiltration of pro-inflammatory cytokine and immune cells of the periphery (8) and 
hyperactivation of primed microglia (9). This causes damage further damage to neighbouring 
neurons and eventual neurodegeneration (10). 
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CHAPTER 9: Appendix 

 

Figure 9.1 Western blots for Akt and GSK3β 

Examples of original western blots probing for phosphorylated and total Akt (Aand B) and  
GSK3β (B) in NT2 neurons.  
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Figure 9.2 Western blots for IP-10, MCP-1, β-actin, and fibronectin 

Examples of original western blots probing for IP-10 (A and C), MCP-1 (B and D), and β-actin 
(C and D) from pericyte lysates, and fibronectin (E) from pericyte conditioned media.  
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Figure 9.3 Western blots for PDGFRβ, αSMA and GAPDH 

Examples of original western blots probing for phosphorylated (A) and total PDGFRβ (B), 
αSMA (C), Akt and GAPDH (D). 
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