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Abstract 

 

Approximately 7 – 9 % of the population is living with some form of diabetes. When poorly 

controlled (which is often the case), this disease is associated with cerebrovascular pathology 

such as microbleeds and impairments in cognitive function. The presence and burden of 

microbleeds in the brain has been strongly linked with cognitive decline and increased risk of 

dementia. Microglia, the resident immune cells of the central nervous system, dynamically 

respond to vascular insults by extending their processes to the site of injury. The rapid actions 

of microglia are thought to play a beneficial role in vascular repair since inhibiting these 

responses can exacerbate injury. Here, we hypothesized that diabetes, especially if not well 

controlled with insulin, will disrupt microglia responses to damaged microvessels in the brain 

which will lead to increased plasma leakage from damaged microvessels. Using two-photon in 

vivo imaging, we show that chronic hyperglycemia in the streptozotocin model of type one 

diabetes leads to decreased microglial process accumulation around the site of microvascular 

injury and increased permeability of fluorescent dyes from the damaged vessel 30 minutes after 

induction of the bleed. Importantly, this impaired microglial and vascular response could be 

partially mitigated with tight control of blood glucose levels with insulin. These results indicate 

that chronic hyperglycemia disrupts microglial based repair of damaged microvessels, which 

may help explain why poorly controlled diabetes is associated with greater a risk of 

cerebrovascular dysfunction and cognitive decline.  
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1 - Introduction 

1.1 Diabetes in our Society 

Diabetes is quickly emerging as a global epidemic. According the World Health 

Organization, the number of people with diabetes has drastically risen from 108 million in 1980 

to 422 million in 2014 (WHO, 2016). Overweight and obesity from poor diet and sedentary 

lifestyles means this number will continue to rise, as incidence of diabetes increases with age. 

one in three Canadians already has diabetes or pre-diabetes and many are unware of their 

condition (CDA, 2016). Since approximately 7% of the Canadian population is living with some 

form of the disease; this puts an annual burden of $15 billion on the healthcare system (CDA, 

2016). This could partially be due to diabetic individuals having longer hospital stays compared 

to non-diabetic individuals, as they take longer to heal due to diabetes associated 

microangiopathy, neuropathy, and impaired immune function (Moura et al., 2014). Diabetics 

have both micro and macrovascular complications and diabetes is a major cause of blindness, 

kidney failure, heart attacks, stroke and lower limb amputations (CDA, 2016; WHO, 2016).The 

chronic inflammatory state observed in people with diabetes accentuates the need to find better 

and more effective treatment solutions for these long-term complications. 

Etiology and Pathology of Diabetes  

Diabetes mellitus (DM) is a group of a chronic, metabolic, often debilitating and 

sometimes fatal diseases that are characterized by hyperglycemia. There are three main types of 

diabetes: type 1 DM (insulin-dependent), type 2 DM (insulin-independent), and gestational 

diabetes (a temporary form of type 2 diabetes which occurs during pregnancy and may precede 

type 2 DM) (CDA, 2016). Type 1 DM hyperglycemia occurs as a result of an autoimmune 
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response in which the beta (β) cells in the pancreas are destroyed resulting in dependence on 

exogenous administration of insulin for survival (Forbes & Cooper, 2013). Approximately 10% 

of the diabetic population is type 1 and the cause in unknown and therefore not preventable. The 

majority of people with diabetes (~90% of cases) are type 2 DM; which results from a 

progressive reduction in the body’s sensitivity to insulin (also known as insulin resistance), 

largely due to physical inactivity, poor diet, and excessive body weight. Until recently, type 2 

DM was seldom seen in young people, but this is no longer the case. Women with gestational 

diabetes are at an increased risk of complications during pregnancy and at delivery, and they and 

their children are also at increased risk of developing type 2 DM in the future (CDA, 2016). 

What all these type of diabetes have in common is hyperglycemia which can lead to 

complications in many parts of the body and can increase the overall risk of dying prematurely. 

Hyperglycemia occurs either when the pancreas does not produce enough insulin or when 

the body cannot effectively use the insulin it produces. Insulin is a hormone produced by the β-

cells of the pancreas in response to high circulating levels of glucose in the blood (for example 

after a meal). Insulin receptor signaling modulates the expression of glucose transporters on the 

cell membrane allowing the transport of glucose from blood to tissue. This allows the body to 

use glucose for energy or store it as glycogen in the muscle, liver, and fat cells for future use. 

Glucose is transported across cell membranes by glucose transport proteins (GLUT) of which 14 

are expressed in humans, with GLUT1-4 being the most relevant (Thorens & Mueckler, 2010). 

GLUT2 serves as a glucose sensor following food intake and is expressed in very high levels in 

the pancreatic β-cells, hepatocytes and epithelial cells in the kidney and intestine (Chen et al., 

2016). Insulin released in to the blood then binds and activates insulin receptors expressed on 

muscle and adipose cells. Insulin signaling triggers the translocation of GLUT4 from the cytosol 
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to the plasma membrane to initiate transport of glucose into cells (Grote & Wright, 2016). In the 

brain, glucose transport is mostly insulin receptor independent, relying on two types of glucose 

transporters: 1) sodium dependent glucose transporters (SGLTs) which transport glucose against 

its concentration gradient and 2) sodium independent glucose transporters (GLUTs), which 

transport glucose by facilitative diffusion along its concentration gradient. GLUT1 has two 

isoforms in the brain: 1) the more glycosylated form found in the microvasculature that allows 

glucose transport across the blood brain barrier (BBB) and 2) the less glycosylated form 

localized in astrocytic cell bodies and end-feet through which glucose enters and is metabolized 

to lactate for energy. GLUT3, present mostly in the axons and dendrites of neurons is the most 

abundant glucose transporter in the brain having five times higher transport capacity than 

GLUT1; which can match the high glucose demand required by the brain (Thorens & Mueckler, 

2010). The distribution and density of glucose transporters in the brain coupled with the scarcity 

of insulin receptors shows the majority of glucose uptake in the brain is insulin-independent. 

Consequently, the diabetic brain is constantly being bombarded by high concentrations of 

glucose from the blood. 

Diabetes, Inflammation and Neurological Complications 

Given that brain glucose metabolism is chronically disturbed in the diabetic brain, it is 

not surprising that diabetes leads to a host of neurological complications. Diabetic individuals 

have a two to four-fold increased risk for major stroke and deaths attributed to other vascular 

causes, therefore diminishing brain function in diabetic individuals could be a consequence of 

progressive damage to the vasculature (The Emerging Risk Factors Collaboration, 2010). One 

explanation for why diabetics have poorer outcome after cerebrovascular events is that the 

brain’s immune response to damage is disrupted.  
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As soon as injury in the brain occurs, for example in the case of a cerebral microbleed, 

coagulation is triggered to achieve homeostatis and an innate immune response is mounted. 

During inflammation, adenosine triphosphate (ATP), chemokines and cytokines released from 

the site of damage form a concentration gradient which attracts immune cells in the blood (e.g. 

monocytes, macrophages) and brain (e.g. microglia) to move towards the site of injury, to then 

identify and eliminate any pathogens or damaged cells (Rot & von Andrian, 2004). ATP, the 

major energy currency of the cell, is a nucleotide that performs many essential roles in the cell, 

and can also act as a chemoattractant when released in high concentrations, indicative of injury 

(Davalos et al., 2005). Chemokines (Cx3cl1– aka fractalkine the health signal of neurons to 

microglia, and Cxcl15– aka lungkine recruits neutrophils during inflammation in the lungs) are a 

superfamily of small proteins involved in both homeostatic and inflammatory conditions. To date 

over 50 chemokines have been identified; some of which drive directional migration 

(chemotaxis) of immune cells to the site of inflammation while others have been shown to play a 

role in homeostasis when expressed at steady levels (Graham & Locati, 2013; Le et al., 2004). 

Cytokines are a category of small proteins important in cell signalling, that once secreted by 

immune and endothelial cells at sites of injury have a regulatory effect on other cells (Akira & 

Kishimoto, 1992). All of these inflammation-related signalling cascades are enacted over 

timescales ranging from minutes to days to weeks, and is usually proportional to the injury area 

(Moura et al., 2014). 

Typically a two to threefold increase in pro-inflammatory cytokine plasma concentrations 

such as tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6 are seen in systemic 

inflammation diseases like diabetes, as well as normal aging (Calle & Fernandez, 2012; Petersen 

& Pedersen, 2005). TNF-α is produced not only by circulating natural killer cells, T cells and 
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macrophages (e.g. monocytes), but also by microglial cells in the brain. (Calle & Fernandez, 

2012; Hotamisligil et al., 1995). IL-1β, which has been linked to the pathogenesis of Type 2 DM, 

is produced by activated macrophages (in the pancreas of Type 2 DM individuals) as a pro-

protein, which is then cleaved to its active form by IL-1β converting enzyme (ICE), which is also 

upregulated in inflammation (Sheedy et al., 2013). IL-6 can act as both a pro- and anti-

inflammatory cytokine. These cytokines have also been observed to be elevated in the brains of 

diabetic rodents and associated with increased glial activation and neuronal damage (Kumar et 

al., 2014). 

A primary cause of chronic inflammation in diabetes and resultant micro- and 

macrovascular complications, is related to the fact that chronic hyperglycemia disrupts metabolic 

processes in vascular endothelial cells (Figure 1) (DeFronzo & Abdul-Ghani, 2011; Fatehi-

Hassanabad et al., 2010). The combination of oxidative stress and increased production of 

advanced glycated end products (AGEs) can elicit irreversible tissue and cellular damage 

(Brownlee, 2005; Inoguchi et al., 2000; Nishikawa et al., 2000). Repeated acute changes in 

cellular metabolism of glucose and oxygen, can result in oxidative stress either from increased 

production of reactive oxygen species (ROS) and/or from low levels of antioxidants (Roche et 

al., 2008; S. Roriz-Filho et al., 2009). ROS are chemically reactive, oxygen containing species, 

such as peroxides, hydroxyl, and singlet oxygen formed as natural by-products of cellular 

metabolism that have important roles in cell signaling and homeostatis. Not only is ROS 

production increased in diabetes, but the antioxidant defense system is decreased resulting in 

―oxidative stress‖ (Maiese et al., 2007). AGEs are formed by glycation (addition of sugars) and 

oxidation of proteins, lipids and polynucleotides. In non-diabetic individuals, up to 6% of 

hemoglobin and 12-16% of serum albumin is glycated, and in vitro work has shown that 
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oxidative stress and high concentrations of glucose increase these levels (Vlassopoulos et al., 

2013). As AGE levels are increased in diabetes, and receptors for AGEs (RAGE – a member of 

the immunoglobulin family, found in most tissues), promote generation of ROS and 

inflammation, this can have many negative down-stream effects on cell survival and function by 

direct damage and through the activation of NF-κB (Calle & Fernandez, 2012; Celec, 2004; 

Vlassopoulos et al., 2013; Wautier et al., 1996). NF-κB is a nuclear transcription factor 

stimulated by many extracellular stimuli (ROS, TNF-α, IL-1β); that then integrates this response 

to regulate and modulate the expression of many inflammatory cytokines, including but not 

limited to TNF-α, IL-1β and IL-6 (Celec, 2004). Therefore chronic inflammation in a disease like 

diabetes creates a vicious cycle of ROS generation, AGE formation, RAGE/RAGE ligand 

upregulation, NF-κB activation, cytokine formation, and further free radical formation 

(Inflammation  Damage  Increased Inflammation  Increased Damage) (Figure. 1). As a 

result of these processes, endothelial cells can become more sticky and prone to clots or become 

less cohesive with adjoining endothelial cells thereby increasing the likelihood of hemorrhagic 

events (Qiu et al., 2008). 
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Figure 1. Brain microvessel schematic showing role of hyperglycemia in endothelial cell dysfunction and 

increased inflammatory signalling.  

High concentrations of glucose increase reactive oxygen species (ROS) production through direct effects 

of glucose and through the generation of advanced glycation end (AGE) products. AGEs are formed by 

glycation and oxidation of proteins, lipids and polynucleotides, and binding of AGEs to their receptors 

(RAGE) on both macrophages and endothelial cells elicits oxidative stress which evokes inflammatory 

responses. NF-κB activation by extracellular and intracellular stimuli induces expression of many 

inflammatory cytokines, thus a vicious cycle of reactive oxygen species generation, AGE formation, 

RAGE/RAGE ligand upregulation, NF-κB activation, cytokine formation, and further free radical 

formation is formed. 
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1.2 Cerebral Microbleeds 

Cerebral microbleeds (CMBs) are caused by structural irregularities such as weakening 

of the small vessels in the brain. Due to the magnetic properties of degrading blood products 

(e.g. breakdown of hemoglobin in red blood cells (RBCs)), they can be detected in vivo using 

magnetic resonance imaging (MRI) sequences as tiny (< 5 mm), round, dark-signal lesions. 

Histological post-mortem studies have confirmed CMBs to be focal hemosiderin (a product of 

RBC breakdown) deposits outside of the abnormal vasculature (Cullen et al., 2005; Fazekas et 

al., 1999). CMBs were first reported in relation with intracerebral hemorrhage (ICH) and since 

this initial study, reports of CMBs in other populations have increased (Martinez-Ramirez et al., 

2014). These lesions are most frequently detected in patients with vascular risk factors such as 

diabetes, hypertension, and stroke, but have also been observed in the normal aging population 

(Cordonnier et al., 2007; Cullen et al., 2005; Kim & Lee, 2013). The Rotterdam Scan Study 

(RSS) is an ongoing, population-based study in the Netherlands, which aims to investigate the 

causes of chronic diseases in the elderly, which has so far looked at over 5800 people, aged 60 

years and older, repeatedly scanned by MRI. The overall prevalence of CMBs in the population 

was found to be high and increased with age with CMBs present in one in 5 persons over age of 

60, to over one in three in persons aged 80 years and older (Ikram et al., 2015). It’s thought that 

the accumulation of these microvascular insults is what’s playing a key role in cognitive 

impairment in older individuals, and longitudinal follow-up in the RSS found that 10% of 

participants developed new bleeds within three to four years of initial scan (Ikram et al., 2015). 

In the Karolinska Imaging Dementia study of 1504 patients in a memory clinic, patients with 

CMBs more often had Alzheimer’s disease, mild cognitive impairments or dementia (Shams et 

al., 2015). The presence of CMBs in mildly cognitive impaired and demented individuals 
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showed that they could be an important MR based biomarker for future cognitive decline (Kirsch 

et al., 2009). The idea that progressive degenerative changes in the endothelium of small brain 

vessels can lead to microbleeds is supported from animal studies of cerebral amyloid angiopathy 

(CAA). CAA causes amyloid-β protein build up on the walls of the arteries and capillaries in the 

brain and induces spontaneous small bleeds as well as larger hemorrhages (Reuter et al., 2016; 

Winkler et al., 2001). Animal studies of vascular pathologies allow the functional consequences 

of these brain bleeds to be examined in greater detail. Two such studies by Chris Schaffer’s 

group investigated the impact of microbleeds on neuronal degeneration and the accompanying 

immune response. Surprisingly, microbleeds did not cause large scale neuronal degeneration 

only displacement of these structures as a result of blood entering the brain. From a functional 

perspective, cerebral microbleeds led to a local decrease in sensory evoked neuronal 

responsiveness within 150 µm of the microbleed that persisted for the first 24 hours (Cianchetti 

et al., 2013). Over the course of one-seven days after CMB, reactive astrocytes and microglia 

were increased around the site of CMB. Collectively, these results suggest that CMB’s trigger 

acute neural dysfunction and vascular inflammation that lasts for many days, if not weeks 

(Rosidi et al., 2011).   

1.3 Microglia 

Microglial cells, the resident macrophages of the central nervous system comprise 5-12% 

of the total population of cells in the brain in rodents and 0.5-16% in humans  (Block et al., 2007; 

Lawson et al., 1990). In response to CNS damage, they are involved in both the innate and 

adaptive immune system, regulating inflammation via production of cytokines and activation of 

Toll-like receptors (TLRs), which regulate antigen-presenting cells of major histocompatibility 

complex class II (e.g. microglia) (Blander, 2007). They are the main cells critical in clearing 
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debris and restoring the stable equilibrium maintained by physiological processes (homeostasis) 

(Davalos et al., 2005; Kreutzberg, 1996; Nimmerjahn et al., 2005). They originate from yolk sac 

progenitors and migrate into the brain parenchyma by embryonic day eight in rodents; 

gestational week four and a half in humans, in amoeboid form, where they rapidly increase in 

number and transform into their ramified phenotype known as the ―resting state‖, which 

phenotypically differentiates them from blood circulating monocytes (Alliot et al., 1999; 

Ginhoux et al., 2010; Monier et al., 2007).  

 Microglia under Normal Conditions 

Under normal physiological conditions, microglia in the CNS exist in a highly ramified 

morphology called the ―resting state‖, characterised by small cell somas and long thin processes 

that have many branching points extending in all directions (Nimmerjahn et al., 2005). ―Resting‖ 

is actually a misleading term since they have been shown to have highly dynamic processes that 

continuously scan their environment by extending and retracting their processes at a speed of 

about 1.5μm/minute, making them the fastest moving cells in the brain (Davalos et al., 2005; 

Nimmerjahn et al., 2005). The seemingly random fashion with which microglial cells processes 

sample their environment suggests they could completely scan the brain parenchyma every few 

hours, establishing the surveillance/housekeeping role of these cells (Nimmerjahn et al., 

2005).Little is known about what converts microglia from amoeboid to the resting state but 

astrocytes appear to play an important regulatory role in microglial differentiation and 

deactivation as astrocyte conditioned medium has been shown to promote ramification of 

amoeboid microglia in culture, while blocking astrocyte secreted cytokines such as transforming 

growth factor-β (TGF-β), macrophage colony-stimulating factor (M-CSF), and 

granulocyte/macrophage colony-stimulating factor (GM-CSF) prevents it (Schilling et al., 2001). 
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Pharmacologically blocking chloride channels on amoeboid microglia prevents ramification but 

does not affect the maintenance of it in already ramified cells, suggesting chloride channels are 

required for the induction of ramification, but are less essential for preserving the shape of 

microglia (Eder et al., 1998). These findings show that many factors are important in the 

deactivation of microglia into the surveying state.  

Microglia appear to be a stable,  self-renewing, long-lived cell population as very little 

exchange between blood and brain has been observed in adult animals with an intact blood brain 

barrier (Ajami et al., 2007; Bruttger et al., 2015). They are found almost evenly spread 

throughout the CNS and seem to occupy their own territories (30-50 μm) with little overlap 

between neighboring cells’ territories, where they can provide trophic support to the surrounding 

tissue through the release of growth factors and neurotrophins (Figure 2.) (Elkabes et al., 1996; 

Lawson et al., 1990; Sanders & De Keyser, 2007).  

Advances in genetics (transgenic mice that express fluorescent protein in microglia, i.e.  

Cx3cr1
EGFP/+

 mice) and imaging techniques (in vivo two-photon) have allowed microglia to be 

observed in the living unperturbed rodent brain. Wake (2009) showed that about once per hour 

microglial processes made brief (~ five minutes) interactions with pre- and postsynaptic 

terminals which were activity dependent, meaning reductions in neuronal activity led to reduced 

incidence of contacts. After transient ischemia, the duration of the microglial processes contacts 

with synapses was prolonged (~ one hour) and led to the disappearance of the presynaptic 

bouton, suggesting that microglia contribute to increased turnover of synaptic connections (Wake 

et al., 2009). Like macrophages in the rest of the body, microglia are assumed to phagocytose 

cellular debris resulting from apoptosis and normal cell death, and are believed to be able to 

eliminate synapses. Multiple groups have shown that microglia contribute to synaptic remodeling 
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and plasticity in the healthy and developing brain (Schafer et al., 2012; Tremblay et al., 2010). 

Trembley (2010) revealed by electron microscopy (EM) that microglial processes within the 

juvenile visual cortex changed their morphology, modified their association with dendritic 

spines, apposed synapses more frequently, and enveloped synapse-associated elements in 

response to changes in visual sensory experience (Tremblay et al., 2010). In the developing 

brain, Schafer (2012) observed that microglia in the postnatal lateral geniculate nucleus engulfed 

retinal ganglion cell presynaptic terminals during synaptic remodeling regulated by neural 

activity. Disruption either by genetic knockout or pharmacological inhibition of complement 

receptor signalling (microglia-specific phagocytic signaling pathway) led to persistent deficits in 

synaptic connectivity (Schafer et al., 2012). These studies identify some underlying mechanisms 

by which microglia in non-pathological states engulf and remodel developing synapses during 

postnatal development and every day experiences.  
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Figure 2. Normal microglia distribution in the mouse cortex 

Representative confocal images of microglial distribution in the normal (non-diabetic) sensory 

cortex of EGFP Cx3cr1
+/- 

mouse. Left: Low magnification image of microglia in sensory cortex. 

Right: High magnification image of enclosed region from left panel. 
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Microglia Activation 

The most characteristic feature of microglia is their ability to rapidly respond to even 

minor pathological changes in the CNS. A constant state of vigilance affords them the ability to 

respond to a variety of signals and damage. Trauma, infection, ischemia, cerebral microbleed, or 

any disturbance to the brains’ homeostatis evokes changes in microglial gene expression, cell 

shape, and behavior which is defined as ―microglial activation‖ (Cardona et al., 2006; Davalos et 

al., 2005; Mitkovski et al., 2015; Rosidi et al., 2011). During activation, microglia processes 

become fewer and thicker, the soma becomes much larger, surface receptor expression can 

change and cells can start to release neuro- and immunoregulatory molecules like TNF-α and IL-

1β, or neurotoxic molecules like ROS and nitric oxide (NO), aimed at destroying invading 

pathogens but that can also exacerbate damage (Chao et al., 2016; Dheen et al., 2007; Lull & 

Block, 2010; Sanders & De Keyser, 2007; Stollg & Jander, 1999). Microglia can also become 

motile and move toward a site of damage following chemotactic gradients. If needed, they can 

increase in number by proliferation to provide more cells for defense against infection (Davalos 

et al., 2005; Kettenmann et al., 2011).  

Multiple signalling molecules converge on microglia to alter or maintain their functional 

state, and how activation is initiated is still not fully understood. A wide variety of receptors are 

expressed on microglia including but not limited to receptors for purines (ATP), and 

neurotransmitters: glutamate (amino acid and excitatory neurotransmitter), gamma-Aminobutyric 

acid (inhibitory neurotransmitter), dopamine, acetylcholine, and noradrenaline, which microglia 

use to assess the health of the surrounding microenvironment  (Kettenmann et al., 2011). The 

appearance of a novel molecule, or abnormal concentrations of otherwise physiologically present 

molecules could be an ―on-signal‖ for microglia; while the withdrawal of some other molecule 



 25 

released during normal activity could be an ―off-signal‖. The ―on-signal‖ could be triggered by a 

wide variety of molecules associated with foreign matter or damaged cells in the brain such as: 

inflammatory cytokines (TNF-α, IL-1β, IL-6), high levels of ATP (indicative of neuronal 

damage) or fibrinogen released from the blood during a microbleed (Davalos et al., 2012; 

Kettenmann et al., 2011). An example of ―on-signalling‖ was shown by Davalos (2005) in which 

laser induced neuronal damage prompted a rapid response of microglial processes toward the site 

of lesion, which could be mimicked by local application of ATP, all of which could be reduced 

by inhibitors of purinergic receptors. They also showed that the concentration gradient of ATP 

was important for the rapid response to damage, as bath application of high concentration of 

ATP prior to laser-induced neural damage severely decreased and slowed the microglial response 

to the site of injury (Davalos et al., 2005). The ―off-signal‖ could indicate deterioration or loss of 

signalling from normally active neural circuits. Continuous activation of receptors on microglia 

could keep them in their ―resting‖ form and any deviation from normal concentrations of 

molecules could indicate impaired neural activity, signalling to microglia there is damage nearby 

(Biber et al., 2007).  

Microglia in Pathology 

Brain pathology is correlated with the activation of microglial cells though it remains 

unclear under what conditions and by what mechanisms they either prevent or facilitate the 

progression of a given disease. Chronic microglial activation has been observed in 

neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 

multiple sclerosis (MS), and stroke; which could be a consequence of the cyclical production of 

cytotoxic and pro-inflammatory molecules, ROS and oxidative stress in disease states (Dheen et 

al., 2007; Doens & Fernández, 2014; Lull & Block, 2010). Microglia could help propagate 
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disease since phagocytic microglial cells can accumulate various pathological factors such as 

beta-amyloid protein in AD or myelin fragments in MS. If microglia phagocytose myelin or beta 

amyloid, then present it as antigens to T lymphocytes it could exacerbate MS or AD pathology 

(Sanders & De Keyser, 2007).  

In ischemic stroke animal models, microglia have been shown to promote disintegration 

of the blood vessels in the ischemic penumbra (region of salvageable tissue surviving the stroke) 

and thus increased damage to surrounding tissue, by phagocytosing endothelial cells which can 

then lead to local BBB break down and further microglial activation (Jolivel et al., 2015). They 

also express different macrophage markers (CD11b – activation, and CD68 – active 

phagocytosis) and have different morphologies depending on location from the stroke effected 

area (core – amoeboid, penumbra – ramified) (Perego et al., 2011). In an animal model of 

chimeric subarachnoid hemorrhage, microglia were implicated in secondary damage (neuronal 

death days after the initial bleed) as depleting them by irradiation led to significantly decreased 

cell death (Schneider et al., 2015). These studies suggest microglia have multiple roles in stroke 

and could be a targets for stroke therapies.  

Although excessive and chronic inflammation could lead to sustain or exacerbate disease; 

there is also evidence that microglia may play a beneficial role in certain instances. For example, 

depleting or inhibiting microglia has been associated with larger infarcts and dysregulated Ca
2+

 

responses following ischemic stroke, as well as delayed closure of the blood brain barrier after 

vascular injury (Fernandez-Lopez et al., 2016; Lou et al., 2016; Szalay et al., 2016). Another way 

of manipulating microglial response to damage has been through genetic modulation of Cx3cr1 

(fractalkine receptor) on microglia. Fractalkine (cx3cl1) is important in sustaining normal 

microglial activity in the brain and the continued release from neurons serves to keep microglia 
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inactive. Mice that lack Cx3cr1 have significantly smaller infarcts, reduced IL-1β and TNF-α 

expression and reduced BBB damage after middle cerebral artery occlusion (Dénes et al., 2008; 

Jolivel et al., 2015). Therefore, microglia activation can be seen as a double-edged response 

whereas under conditions of cell death, microglia act as scavengers removing tissue debris, and 

in more subtle injuries they exercise a surveillance function and might play a protective role.. In 

the case of a small vascular insult, microglia could immediately respond to offer protection and 

trophic support whereas in the case of a chronic inflammation disease like diabetes a maladapted 

response could be mounted and thus fail to offer protection.  

Microglia in Diabetes – chronic inflammatory state 

The inflammatory response in diabetics could be impaired or ineffective due to improper 

release of cytokines and recruitment of immune cells which could lead to greater damage after 

insult. Cytokines and pro-inflammatory molecules secreted by peripheral immune cells can cross 

the BBB and activate microglia. As microglia play a key role in the initial response to injury, 

chronic exposure to elevated levels of ROS, TNF-α, IL-6 and IL-1β by uncontrolled 

hyperglycemia may put them in a chronic state of activation and thus alter their response to 

insults and injury (Pradhan et al., 2011).  

Many animal studies of experimentally induced diabetes have shown the correlations 

between uncontrolled hyperglycaemia, poor cognitive function, and activated glial cells 

(Gaucher et al., 2007; Nagayach et al., 2014a, 2014b; Taylor et al., 2015).  In one such study of 

streptozotocin-induced diabetic rats, poor spatial memory on behavioral tasks was correlated 

with microglial activation in the hippocampus, characterized by increased level of Iba-1 and 

MHC-II (Nagayach et al., 2014a). Another study of Alloxan-induced diabetes in mice saw 

microglial activation (shortening of processes) in the retina early in the progression to diabetic 
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retinopathy (Gaucher et al., 2007). As diabetic retinopathy continues, microglial cells have been 

observed to grow in number in the innermost retinal layers and then migrate to the optic nerve 

(Sorrentino et al., 2016). Whether the activation of microglial cells in diabetes is harmful or 

helpful is yet to be fully understood, and how microglia react and repair damaged vessels (caused 

by microbleeds) in the diabetic brain in vivo is yet to be investigated. 

1.4 Background on Methodology 

Animal Models of Type 1 Diabetes 

Animal models are critical for the mechanistic study of diabetes microvascular 

pathogenesis. T1DM can be modelled in mice either by genetic mutation or pharmacological 

induction. One genetic model is the non-obese Akita mouse which carries the insulin gene 

Ins
2+/C96Y 

mutation, a single nucleotide substitution in the Ins2 gene, which causes abnormal 

folding of the insulin protein. Type 1 DM hyperglycemia, results from toxic injury to pancreatic 

β-cells (insulin-producing), and reduced capacity to secrete insulin (Yoshioka et al., 1997). 

Another commonly used type 1 DM genetic model is the OVE26 mouse, which is characterized 

by the overproduction of calmodulin (transducer of calcium signalling) in the pancreatic β-cells, 

leading to deficient production of insulin and development of severe type 1 DM hyperglycemia 

within hours of birth (Epstein et al., 1989).  

Chemical models possess the major advantage over genetic models in that one easily 

induce type 1 DM in any mouse strain or transgenic line that they choose. Since we needed a 

transgenic mouse line to visualize microglia in this study, we opted for a chemical model. 

Alloxan and streptozotocin (STZ) are the most common chemicals used to induce type 1 DM in 

rodents (Lenzen, 2008; Yamamoto et al., 1981). Both are glucose analogues that enter the 

pancreatic β-cells via GLUT2 transporters, though the way they achieved their cytotoxicity is 
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different. Alloxan acts primarily by inhibiting glucokinase (the glucose sensor in β cells) and 

through the generation of ROS in the β cells, causing necrosis and cells death. STZ on the other 

hand is a cytotoxic methyl nitrosourea compound in which the N-methyl-N-nitrosourea moiety is 

attached to the glucose (2-deoxyglucose) molecule. STZ toxicity results from alkylation in which 

the methyl group from STZ gets transferred to the cells’ DNA, causing damage and 

fragmentation of the DNA. This functions to inhibit cellular processes since the cell is busy 

trying to repair the broken DNA, which ends up depleting energy stores and leads to cell death 

(Lenzen, 2008; Ogbonnaya et al., 2013; Yamamoto et al., 1981). Cell death caused by STZ or 

Alloxan is generally restricted to cells that express the GLUT2 transporter, such as those in the 

pancreas. Since the brain possesses little if any of the GLUT2 transporter, it is spared any direct 

cytotoxicity (Sweetnam et al., 2012). Blood glucose response to injection of STZ leads to an 

initial hypoglycaemic phase around four to eight hours post-injection when the circulation is 

flooded with insulin due to secretory cell rupture. This is then followed by permanent phase of 

hyperglycaemia due to the progressive death of  insulin-producing cells in the pancreas (Lenzen, 

2008).  

1.5 Rationale and Specific Aims 

Diabetes is an inflammatory disease that significantly increases the risk of organ damage 

caused by micro- and macrovascular insults. In the brain, this is manifested by the increased risk 

for ischemic/hemorrhagic stroke, cerebral microbleeds, cognitive impairment and dementia. 

Evidence from the literature suggests that diabetes impairs wound healing in the skin or eye; 

however, to date very little research has examined the impact of diabetes on the response to 

damage in the brain. One plausible explanation behind compromised would healing is that 

chronic inflammation in the diabetic state alters or desensitizes the immune cell response to 



 30 

tissue damage. Since microglia are the brain’s main immune effectors and play a key role in 

tissue repair in the brain, the primary objective of this thesis was to examine whether type 1 

DM had an impact on the microglial response to small vessel damage in the cerebral cortex. 

I also investigated whether controlling blood glucose levels with insulin could prevent any 

disturbances in the microglial response. In order to explore this issue, I induced cerebral 

microbleeds (CMBs) in the somatosensory cortex of three separate groups of mice; the control 

group, which had normal blood glucose levels (―non-diabetic‖), the STZ-induced hyperglycemic 

group, which had elevated blood glucose levels (―diabetic‖) for 5 weeks prior to CMB, and the 

insulin treated diabetic group, which had blood glucose levels controlled after the induction of 

hyperglycemia for 5 weeks prior to CMB (―diabetic + insulin‖). This thesis has three specific 

aims that are focused on how diabetes impacts microglial responses to cerebral microbleeds. 

They are:  

Aim 1: To test the hypothesis that diabetes impairs microglia accumulation around the site of 

cerebral microbleed.  

Aim 2: To determine whether controlling blood glucose with insulin can prevent any 

disturbances found.  

Aim 3: To explore the consequences of impaired microglia responses on vessel integrity and 

repair. 
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2 – Materials and Methods 

2.1 Animals 

Fifty-six adult (two to five month old) male mice on a C57BL/6J background (Jung et al., 

2000) were used for the study. In order to be able visualize microglia, we used two different 

approaches. First, we used mice that express enhanced green fluorescent protein (EGFP) in 

microglia due to placement of the EGFP reporter gene into the Cx3cr1 gene locus (Jung et al., 

2000). As previously described, the EGFP reporter gene replaces the Cx3cr1 gene, therefore 

mice heterozygous or homozygous for EGFP are Cx3cr1
+/-

 or Cx3cr1
-/-

, respectively. In order to 

visualize microglia in otherwise normal mice (ie. those that are Cx3cr1
+/+

), as well as
 
validate the 

use of EGFP Cx3cr1
+/- 

mice for our studies, we crossed a Cx3cr1 Cre driver line with a Cre 

dependent ―Ai3-eYFP‖ reporter mouse [Gt(ROSA)26Sor
tm-CAG-eYFP

] (Madisen et al., 2010). 

Offspring of this cross (Cx3cr1
cre/+

 x Ai3
fl/+

) express YFP in microglia and were used to compare 

microglial responses with Cx3cr1
+/-

 or Cx3cr1
-/- 

mice. Mice were group housed under a 12 hour 

light/dark cycle on ventilated racks in a temperature controlled room and given ad libitum access 

to food and water. All experiments were conducted in accordance with the guidelines set out by 

the Canadian Council of Animal Care and approved by the University of Victoria Animal Care 

Committee. 

2.2 Induction of Type 1 Diabetes and Blood Glucose Monitoring  

Type 1 DM was induced in two month old mice by intraperitoneal (IP) injections of STZ 

at a dose of 75 mg/kg dissolved in buffer once daily for two consecutive days following five 

hours of food deprivation (Lenzen, 2008; Yamamoto et al., 1981). Non-diabetic mice received 

vehicle injection solely consisting of buffer or STZ in buffer but did not develop hyperglycemia. 

The citrate buffer (50 mM) was made by dissolving 1.47 g of sodium citrate dehydrate (Fisher 
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Scientific) in 50 mL of dH2O and brought to a pH of 4.5-5.0 by the drop-wise addition of 12 N 

hydrochloric acid and tested using a pH meter. The STZ was dissolved in the sodium citrate 

buffer to a concentration of 30 mg/mL then filtered through a sterile 0.45 µm syringe filter. Post 

injection, mice were supplied with 5% glucose in H2O to prevent acute hypoglycemia, which can 

occur four to eight hours following injection of STZ (Lenzen, 2008). Mice were passively 

monitored for signs of diabetes such as frequent urination and their blood glucose was taken 

seven days post injection. Blood glucose levels were checked using an Aviva™ Accu-Chek® 

blood glucose meter and measured weekly by withdrawing a drop of blood from the tail vein. 

Controls (i.e. ―non-diabetic‖ group) had normal blood glucose levels (~9.7 ± 0.7 mM/L), 

whereas the ―diabetic‖ group had elevated blood glucose levels (25.1 ± 2.9 mM/L) (Figure. 5B). 

Body weights were measured concurrently. 

Insulin Implants 

To help control blood glucose levels in some of the diabetic mice; slow release insulin 

pellets (0.1 U/24 hour/implant, Lin-Bit) were inserted subcutaneously one week following STZ 

injections when hyperglycemia was confirmed (therefore had one week of uncontrolled 

hyperglycemia). To do this, a two cm square patch of fur was shaved between the scapulae and 

disinfected with 70% ethanol. A small incision was made and the pellets were inserted under the 

skin then closed with a single suture (braided silk, reverse cutting 45 cm sterile, Ethicon 62G). 

As prescribed by the manufacturer (Linshin Canada Inc.) the dosage was: two pellets for the first 

20 grams of mouse and one pellet for every five grams after that. To prevent acute hypoglycemia 

after insertion of the pellets; 200 µL of 5% dextrose saline was injected subcutaneously and 

blood glucose levels were measured the next day to confirm control. Blood glucose levels were 

then measured weekly by withdrawing a drop of blood from the tail vein. If blood glucose levels 
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were ≥15 mM/L, mice were lightly anesthetized with 1.5 % isoflurane and one pellet was 

inserted subcutaneously. Mice were allowed to recover and blood glucose was re-assessed the 

following day and then weekly with the other animals. The diabetic mice treated with insulin had 

blood glucose levels similar to non-diabetic animals (11.6 ± 2.1 mM/L). 

2.3 Surgical Preparations for in vivo Imaging 

For imaging, two surgical preparations were used in this study: 1) an acute craniectomy 

based preparation where the skull is removed and animals are imaged immediately thereafter or 

2) a chronically implanted cranial window preparation where a craniectomy is performed, a glass 

window is installed and mice are imaged four to five weeks later when any surgery related 

inflammation has subsided. These two preparations were used to control for the possibility that 

the acute craniectomy would disrupt the normal microglia response to microbleed (see results in 

Figure 4). For both surgical preparations, mice were anesthetized with isoflurane (2% for 

induction and 1 – 1.5% for maintenance) mixed with medical air (80% Nitrogen, 20% Oxygen) 

at a flow rate of 0.7 L/min. Paw withdrawal, whisker movement and eye blink reflexes were 

absent throughout the procedure. Mice were fitted into a custom surgery/imaging frame, 

whereupon the eyes were moistened with ophthalmic liquid gel (Alcori) and body temperature 

was maintained at 37°C with a rectal thermo-probe and temperature feedback regulator. A 

midline incision was made on the scalp, the skin over the cranium was pulled back, and to 

prevent any movement during imaging, the skull was secured to a metal plate using 

cyanoacrylate glue and dental cement, which was fastened to the surgery stage. A circular (three 

to five millimeter diameter) region of the skull overlying the right or left cerebral hemisphere 

was thinned with a high speed dental drill and the skull was carefully removed with forceps. Gel 

foam soaked in HEPES buffered artificial cerebral spinal fluid (ACSF) was used to keep the 
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brain moist throughout the surgical procedure. For acute imaging experiments, the brain was 

covered with 1.5% low-melt agarose dissolved in a HEPES-buffered ACSF and sealed with a 

glass cover slip (no.1 thickness). The surgery stage was then mounted into a two-photon 

microscope and the mouse was maintained under light (1%) isoflurane anesthesia for the 

remainder of the acute imaging experiment. For mice with a chronically implanted cranial 

window, the glass coverslip was fixed in place with cyanoacrylate glue and dental cement. The 

surrounding skin was glued to the edges of the cranial window and the mice were allowed to 

recover under a heat lamp before being returned to their home cages.  

2.4 Two-Photon Imaging and Induction of Cerebral Microbleeds 

For visualization of the cerebral vasculature; 0.1 mL of 0.5 – 1% Evans Blue dye 

(Sigma), 4% Rhodamine-dextran dye (Sigma), or 1% Fluorescein-dextran dye (Sigma) in 0.9% 

saline solution was injected into the mouse’s tail vein. High-resolution in-vivo two-photon 

images of fluorescently labeled microglia and blood vessels were collected in the somatosensory 

cortex with a 40X objective (NA = 0.8) using an Olympus FV1000MPE laser scanning 

microscope coupled to a mode locked Ti:sapphire laser. For imaging EGFP labeled microglia, 

the laser was tuned to 900nm, whereas imaging of EYFP labeled microglia was done at 950 nm. 

Image stacks were collected at 1.5 μm Z steps covering an area of 144 x 144 μm (800 x 800 

pixels, 0.18 μm/pixel), averaging three images per section every four minutes, for 20 minutes 

before microbleed and 60 minutes afterwards. Image stacks were saved as TIFF files for later 

image processing and analysis with ImageJ software. A flowing micro vessel (~ four μm in 

width), 50 – 100 μm from the pial surface was selected for laser induced microbleed. The only 

exclusion criteria was that a microglia cell body could not reside on the microvessel within 40 

µm of the site of the laser induced bleed. The microbleed was induced with focal (3.389 μm 
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diameter circle ROI drawn on vessel), high power illumination (~220 mW) of vessels with 850 

nm pulsed light for five to six seconds. 

2.5 Analysis of Targeted Vessel Blood Flow, Structure and Rupture 

For analysis of extravascular dye fluorescence, we generated an average intensity Z-

projection of seven planar images, three above and three below the microbleed site for each 

imaging time point. Extravascular fluorescence in each image was measured using a concentric 

circles plugin in ImageJ,  that were centered on the site of microbleed with 35 rings, 1 μm apart 

used to sample pixel intensity values in each ring. Raw fluorescence values were then binned 

into five μm radii from the center of the bleed and expressed as a percent change from baseline 

fluorescence. The innermost ring (0-5 μm) was excluded from analysis due to the appearance of 

auto fluorescent signal after the induction of the microbleed. Two-photon images were analyzed 

for RBC flow velocity, branch to branch vessel length, and lumen diameter. All analysis were 

conducted by an experimenter blinded to experimental condition. For analysis of blood flow 

velocity, line scans were conducted on the microvessel prior to baseline imaging of microglia by 

acquiring 200 time series images through the vessel lumen. Dark streaks represent RBCs moving 

through the vessel lumen (see Figure. 6C). RBC flow velocity measurements were taken from 

line scan images by determining the inverse slope (Δ time/Δ distance) of the linear paths of 

RBCs (Shih et al., 2012). Using ImageJ software, vessel length was measured in three 

dimensions by tracing the vessel between the two nearest branching points. To measure vessel 

lumen diameter, a line approximately three times the diameter of the vessel was overlaid 

perpendicularly across the vessel to then generate a fluorescence intensity profile. The vessel 

diameter was calculated as the width of the intensity value distributions at half-maximal intensity 

(Shih et al., 2012).  
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2.6 Analysis of Microglia Structure and Dynamics 

To measure microglia accumulation around the site of CMB, Cx3cr1
cre/+

 x Ai3
fl/+

 (seven 

CMBs from six mice), Cx3cr1
+/- 

(non-diabetic mice: 14 CMBs from 13 mice; diabetic mice: 11 

CMBs from 10 mice; diabetic mice treated with insulin: 16 CMBs from 10 mice), or Cx3cr1
-/- 

(six CMBs from four mice) microglia image stacks were processed using ImageJ software. 

Images from all time points (five baseline and 15 post-CMB stacks) were median filtered (0.8 

pixel radius). Three images above and below the center of the bleed (seven images total, Z depth 

= 10.5 μm) were maximally Z-projected. All images in a time series were aligned and corrected 

for any X-Y displacement using rigid body StackReg plugin in ImageJ.  Background pixel values 

were subtracted from each image and microglial signal was automatically thresholded (using Li 

threshold) to create a binarized image (microglia signal values equaled one and background 

equaled zero). To measure the accumulation of microglia process around the microbleed, 35 

concentric circles spaced one micrometer apart (using ImageJ plugin) were centered on the 

microbleed in each image in the time series. Values were binned into five micrometer radii, 

normalized to 100 signal pixels, and then expressed as percent area over time to show that 

microglia accumulation around the CMB increased over time in the radii analyzed. The 

innermost ring (0-5 μm) was excluded from analysis due to auto fluorescence from the laser 

induced microbleed. In order to estimate the area occupied by microglia in each image frame and 

compare across mouse genotypes or conditions, we calculated the percent area of microglia 

signal in binarized images and averaged values across the five baseline imaging sessions.  

Estimation of microglial cell # was done by counting the number of microglial cell bodies in 

each image stack, excluding any soma that were clipped at the top or bottom of the stack.  
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To measure total microglia process turnover every four minutes, binarized images of 

microglia signal were compared to the previous imaging time frame (e.g. four minute frame – 

zero minute frame). As shown in Figure 8A, this created ―turnover‖ images with three pixel 

values: positive values (black pixel or ―gained‖ microglia signal), zero values (grey pixel or ―no 

change‖) or negative values (white pixel or ―lost‖ microglia signal). Microglia turnover rate 

(over each four minute period)  was calculated by summing the number of pixels gained and lost, 

and dividing that by the total microglial signal pixels measured for each binarized image frame 

[(Gain pixels + Loss pixels) / Total microglial signal pixels from both time points]. Baseline 

dynamics were averaged for the four time points and the turnover rate following CMB was 

calculated as percent change from baseline and graphed over time.  

2.7 Vascular Permeability 30 minutes after CMB  

In order to determine whether group differences in microglial responses to the CMB 

correlated with increased vessel permeability/leakiness around the site of cerebral microbleed; 

wild-type C57BL6 mice (non-diabetic mice: five CMBs in four mice; diabetic mice: seven 

CMBs in five mice; and diabetic mice treated with insulin: six CMBs in three mice), were 

injected with Evans blue dye (0.5% in saline, I.V.) 30 minutes after the induction of CMB. This 

experiment was conducted as illustrated in Figure 8A and the same guidelines for selecting a 

vessel were used as in the microglia imaging studies. In-vivo two-photon image stacks were 

collected at 1.5 μm Z steps covering an area of 317 x 317 μm (800 x 800 pixels, 0.397 μm/pixel), 

averaging three images per section starting immediately after Evans blue injection (i.e. 32 

minutes) and every 12 minutes for one hour after the dye was injected. Visualization of 

extravascular dye fluorescence without brightly labeled vessels was performed by subtracting a 

binarized image mask of fluorescently labeled blood vessels from the original average intensity 
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Z-projection image (three frames above and below the CMB).  To measure extravascular Evans 

blue dye fluorescence over time; plot profile lines 35 μm in length were drawn at 90º angles from 

the center of the CMB. A fluorescence intensity profile was generated for each direction, 

averaged and then binned into five micrometer distances from the CMB. Since dye fluorescence 

within blood vessels was variable across animals and therefore would influence the pixel 

intensity values of measured extravascular fluorescence, we normalized extravascular 

fluorescence as a percent of intravascular fluorescence. 

2.8 IBA-1 Immunohistochemistry  

Mice expressing EGFP in microglia were overdosed with sodium pentobarbital and 

transcardially perfused with 10 ml of phosphate buffered saline (PBS) followed by 10 ml of 4% 

paraformaldehyde (PFA) in PBS. Whole brains were submerged in 4% PFA and post-fixed for 

24 hours, then transferred to a 0.1 M PBS solution. Brain sections were cut at 50 μm on a Leica 

vibratome in the coronal plane and stored in six well trays in PBS with 0.2% sodium azide. 

Sections were incubated in PBS with polyclonal rabbit anti IBA-1 (Wako, 1:500) overnight at 

room temperature. After three brief five minute washes in PBS, sections were incubated in 

secondary antibody (Cy5 anti-rabbit, 1:500) for five hours at room temperature. Sections were 

washed, mounted on glass slides, cover slipped and imaged with a confocal microscope. High 

resolution image stacks of EGFP and Cy5 labeled microglia the somatosensory cortex were 

taken with a 20X objective (NA = 0.75, 1024 x 1024, 0.31 μm/pixel) with 1.5 μm Z steps and 

Kalman filtering (mean = 2).  
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2.9 Statistical Analysis 

Statistical analysis of the data was conducted in SPSS and Excel. Analysis of variance 

(ANOVA) was performed for the effect of diabetes on microglial and vessel response to cerebral 

microbleed, and significant main effects from the ANOVA were followed up with t-tests. All p 

values < 0.05 were considered statistically significant. All the data were presented as mean ± 

standard error of the mean. 
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3 – Results 

3.1 Microglia in wild-type and heterozygous EGFP Cx3cr1 mice 

show similar responses to cerebral microbleed.   

To study microglial cells in vivo, we first compared imaging data collected from EGFP-

Cx3cr1 mice with that generated from Cx3Cr1-Cre driver line mice crossed with a Cre-

dependent  EYFP reporter line (―Ai3‖, referred to as Cx3cr1
+/+ 

in Figure 3). Using comparable 

laser power densities for imaging, we found that the fluorescent signal in EGFP-Cx3cr1was 

noticeably higher than that of EYFP reporter mice, making them more ideal for imaging. 

However, since EGFP-Cx3cr1 mice would have either partial or full knockdown of the Cx3cr1 

gene (referred to as Cx3cr1
+/-

 and Cx3cr1
-/-

 in Figure 3), we needed to determine whether 

microglial dynamics in EGFP-Cx3cr1 mice were relatively normal, especially since it has been 

reported that complete knockdown of Cx3cr1 can alter microglial reactivity (Dénes et al., 2008; 

Liu et al., 2010; Tang et al., 2014). Consistent with previous reports, expression of EGFP was 

restricted to microglia in the brain of EGFP-Cx3cr1 mice (Figure 3A). There were no significant 

genotype differences in the number of microglial cells examined (Figure 3C; F(2,24) = 0.09, p = 

0.92). Furthermore the % area of thresholded microglial pixels was not significantly different 

between genotypes (Figure 3D; F(2,24) = 2.54, p = 0.10). In order to examine microglial response 

dynamics across the three genotypes, adult EGFP-Cx3cr1 mice (Cx3cr1
+/-

 and Cx3cr1
-/-

) or 

Cx3cr1-Cre X Ai3 reporter mice (Cx3cr1
+/+

) were imaged before and after CMB (Figure 3E). 

As shown in Figure 3F, laser ablation of a microvessel leads to the rapid accumulation of 

microglial processes around the lesion. Quantitative analysis of microglial process area in 5 μm 

bins radiating from the center of the CMB (Figure 3G), revealed a highly significant effect of 

time on microglial accumulation in all genotypes in all radii examined (Figure 3H, Table 1). For 
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regions most proximal to the CMB (6-10 and 10-15µm), Cx3cr1
-/- 

mice tended to have elevated 

microglial accumulation relative to Cx3cr1
+/+

 and Cx3cr1
+/-

 mice (compare green line to black 

and yellow lines in Figure 3H and Table 1). Importantly for all regions examined, there were no 

significant differences in microglial accumulation between Cx3cr1
+/+

 and Cx3cr1
+/-

 mice (Figure 

3H; Table 1). Therefore since microglial activity in heterozygous EGFP-Cx3cr1mice was very 

similar to that of wild-type EYFP reporter mice, we used these EGFP expressing mice (Cx3cr1
+/-

) going forward to study the impact of diabetes on microglial responses to CMB. 
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Figure 3. EGFP Cx3cr1
+/-

 mice show similar microglial dynamics to Cx3cr1
+/+

 mice.  

(A) Confocal images demonstrating that EGFP-microglia co-localize with Iba-1, a classical immunohistochemical 

marker of microglia. (B) Representative binarized (with Li threshold) images of microglia in Cx3cr1
+/+

, Cx3cr1
+/-

, 

and Cx3cr1
-/-

 microglia at baseline. (C) Number of microglial cells x 10
3
/mm

3
 at baseline. No significant difference 

between groups. (D) Average percent area of microglia signal at baseline. No significant difference between groups. 

(E) Experimental timeline. A craniectomy was performed prior to 2P imaging at time 0. A vessel was chosen 50-100 

μm from the cortical surface. Image stacks were collected every 4 minutes for 20 minutes before and 60 minutes 

after cerebral microbleed (CMB). (F) Representative images showing microglial response to CMB in a Cx3cr1 +/- 

mouse injected with Evans blue dye (G) Representative z-projected binarized images of microglia at baseline and at 

60 minutes post-CMB. (H) Graph shows the progressive accumulation of microglial processes (expressed as % area) 

in 5μm radii moving away from CMB. There were no significant difference between Cx3cr1
+/+

 and Cx3cr1
+/-

 mice 

in accumulation over time.  
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Table 1. Summary of repeated measures ANOVAs conducted at each distance from the CMB 

with STRAIN (―wild-type‖, ―heterozygote‖ and ―homozygote‖) as a factor over TIME (4 – 60 

minutes).  

Significant main effects are highlighted in bold and a *. 

Distance Strain Time Interaction 

5-10 μm F(2,24) = 2.23, p=0.13 *F(14,336) = 71.4, p<0.001 F(28,336) = 1.06, p=0.39 

10-15 μm *F(2,24) = 4.11, p<0.05 *F(14,336) = 47.5, p<0.001 F(28,336) = 0.98, p=0.50 

15-20 μm F(2,24) = 0.30, p=0.74 *F(14,336) = 18.9, p<0.001 F(28,336) = 0.91, p=0.60 

20-25 μm F(2,24) = 0.26, p=0.77 *F(14,336) = 14.5, p<0.001 F(28,336) = 0.57, p=0.96 

25-30 μm F(2,24) = 0.10, p=0.90 *F(14,336) = 11.8, p<0.001 F(28,336) = 0.79, p=0.77 

30-35 μm F(2,24) = 0.93, p=0.41 *F(14,336 )= 9.3, p<0.001 *F(28,336) = 1.81, p<0.01 
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3.2 Imaging preparation doesn’t influence microglial responses to 

cerebral microbleeds  

In order to rule out the possibility that microglial responses could be influenced by the 

surgical preparation required for imaging, we compared microglia structure and response 

dynamics to CMB in EGFP-Cx3cr1 mice that received an acute craniectomy versus those that 

had a permanent cranial imaging window installed, where the craniectomy was performed five to 

six weeks prior to imaging. As shown in Figure 4A-C, the number of microglial cells, the % area 

they occupy and the baseline turnover (growth/retraction) rate of microglia processes did not 

differ significantly between groups. In response to CMB, there were no significant group 

differences in the accumulation of microglial processes around the microbleed over time (Figure 

4D, Table 2). Since there were no differences in any of these parameters, data collected from 

both imaging preparations (acute craniectomy vs chronic cranial window) were pooled together.  
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Figure 4. Comparison of microglial dynamics in mice with acute craniectomy versus chronic 

cranial imaging window preparation.  

Histograms show no differences in microglial cell number (A), the percent area of microglial processes 

(B), or turnover rate of processes (every 4 minutes) before the induction of CMB (C). (D) Graphs show 

the accumulation of microglial process accumulation (expressed as % area) at each distance from the 

center of the CMB (n = 11 mice for acute craniectomy and n = 4 mice for chronic cranial window).  
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Table 2. Summary of repeated measures ANOVAs conducted at each distance from the CMB 

with SURGICAL PREPARATION (―acute‖ and ―chronic‖) as a factor over TIME (4 – 60 

minutes).  

Significant main effects are highlighted in bold and a *.   

Distance Surgical Prep Time Interaction 

5-10 μm F(1,12) = 1.49, p = 0.25 *F(14,168) = 39.92, p < 0.001 F(14,168) = 0.83, p = 0.64 

10-15 μm F(1,12) = 0.57, p = 0.47 *F(14,168) = 22.12, p < 0.001 F(14,168) = 0.41, p = 0.97 

15-20 μm F(1,12) = 0.06, p = 0.82 *F(14,168) = 17.84, p < 0.001 F(14,168) = 0.52, p = 0.92 

20-25 μm F(1,12) = 0.25, p = 0.63 *F(14,168) = 7.50, p <0.001 F(14,168) = 0.33, p = 0.99 

25-30 μm F(1,12) = 0.46, p = 0.51 *F(14,168) = 5.96, p < 0.001 F(14,168) = 0.45, p = 0.96 

30-35 μm F(1,12) = 1.75, p = 0.21 *F(14,168) = 1.98, p < 0.05 F(14,168) = 0.75, p = 0.72 
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3.3 Induction of diabetes and weekly monitoring of blood glucose 

and body weight.  

To investigate the impact of diabetes on microglial responses to CMB, diabetes was 

induced in adult mice (two to three months old) by intraperitoneal injections of STZ (75 mg/kg) 

once daily for two consecutive days, whereas non-diabetic mice received vehicle or STZ 

injection but did not develop hyperglycemia. As shown in Figure 5B, blood glucose levels in the 

―diabetic‖ group were chronically elevated relative to ―non-diabetic‖ control group (***p < 

0.001). Diabetic mice that received slow release insulin pellets (―diabetic + insulin‖ group) had 

blood glucose levels similar to non-diabetic mice (all p-values > 0.05 except at one week which 

was before the insulin implant, 
###

p < 0.001). Assessment of body weight over time indicated no 

significant difference between the non-diabetic and diabetic groups, although there was a trend 

for non-diabetic mice to be heavier. There was a significant difference in body weights between 

the non-diabetic and diabetic + insulin groups starting at three weeks after induction of diabetes 

(see Figure 5C). 
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Figure 5. Experimental timeline, weekly blood glucose and weight measurements.  

(A) Experimental outline. Six weeks prior to imaging microglial responses to cerebral microbleeds, 

diabetes was induced in young adult EGFP Cx3cr1
+/-

 mice (2-3 months) by intraperitoneal injections of 

STZ (75 mg/kg) once daily for two consecutive days, whereas non-diabetic mice received vehicle 

injection or STZ but did not develop hyperglycemia. One week after STZ injection, mice had their blood 

glucose levels measured to confirm diabetes and some diabetics had slow release insulin pellets 

subcutaneously implanted. A craniectomy was performed at day 0 to allow for two-photon imaging of 

microglia. Image stacks were acquired every 4 minutes for 20 minutes before CMB and 60 minutes 

afterwards. (B) Average non-fasting blood glucose levels (mM/L) for each group tested at weekly 

intervals. Uncontrolled diabetes is defined as a blood glucose level above 15mM/L. Diabetic animals had 

significantly higher blood glucose levels at all time points than non-diabetic mice ***p < 0.001. Diabetic 

mice treated with insulin had blood glucose levels similar to non-diabetic mice except at 1 week (before 

insulin implant) 
###

p < 0.001. (C) Average weight of mice tested at weekly intervals prior to and after 

STZ/vehicle injections. Non-diabetic mice were significantly heavier than insulin treated diabetic mice 

starting at 3 weeks after STZ injections 
#
p < 0.05,  

##
p < 0.01. * Compares non-diabetic to diabetic. # 

Compares non-diabetic to insulin. 
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3.4 Characteristics of vessels targeted for cerebral microbleed did 

not differ between groups 

To ensure any differences in observed microglial responses to CMB were not due to any 

systematic differences in the microvessels targeted; we assessed red blood cell (RBC) flow 

velocity, branch to branch length, lumen width and the intensity of extravascular dye 

fluorescence immediately after CMB (see example in Figure 6A). Our analysis shown in Figure 

6B-D indicated there were no significant difference between experimental groups in RBC flow 

velocity (non-diabetic vs diabetic: t(21) = 1.176, p = 0.253; non-diabetic vs diabetic + insulin: t(26) 

= 0.878, p = 0.388), vessel length  (non-diabetic vs diabetic: t(23) = 0.239, p = 0.813; non-diabetic 

vs diabetic + insulin: t(28) = 0.586, p = 0.563), or lumen width (non-diabetic vs diabetic: t(23) = -

0.198, p = 0.845; non-diabetic vs diabetic + insulin: t(28) = 0.697, p = 0.492). Furthermore, there 

were no significant differences between groups in the intensity of extravascular fluorescence 

induced by laser ablation, at any distance from the CMB (all p-values > 0.05; Figure 6E). These 

results suggest that vessels targeted for laser ablation were similar between experimental groups. 
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Figure 6. Comparison of microvessel parameters and extravascular dye fluorescence immediately after 

induction of CMB.  
(A) Representative average z-projection images of fluorescently labelled vessels before and 4 minutes after 

induction of CMB with rings overlaid to illustrate how extravascular fluorescence was quantified in radii from 

CMB. (B-D) For each microvessel targeted, we calculated RBC velocity (mm/s), the length of vessels from branch 

to branch (μm) and the width of vessels (μm) before the induction of CMB. There were no significant differences 

between groups. (E) Extravascular fluorescence was expressed as the percent change from baseline binned in 5μm 

radii from the site of the CMB. There were no significant differences between groups in extravascular fluorescence 

4 min after CMB (all p-values >0.05). 
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3.5 Diabetic mice show reduced accumulation of microglial 

processes around the cerebral microbleed 

Since microglia respond to damage by extending their processes to the site of injury 

(Tang et al., 2014), we wanted to determine if diabetes would have an impact on this response. 

To investigate this, we looked at microglial accumulation around the site of microbleed over 

time. To ensure that any differences microglial response to CMB were not due to any systemic 

differences between condition groups at baseline, we analysed the percent area occupied by 

microglia in binary images (Figure 7A) and the number of cells x 10
3
 per mm

3
. There was no 

significant differences between non-diabetic (14 CMBs from 13 mice), diabetic (11 CMBs from 

10 mice) and diabetic + insulin treated mice (16 CMBs from 10 mice) in baseline percent area 

(Figure 7B, non-diabetic vs. diabetic: t(30) = -0.134, p = 0.894; non-diabetic vs. diabetic + 

insulin: t(26) = 0.878, p = 0.388). There was also no significant difference in the number of 

microglial cells x 10
3
/mm

3
 (Figure 7C, non-diabetic vs. diabetic: t(30) = 0.521, p = 0.606; non-

diabetic vs. diabetic + insulin: t(32) = -1.011, p = 0.320). When comparing the accumulation of 

microglia processes around the site of CMB, there was a highly significant effect of time at all 

distances except the outermost ring (Figure 7D-F and Tables 3-4). With respect to experimental 

condition, there were no group differences for the two innermost rings (6-10 and 10-15µm in 

Figure 7D-F and Tables 3-4). However for all other rings (15-35µm), diabetic mice showed 

significantly less microglial accumulation around the CMB than non-diabetic mice (compare 

blue to red lines in Figure 7F and Table 3; 15-20 µm: F(1,23) = 8.09, p < 0.01; 20-25 µm: F(1,23) = 

10.30, p < 0.01, 25-30 µm: F(1,23) = 5.75, p < 0.05; 30-35 µm: F(1,23) = 11.80, p < 0.01). Of note, 

treating diabetic mice with insulin partially reversed this deficit in microglial process 

accumulation around the CMB. As shown in Figure 5D-F and Table 4, the percent area of 

microglia processes in each ring, except for 20-25 µm, was not significantly different between 
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non diabetic and diabetic mice treated with insulin (p > 0.05 for all distances except for 20-25 

µm: F(1,28) = 6.00, p < 0.05). In summary, these results show that microglia accumulation around 

the CMB is reduced in diabetes. This impairment is partially reversed in diabetic mice by 

maintaining normal blood glucose levels with insulin.  
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Figure 7. Uncontrolled diabetes alters microglia accumulation around the CMB.  
(A) Representative binarized images of microglia in non-diabetic, diabetic and diabetic treated with insulin mice 

microglia at baseline. (B) Average percent area of microglia in each group at baseline. There were no significant 

differences between groups. (F(2,48) = 1.37, p = 0.26). (C) Average number of microglial cells x 10
3
/mm

3 
at baseline. 

There were no significant differences between groups (F(2,48) = 1.25, p = 0.30). (D) Representative maximum 

intensity z-projection of fluorescently labeled microglia in ND, DB and DBI mice at 0 (immediately before CMB), 8 

and 60 minutes after CMB. (E) Representative binarized images of microglia at baseline and 60 minutes post CMB 

in ND, DB and DBI mice with rings overlaid to illustrate radius from which microglia area was analyzed. (F) 

Percent area of microglia processes over time in 5μm binned radii moving away from the CMB. There was a 

significant main effect of diabetes on microglia accumulation at 15-20 μm, 20-25μm, 25-30 μm and 30-35 μm from 

the CMB *p < 0.05, **p < 0.01. Main effect of diabetes treated with insulin at 20-25μm, #p < 0.05. * Compares 

non-diabetic to diabetic. # Compares non-diabetic to insulin.  
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Table 3. Summary of repeated measures ANOVAs conducted at each distance from the CMB 

with CONDITION (―non-diabetic‖ and ―diabetic‖) as a factor over TIME (4 – 60 minutes).  

Significant main effects are highlighted in bold with a *. 

Distance Condition Time Interaction 

5-10μm F(1,23)= 2.66, p=0.11 *F(14,322)= 82.11, p<0.001 F(14,322)= 1.49, p=0.11 

10-15μm F(1,23)= 0.44, p=0.51 *F(14,322)= 49.46, p<0.001 F(14,322)= 0.47, p=0.95 

15-20μm *F(1,23)= 8.09, p<0.01 *F(14,322)= 28.04, p<0.001 *F(14,322)= 3.48, p<0.001 

20-25μm *F(1,23)= 10.30, p<0.01 *F(14,322)= 10.38, p<0.001 *F(14,322)= 1.78, p<0.05 

25-30μm *F(1,23)= 5.75, p<0.05 *F(14,322)= 5.84, p<0.001 *F(14,322)= 2.73, p<0.001 

30-35μm *F(1,23)= 11.80, p<0.01 F(14,322)= 7.76, p=0.27 *F(14,322)= 2.34, p<0.01 
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Table 4. Summary of repeated measures ANOVAs conducted at each distance from the CMB 

with CONDITION (―non-diabetic‖ and ―diabetic + insulin‖) as a factor over TIME (4 – 60 

minutes). 

Significant main effects are highlighted in bold and a *. 

Distance Condition Time Interaction 

5-10μm F(1,28)= 0.25, p=0.62 *F(14,392)= 118.31, p<0.001 F(14,392)= 0.63, p=0.84 

10-15μm F(1,28)= 0.16, p=0.69 *F(14,392)= 78.10, p<0.001 F(14,392)= 0.58, p=0.88 

15-20μm F(1,28)= 1.55, p=0.22 *F(14,392)= 42.92, p<0.001 F(14,392)= 1.34, p=0.18 

20-25μm *F(1,28)= 6.00, p<0.05 *F(14,392)= 13.28, p<0.001 F(14,392)= 1.43, p=0.14 

25-30μm F(1,28)= 1.25, p=0.27 *F(14,392)= 9.51, p<0.001 F(14,392)= 0.56, p=0.90 

30-35μm F(1,28)= 0.26, p=0.62 *F(14,392)= 3.51, p<0.001 F(14,392)= 0.19, p=1.00 
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3.6 No experimental group differences in microglia process turnover 

at baseline and in response to cerebral microbleed 

Since uncontrolled diabetes was associated with reduced accumulation of microglia 

processes around the CMB, we wondered if these microglia were simply less dynamic. To 

answer this question we examined microglia process turnover every four minutes. A 

representative example of microglia process gain and loss is shown in Figure 8A. Baseline 

turnover rate was averaged for the four time points before CMB (Figure 8B) and the turnover 

rate following CMB was calculated as percent change from baseline and graphed over time 

(Figure. 8C). There was no significant differences between experimental groups in microglial 

dynamics at baseline (non-diabetic vs. diabetic: t(30) = 1.602, p = 0.120; non-diabetic vs. diabetic 

+ insulin: t(32) = 0.395, p = 0.695). Following induction of CMB, turnover rates increased 

dramatically in all conditions (except for the no ablation control group) for the first 12-16 

minutes and then fell below baseline rates thereafter (Figure 8C), presumably because many 

process had reached the site of CMB and started to stabilize. Comparing turnover rates between 

experimental groups yielded no significant differences (non-diabetic vs. diabetic: F(1,23) = 0.002, 

p = 0.962; non-diabetic vs. diabetic + insulin: F(1,28) = 0.071, p = 0.792). These results showed 

that ability for microglia to rapidly remodel their processes before or after CMB was not affected 

by the diabetic condition. 
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Figure 8. Microglial processes turnover at baseline and in response to cerebral microbleed.  
(A) Representative montage of microglial process dynamics at baseline and in response to CMB in a non-diabetic 

mouse.  Pixels are expressed as a microglia process gained (black), lost (white) or no change (grey). Note the wave 

of gain (black) that is followed by a wave of loss (white) as the microglial processes extend towards the site of 

injury. Once the processes reach the CMB, they appear to show more stability as noted by the increase in grey 

values (B) Graph showing percent change in microglia processes turnover every 4 minutes at baseline. There were 

no significant differences between groups in baseline turnover (p = 0.34). (C) Percent microglia processes change 

relative to baseline (time 0) after CMB. Microglia process turnover rates increase dramatically in the first 12-16 

minutes after CMB and then become less dynamic, as shown by negative turnover rates relative to baseline values. 

Turnover rates were unaffected in the absence of laser ablation, showing that microglia dynamics weren’t influenced 

simply by repeated imaging over time. There were no significant differences between groups in turnover rates after 

CMB (F(28,532 )= 1.36, p = 0.10).  
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3.7 Damaged vessels in diabetic animals are more leaky 

Given that microglial accumulation around the CMB was impaired in diabetic mice, we 

then asked whether this was associated with greater leakage of blood borne dyes from the 

damaged microvessel. To address this, Evans blue dye was injected into non-diabetic, diabetic or 

insulin treated mice 30 minutes after the induction of CMB and the extravasation of fluorescent 

dye was quantified as function of distance from the center of the CMB (Figure 9A). Our first 

observation was that although targeted microvessels appeared clotted at the center of the CMB, 

they still leaked Evans blue dye at least 30 minutes after CMB, particularly in vessel segments 

adjacent to the center of the CMB (Figure 9B). On average, the displacement of these secondary 

leaks was 16.8±1µm from the site of the original bleed, and did not differ significantly between 

experimental groups (F(2,17) = 2.9, p = 0.08). Analysis of secondary leakage plumes as a function 

of distance from the original CMB indicated that extravascular dye fluorescence was 

significantly elevated in diabetic mice at all distances compared to non-diabetic controls (Figure 

9C-D). Extravascular fluorescence in insulin treated diabetic mice was generally elevated 

relative to non-diabetic mice, although this is did not reach statistical significance except for the 

region most proximal to the CMB (see 10-15 µm in Figure 9D).  Lastly, in order to rule out the 

possibility that differences in vessel leakage could be explained by systematic differences in the 

vessels targeted, we analyzed microvessel blood flow and width and found no significant 

differences in these parameters between experimental groups (Figure 9E-F). Collectively, these 

analyses indicate that: 1) plasma leakage in vessel segments adjacent to the original site of 

damage continues well after the induction of CMB, and 2) the diabetic condition exacerbates 

leakage from damaged vessels. 
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Figure 9. Diabetic mice show greater microvessel leakage 30 minutes after CMB.  
(A) Timeline of experiments. On the day of the experiment, mice underwent a craniectomy and a catheter was 

inserted into the tail vein to facilitate multiple dye injections. FITC-dextran was first injected to visualize the 

vasculature and a CMB was induced. Thirty minutes after CMB, Evans blue dye was injected to assess the structural 

integrity of the damaged microvessel. Evans Blue dye fluorescence was imaged every 12 minutes to assess vessel 

leakage. (B) Representative images showing FITC-dextran fluorescence (green) associated with the induction of 

CMB and Evans blue dye fluorescence (magenta) when injected 30 min after CMB. Since blood flow stalls at the 

site of CMB, Evans Blue dye egresses from sites adjacent to the original CMB (see arrow for ―2º leakage‖).  (C) 

Representative images of Evans blue dye fluorescence in each treatment group 32 minutes after induction of CMB. 

(D) Extravascular fluorescence of Evans blue dye normalized to intravascular fluorescence at 32 minutes in 5μm 

binned lines from the site of CMB. At all distances from the CMB, uncontrolled diabetic mice show increased dye 

leakage compared to non-diabetic mice *p < 0.05, **p < 0.01. (E) Graph shows red blood cell velocity (mm/s) in 

targeted vessels in each group. (F) Width of targeted vessel (μm). n.s. = not significant. * Compares non-diabetic to 

diabetic. # Compares non-diabetic to insulin.  
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4 – Discussion 

Summary 

In this study, we investigated how diabetes, especially if not well controlled with insulin, 

effects microglial accumulation around the site of cerebral microbleed and how this relates to 

vascular permeability well after induction of the bleed. Using in vivo two-photon imaging, we 

showed that chronic hyperglycemia in the streptozotocin model of type 1 DM led to decreased 

microglial process accumulation around the site of microvascular injury and increased leakiness 

of vessels injected with Evans blue dye 30 minutes after induction of CMB (summarized in 

Figure 10). Importantly, this impaired microglial and vascular response could be partially 

prevented with tight control of blood glucose levels with insulin. These results indicate that 

chronic hyperglycemia disrupts microglial based repair of damaged microvessels, which may 

help explain why poorly controlled diabetes is associated with greater a risk of cerebrovascular 

dysfunction and cognitive decline. 
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Figure 10. Experimental summary 
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4.1 Effect of fractalkine receptor on microglial response to CMB 

To study the impact of diabetes on immune response to cerebral microbleeds in vivo, we 

required a mouse line that expressed fluorescent protein in their resident microglia. The most 

commonly used line has the Cx3cr1 gene (fractalkine receptor expressed on microglia in the 

brain) replaced by EGFP reporter cDNA (Jung et al., 2000). In these mice, EGFP expression is 

under control of the Cx3cr1 promotor and consequently this means that EGFP-Cx3cr1 mice have 

either partial (heterozygous) or full (homozygous) knockout of the Cx3cr1 gene (referred to as 

Cx3cr1
+/-

 and Cx3cr1
-/-

 in Figure 3). To use these mice in our diabetes study we needed to 

determine whether microglial dynamics in heterozygous EGFP-Cx3cr1 mice were relatively 

normal, especially since multiple groups have reported that complete knockout (homozygous) of 

Cx3cr1 can alter microglial reactivity (Condello et al., 2015; Dénes et al., 2008; Liu et al., 2010; 

Tang et al., 2014). For example, Cx3cr1 gene deletion in AD led to increased microglial 

coverage around amyloid β plaques and reduced neurite dystrophy (Condello et al., 2015). In 

ischemic stroke models, Cx3cr1 gene deletion leads to decreased lesion size and reduced 

microglial secretion of neuroinflammatory molecules such as ROS, TNF-α and IL-1β (Dénes et 

al., 2008; Tang et al., 2014).  

We compared imaging data collected from EGFP-Cx3cr1 mice with that generated from 

Cx3Cr1-Cre driver line mice crossed with a Cre-dependent EYFP reporter line (―Ai3‖, referred 

to as Cx3cr1
+/+ 

in Figure 3). (Littman, 2013). There were no significant differences between 

genotypes on percent area thresholded microglial pixels and number of cells examined between 

groups, but Cx3cr1
-/- 

mice tended to have elevated microglial accumulation relative to Cx3cr1
+/+

 

and Cx3cr1
+/-

 mice around the site of CMB, which is consistent with altered/increased response 

observed by other groups (Condello et al., 2015). Importantly there was no observed difference 
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in microglial activity between Cx3cr1
+/+

 and Cx3cr1
+/-

 mice, thus validating their use in the 

present study. 

4.2 Diabetes decreases microglial accumulation around CMB  

People with vascular risk factors such as diabetes are at increased risk for both micro 

(CMBs) and macrovascular (stroke) insults, and in the case of stroke, diabetics are far less likely 

to recover movement/sensation of the stroke effected limb/forepaw (Sweetnam et al., 2012). The 

constant barrage uncontrolled hyperglycemia has on the microvasculature can manifest itself in 

increased incidence of cerebral microbleeds, whose presence have been strongly correlated with 

cognitive decline and dementia (Martinez-Ramirez et al., 2014). In non-diabetic rodent models 

of CMBs, microglia respond rapidly by extending their processes to the site of damage (Lou et 

al., 2016; Rosidi et al., 2011). The movement of microglial cell processes toward the site of 

vascular injury forms a physical barrier (microglial cuff) around the vessel wall, which is thought 

to influence how rapidly microvascular leaks are sealed off. In support of this idea, genetic 

ablation of microglia or pharmacologically blocking ATP receptor P2RY12 with Clopidogrel 

leads to significantly decreased microglial accumulation at the site of vessel damage and failure 

to close the BBB opening (Lou et al., 2016). Consistent with Lou (2015), reduced microglial 

accumulation around the CMB in the diabetic group was associated with greatest amount of 

leakage of a blood-borne dye from the damaged vessel. Secondary leakage of the fluorescent dye 

(30 minutes after CMB) typically emanated 15-20 µm from the center of the CMB. It is 

interesting to note that this is the same distance (15-35 µm) at which experimental group 

differences in the microglial response became apparent. Future studies using microglial ablation 

will be needed to draw more causal links between changes in the microglial response and the 

extent of vessel repair. However, since there were no significant differences in number of 
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microglia or % area of thresholded microglia pixels between experimental conditions, 

differences in accumulation can’t easily be explained away by the notion that there are more 

microglia in non-diabetic animals or the fluorescent signals from their microglial processes were 

greater or easier to detect. As Lou and others (2015) demonstrated that the microglia 

accumulation and formation of the ―cuff‖ was critical to close the BBB opening, the decreased 

accumulation observed in diabetic mice could have serious implications on brain function if left 

unchecked such as increased plasma leakage and glial activation leading to neuronal dysfunction 

(Cianchetti et al., 2013; Lou et al., 2016; Rosidi et al., 2011).  

One possibility for the observed decrease in microglial accumulation in response to 

CMB, could be that chronic inflammation in diabetes is activating microglia and altering their 

ability to respond to damage. For example, persistent hyperglycemia is associated with an 

abnormal elevation in inflammatory cytokines (TNF-α, IL-6 and IL-1β) and chemotactic factors 

(ATP, glutamate) (Pradhan et al., 2011; Sickmann et al., 2012). It is conceivable that the 

receptors for these cytokines and chemotactic factors could be down-regulated in microglia over 

time (Kettenmann et al., 2011). As a result, when there is a surge in the release of these factors, 

such as after vascular injury, microglial cells are less sensitive to these chemotactic/cytokine 

gradients, and therefore do not respond as vigorously to damage as one would expect in a healthy 

animal. Future studies in our lab could investigate modulation of these cytokines as potential 

therapies. One simple experiment would be to suppress inflammation in diabetic animals with 

cyclo-oxygenase inhibitors (eg. non-steroidal anti-inflammatory drugs like ibuprofen, celebrex) 

or steroids, and test whether relieving inflammation can restore the vigor of microglial responses 

to CMB. Another possibility would be to suppress inflammation in diabetic mice by using an 
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inducible and microglial specific knockdown of TNF-α converting enzyme (TACE), which also 

plays a key role in initiating inflammation.  

Of note, controlling and normalizing blood glucose levels in mice by treating them with 

chronic insulin therapy, was sufficient to partially reverse the deficient microglial accumulation 

response observed in diabetic animals at nearly all distances from the bleed. This partial 

normalization of responses correlated with decreased secondary leakage of the fluorescent dye 

30 minutes after CMB. One possible explanation for these findings could be that exogenous 

insulin infusion was not perfect in keeping blood glucose levels within the normal range, as 

occasionally, mice treated with insulin would show higher than normal blood glucose levels 

when the insulin pellet had completely dissolved and needed to be replaced. This of course, 

mirrors the difficulty human diabetics’ face in controlling their blood glucose levels with 

exogenously delivered insulin, as it will never be as consistent as a normally functioning 

pancreas.  

If elevated blood glucose in the circulation is the primary cause of the microglial 

impairments (perhaps through altering inflammation in the brain), it follows that better control of 

blood glucose levels with insulin, albeit imperfect, could partially reverse some of these 

problems. The fact that insulin therapy could not completely rescue or normalize the microglial 

responses to CMB is consistent with previous studies in our lab showing that insulin therapy 

leads to partial or no improvement in blood flow dynamics, sensory circuit remodelling, BBB 

disruption, or behavioral recovery after stroke (Reeson et al., 2015; Sweetnam et al., 2012; 

Tennant & Brown, 2013). Another possibility could be that the loss of insulin secretion from the 

pancreas in our type 1 DM mice had a direct effect on brain microglia. For example, it is known 

that microglia express insulin growth factor receptor 1 (IGFR1) and possibly insulin 
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receptor/IGFR1 heteromers, which are activated by insulin (Varewijck & Janssen, 2012). If 

circulating insulin is important for maintaining normal function, motility or chemotactic 

responses in microglia, then removing insulin could induce microglial dysfunction. This scenario 

would be analogous to the recent discovery that microglia require continuous colony stimulating 

factor receptor 1 signalling for their survival in the brain (Elmore et al., 2014). Given the crucial 

role insulin receptor signalling plays in cellular metabolism, and cytoskeletal remodelling, 

changes in insulin or IGFR signalling could have significant consequences for microglia. 

4.3 Decreased accumulation in diabetes is not due to microglial 

dynamics at baseline or in response to CMB  

Previous work from Hines (2009), have shown that the molecular mechanisms that 

regulate process outgrowth are dissociable from those that regulate the motility of microglial 

processes. In our current study, we found that diabetes was associated with reduced process 

accumulation around damaged vessels, but had no impact on the motility and turnover of these 

processes, either at baseline or after CMB. While there are a number of factors that could 

regulate process motility and turnover, Hines (2009), showed that actin polymerization is 

required since microglial process dynamics could be halted with cytochalasin-B or latrunculin 

(actin inhibitors) (Hines et al., 2009). In line with our data, Kondo (2011), induced 

neuroinflammation in mice by systemic administration of lipopolysaccharide (LPS – component 

of bacterial cell wall), which activated microglia, making them look more amoeboid but did not 

affect their processes motility (Kondo et al., 2011). Therefore, neuroinflammation induced by 

LPS or diabetes that originates from mild and transient peripheral inflammation, can lead to 

changes in overall morphology or how extensive processes wrap around a lesion, but it doesn't 

mean the processes dynamics (rate of extension and retraction) are affected.  
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4.4 Diabetes increases leakiness of damaged vessels 

Increased permeability in the microvessels is what leads to the many microvascular 

complications associated with diabetes such as retinopathy (blindness), and neuropathy (nerve 

damage) (Forbes & Cooper, 2013). ―Leaky‖ vessels are a hallmark of diabetes, and previous 

work from our lab has shown that uncontrolled hyperglycemia leads to increased permeability of 

Evans blue dye from vessels in the injured brain after stroke, as well as the uninjured brain 

hippocampus, both of which are associated with behavioural deficits (Reeson et al., 2015; Taylor 

et al., 2015). In our current study we found that although targeted microvessels appeared clotted 

at the center of the CMB, they still leaked Evans blue dye at least 30 minutes after CMB, 

particularly in vessel segments adjacent to the center of the CMB, which on average was 

displaced by ~17 µm. Secondary leakage analysis of plumes as a function of distance from the 

original CMB indicated that extravascular dye fluorescence was significantly elevated in diabetic 

mice at all distances compared to non-diabetic controls. This evidence suggests that the 

decreased microglial accumulation is insufficient to form the sealing ―cuff‖ required to prevent 

the increased permeability of Evans blue dye into the brain parenchyma of diabetic mice. The 

functional consequences of this failure to fully seal off damaged microvessels are not known at 

this time. Since leaky vessels are associated with local loss of dendritic spines (Reeson et al., 

2015; Taylor et al., 2015; Zhang & Murphy, 2007), and disruption of sensory evoked neuronal 

activity (Cianchetti et al., 2013), it is possible that the disruptive nature of microbleeds on brain 

circuitry is exacerbated in diabetic animals. 

One possible explanation for the increased leakiness could be that diabetes altered 

clotting in the injured vessel. Under normal conditions, tissue damage leads to the generation of 

thrombin which activates platelets causing them to aggregate with fibrin and components in the 
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blood (eg. red and white blood cells) to form a thrombus (clot) (Furie & Furie, 2005). This 

process of clot formation could be altered in diabetic animals. For example, several groups have 

found that diabetes is associated with reduction in factors (TPA) that are responsible for breaking 

down clots (Khalil, 2016; Kittaka et al., 1996). Therefore, the extent of vessel clotting may have 

been different between groups, however, what impact this would have on secondary vessel 

leakage is unknown at this time and warrants future study.  
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