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ABSTRACT 

 

GLP-1R AGONISTS IMPROVE CEREBROVASCULAR INTEGRITY AND VASCULAR 

COGNITIVE IMPAIRMENT AND DEMENTIA (VCID) BEYOND GLYCEMIC CONTROL 

VIA RECOVERY OF BRAIN PERICYTE FUNCTION IN DIABETIC MICE 

By: JOSEPH BAILEY 

Under the direction of: MOHAMMED ABDELSAID, RPH, PH.D 

 

We have previously shown that diabetes causes pericyte-dysfunction that 

leads to loss of vascular integrity and vascular-induced cognitive impairment and 

dementia (VCID). Glucagon-like peptide-1(GLP-1), used in the management of 

type-2 diabetes mellitus, improve cognitive of diabetic patients beyond glycemic 

control, yet the mechanism is unknown. In the present study, we hypothesis that 

GLP-1 agonist improves VICD through prevention of diabetes-induced pericytes 

dysfunction in a non-glucose dependent way. 

Methods: Control and diabetic mice were randomly assigned for saline or 

Exendin-4 (GLP-1 agonist 30 ng/kg/day), delivered through osmotic pump over 28 

days. Vascular integrity was assessed by measuring cerebrovascular 

neovascularization indices (Vascular density, tortuosity, and branching density). 

Cognitive functions were evaluated with Barnes maze and Morrison Water maze. 

Human brain microvascular pericytes, HBMPCs, were grown in high glucose 25 

mM/ sodium palmitate 200 uM (HG/Pal) to mimic diabetic conditions. HBMPCs 

were treated with/out Exendin-4 and assessed for oxidative stress and angiogenic 

properties. 



 

x 
 

Results: Diabetic mice treated with GLP-1 agonist showed a significant 

reduction in all cerebral pathological neovascularization indices (P<0.05). Exendin-

4 vascular protective effects was accompanied by significant improvement of the 

learning and memory functions of diabetic mice (P<0.05). Our results showed that 

HBMPCs expressed the GLP-1 receptor. Stimulation of HBMPC with GLP-1 against 

under diabetic conditions restored pericyte functions, decreased diabetes-

induced inflammation, oxidative stress, and migration. (P<0.05). 

Conclusion: Our results provide novel evidence that GLP-1 agonist 

produces neurovascular protective effects in part through targeting pericytes. 

Restoration of pericyte functions in diabetes represent a novel therapeutic target 

for diabetes-induced vascular remodeling and VCID. 
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CHAPTER 1 

 

INTRODUCTION 

Diabetes and Cardiovascular Complication 

Diabetes is a chronic metabolic disease that is growing in the United States 

and worldwide. In the most recent data published by the CDC in 2018, diabetes 

affected 34.2 million people or 10.5% of the United States population (2020 2020). 

This is an increase from 30.3 million or 9.4% of the United States population 

affected by diabetes in 2017 (https://www.cdc.gov/media/releases/2017/p0718-

diabetes-report.html. 2017). Diabetes is a devastating disease that causes 

abnormal elevation in the blood glucose levels in patients. Abnormal blood 

glucose initiates vascular complications in diabetics, affecting highly vascularized 

organs such as the heart and brain (Kayama et al. 2015).  

In the United States, the risk of death due to cardiovascular disease is 1.7 

times higher in patients with diabetes compared to those without diabetes (Leon 

and Maddox 2015). Obesity is also common in patients with type 2 diabetes, 

further contributing to cardiovascular insult (Leon and Maddox 2015). 

Cardiovascular complications for patients with diabetes include hypertension, 

atherosclerosis, cardiomyopathy, and myocardial infarction (Leon and Maddox 

2015).  
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Hyperglycemia in diabetes triggers vascular complications due to 

increased flux through pro-oxidative stress pathways and a chronic state of 

inflammation (Leon and Maddox 2015; Kayama et al. 2015). Hypertension is 

partially caused by decreased bioavailability of a vasodilator, nitric oxide (NO), 

present in the blood (Kayama et al. 2015). Diabetes contributes to an increase in 

serum inflammatory markers such as IL-6 and CRP (Duncan et al. 2003). This 

inflammation further exacerbates cardiovascular damage by increasing cardiac 

fibrosis and cardiomyopathy (Rajesh et al. 2010). 

Diabetes and Neurovascular Damage 

Diabetes introduces damage to the cerebral vessels that vascularize the 

central nervous system. Damage can occur on two levels: macrovascular and 

microvascular (Coucha et al. 2018). The main macrovascular complication in the 

brain is stroke. The risk of stroke is four time higher in patients with diabetes than 

in those without. (Tun et al. 2017). Stroke occurs at a greater rate in diabetics as a 

result of hyperglycemia that is often accompanied by metabolic syndrome, which 

includes obesity, insulin resistance, hypertension and hyperlipidemia in diabetic 

patients (Ward et al. 2018). Diabetes impairs reparative angiogenesis and stroke 

recovery, leading to worsened cognitive outcomes post-stroke (Ward et al. 2018).  

Microvascular complications stem from pathological changes that occur in 

fine capillaries in the cerebrovasculature. Diabetes alters the cerebrovasculature 
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of the brain and eyes leading to diabetic neuropathy and diabetic retinopathy, 

respectively (Ergul et al. 2014).  

Diabetic retinopathy is the leading cause of preventable blindness in the 

world (Ergul et al. 2014; Gangwani et al. 2016). Diabetes introduces change in the 

vasculature supplying the brain and eyes by remodeling and reshaping the vessels 

(Ergul et al. 2014). Diabetic GK rats displayed a significant increase in 

vascularization of micro-vessels compared to controls (Abdelsaid et al. 2016). 

Glycemic control reduces this increased vascularization, implicating 

hyperglycemia in initiating this damage (Ergul et al. 2014). 

Diabetes cause pathological neovascularization of the cerebrovasculature 

which is represented by an increase in vascular branches, vascular density, and 

vessel tortuosity. These newly formed vessels are immature, lack pericyte 

coverage, and are ultimately more leaky than their more matured counterparts. 

Diabetes has been shown also to decrease cerebrovascular perfusion. Diabetes 

has been proposed to cause pathological neovascularization through a variety of 

mechanisms causing an imbalance of pro- and anti- angiogenic signals (Ergul et al. 

2014). Diabetes causes overexpression of proangiogenic VEGF and creates a 

hypoxic environment due to decreased cerebral blood flow, both increasing 

angiogenesis (Ergul et al. 2014). Neovascularization is also encouraged by loss of 

pericytes an important cell in coordinating angiogenesis.  
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Neurovascular Unit 

 

The vasculature of the brain, termed the neurovascular unit, is composed 

of several cell types. Endothelial cells compose the vessel itself and serve as a 

barrier between the blood and brain (Bergers and Song 2005). The endothelial 

cells are linked together with tight junctions forming the blood brain barrier  

(Bergers and Song 2005). These tight junctions are mediated by proteins such as 

Claudin-5 and occludin  (Aggarwal, Singh, and Sandhir 2018). Exterior to the 

endothelial cells are neurons and glial cells such as microglia and astrocytes 

(Bergers and Song 2005). In larger vessels, the endothelial cells are sheathed by 

smooth muscle called vascular smooth muscle cells (VSMC) (Bergers and Song 

Figure 1. The Structure of the Neurovascular Unit. The neurovascular unit represents the basic unit 

of vascular function in the brain. NVU consist of endothelial cell, pericytes, astrocyte and neuron. 

Pericytes and endothelial cells share the basement membrane and are in constant communication 

coordinating to regulate basic function such as blood flow, blood brain barrier, and angiogenesis. 
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2005; Warmke, Griffin, and Cubbon 2016). In the brain microvasculature, cells 

functionally related to the VSMC called the pericyte cell surround the vessel 

(Figure 1).  

Pericytes Role in the Vasculature 

In the microvasculature, the pericytes are responsible for stabilization of 

capillaries, controlling blood flow and permeability, and coordinating angiogenesis 

(Aggarwal, Singh, and Sandhir 2018). Pericytes and endothelial cells are in 

constant communication with each other in order to coordinate the vascular 

architecture (Warmke, Griffin, and Cubbon 2016). Pericytes primarily secrete 

vascular endothelial growth factor (VEGF) to communicate with the endothelial 

cells while endothelial cells primarily communicate with pericytes using platelet 

derived growth factor (PDGF) (Warmke, Griffin, and Cubbon 2016). Changes in this 

communication lead to abnormal vascular changes. In the brain, the ratio of 

pericytes to endothelial cells is 1:1, while in skeletal muscle the ratio is 

approximately 1:10, emphasizing the importance of pericytes in determining the 

vascular architecture of the brain (Warmke, Griffin, and Cubbon 2016). In the 

absence of pericytes, capillaries become unstable and endothelial cells begin 

branching to form a new vessel (Bergers and Song 2005; Edelman et al. 2006)  

The mechanism by which hyperglycemia impacts pericyte function is not 

entirely understood; however, studies have shown a greater rate of apoptosis and 

a greater amount of reactive oxygen species (ROS) (Edelman et al. 2006; Ghanian 
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et al. 2018). Hyperglycemia also increases ROS generation by increasing flux 

through the hexosamine and polyol pathways (Ighodaro 2018). Hyperactivity in 

the polyol pathway directly uses NADPH reduces cellular ROS. The cell’s oxidative 

defense depends on NADPH to reduce the glutathione, the protein responsible for 

reducing ROS in the cell. Thus, polyol flux diminishes the oxidative defense of 

pericytes (Ighodaro 2018).  

Vascular Changes in Diabetes 

Hyperglycemia has also been shown to increase neovascularization and 

reduce the integrity of the blood brain barrier (BBB) (Coucha et al. 2019; 

Pugazhenthi, Qin, and Reddy 2017). In cultures of brain capillary endothelial cells, 

cells grown in a high glucose environment demonstrated a greater BBB 

permeability as tested by the transendothelial electrical resistance test (Zhao et 

al. 2019). This increased permeability is the result of decreased expression of 

proteins that compose the BBB junctions such as Occludin (Aggarwal, Singh, and 

Sandhir 2018). Pericytes in hyperglycemic conditions have also been shown to 

increase activity of a metalloprotease enzyme which breaks down the 

extracellular matrix, MMP-9 (Rom et al. 2019). Breakdown of the extracellular 

matrix makes way for new vessel formation and likely precedes 

neovascularization.  

Decreased pericytes coverage in capillaries is associated with increased 

neovascularization (Coucha et al. 2019). This lack of attachment to the vessel has 
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been demonstrated in vivo with diabetic mouse models and in vitro with pericytes 

grown in high glucose medium environment demonstrating a greater migration 

ability in vitro using a migration assay (Coucha et al. 2019). 

  Lack of pericytes coverage decreases vessel maturity and allows possible 

endothelial migration toward newly formed vessels. The endothelial cells which 

compose the vessel rely on pericytes VEGF signaling for migration (Warmke, 

Griffin, and Cubbon 2016). In diabetes, pericytes increase the production of pro-

angiogenic VEGF and are less likely to be associated with endothelial cells. In 

response, the endothelial cells branch, seeking the VEGF signal, causing an 

increase in pathological angiogenesis and the creation of immature, leaky vessels 

(Warmke, Griffin, and Cubbon 2016; Coucha et al. 2019).  

Vascular Cognitive Impairments and Dementia 

Vascular cognitive impairments and dementia (VCID) is a disease 

associated with cognitive deficiencies in learning and memory (Pugazhenthi, Qin, 

and Reddy 2017). VCID can be caused by any disease that impacts cerebrovascular 

blood flow or deteriorates cerebrovasculature function such as aging, diabetes, 

stroke, or Alzheimer’s disease (AD) (Pugazhenthi, Qin, and Reddy 2017; Fouda, 

Fagan, and Ergul 2019). Both blockages and decreased cerebrovascular blood flow 

cause hypoxia in the brain, damaging vascular cells by depriving them of oxygen 

needed to function (Rosenberg 2017). 
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There is a cycle of neurodegradation that begins with stroke or AD, 

entering the neurodegradation cycle through different vascular insults (Fouda, 

Fagan, and Ergul 2019). AD enters this cycle through vascular dysfunction initiated 

by amyloid deposition, leading to decreased cerebral blood flow (Fouda, Fagan, 

and Ergul 2019). Stroke enters the cycle by causing decreased cerebral blood flow 

to the area beyond the infarction (ischemic) or by hemorrhage (hemorrhagic) 

(Fouda, Fagan, and Ergul 2019). In response to decreased cerebral blood flow, the 

brain increases the permeability of the blood brain barrier. One of the hallmarks 

of ischemic stroke is decreased expression of tight junction proteins (Liu et al. 

2012). In both cases, this means increased breakdown of the extracellular matrix 

via MMP-9 upregulation and activity (Abdullahi, Tripathi, and Ronaldson 2018). In 

AD, this increased permeability through decreased BBB integrity would lead to 

greater accumulation of the amyloid plaque, furthering neuronal damage by 

inflammation (Fouda, Fagan, and Ergul 2019). Increased permeability of the BBB 

also leads to increased permeability to immune cells which contribute to neuronal 

damage  (Mracsko and Veltkamp 2014). In both stroke and AD, increased 

permeability leads to neuroinflammation, eventually generating ROS which reacts 

and disables the potent vasodilator NO preventing vasodilation (Warmke, Griffin, 

and Cubbon 2016). Neuroinflammation contributes to vascular dysfunction, thus 

continuing the cycle and worsening the neurodegeneration of the patient (Fouda, 

Fagan, and Ergul 2019). Both AD and stroke contribute to pericyte loss, much like 

diabetes (Winkler, Sagare, and Zlokovic 2014; Yang et al. 2017). Pericyte loss 
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contributes to worsened integrity of the BBB, further increasing permeability for 

immune cells and potentially introducing neurological damage (Winkler, Sagare, 

and Zlokovic 2014; Yang et al. 2017) (Li et al. 2018). 

Like patients with AD, patients with diabetes also display accelerated 

cognitive decline. In tests of memory, patients with diabetes perform significantly 

worse than their non-diabetic counterparts (van Bussel et al. 2016). These 

worsening performances on memory tests were associated with a decrease in 

white matter connectivity between the hippocampus and frontal lobe (van Bussel 

et al. 2016). Worsening performance on cognitive tests has been associated with 

a higher hemoglobin A1c, duration of diabetes, aging, other coincide 

cardiovascular disease (Cukierman-Yaffe et al. 2009).  

Diabetes has the potential to enter the neurodegenerative cycle at many 

points due to the impact of hyperglycemia on the BBB. Diabetes is associated with 

higher incidence of strokes due to vascular insult, potentially beginning 

neurodegeneration by increasing stroke risk (Tun et al. 2017; Fouda, Fagan, and 

Ergul 2019). Diabetes causes neurodegeneration through dysfunctional 

interaction between the pericytes and the vessel (Coucha et al. 2019). It is known 

that diabetes increases ROS generation through increased flux through pro-

oxidative pathways (Muriach et al. 2014). Hyperglycemia also puts the body in a 

state of constant inflammation, increasing ROS generation and causing greater 

vasoconstriction through reaction with NO, another form of vascular dysfunction 

(Muriach et al. 2014).  
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GLP-1R Agonists 

Glucagon-like peptide-1 (GLP-1) is an incretin, a peptide hormone secreted 

by the L cells of the gastrointestinal tract. GLP-1 Receptors (GLP1-R) located in the 

heart, brain, pancreas, and stomach (Gonzalez et al. 2006). In the pancreas, 

activation of the GLP1-R stimulates glucose-dependent insulin secretion, 

decreases glucagon production, and increases beta-cell proliferation (Gonzalez et 

al. 2006). Endogenous GLP-1 is released 15-30 minutes after a meal to prepare the 

pancreas to secrete more insulin in response to carbohydrates and lipids. GLP-1R 

agonists increase satiety by slowing gastric emptying and even offer 

neuroprotective and cardioprotective effects to the brain and heart respectively 

(Inoue et al. 2015; Palleria et al. 2017).  

Early GLP-1 agonist studies discovered a decreased GLP-1 concentration in 

patients with diabetes (Chia and Egan 2009). DPP-4 is an enzyme that breaks down 

GLP-1, giving endogenous GLP-1 a short half-life of 1.5 to 5 minutes (Gonzalez et 

al. 2006). To combat this short half-life and decreased GLP-1, artificial DPP-4 

resistant GLP-1 agonists were developed for the treatment of diabetes mellitus 

(Chia and Egan 2009). These artificial GLP-1 agonists included analogs such as 

Liraglutide and Exenatide (Gonzalez et al. 2006). According to the American 

Diabetes Association guidelines, GLP-1 agonists are preferred anti-diabetic agents 

for patients with Type 2 diabetes mellitus (T2DM) due to the glycemic control 

benefits including weight loss and cardiovascular protective capabilities (Palleria 

et al. 2017; Scheen and Paquot 2018). They also do not pose the risk of 
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hypoglycemia, unlike insulin, due to their glucose dependent manner in which 

they signal insulin release from the pancreas (Gonzalez et al. 2006).  

Moreover, GLP-1R agonist showed neuroprotective capabilities in patients 

suffering from Alzheimer’s disease and dementia (Tai et al. 2018). Clinical studies 

of postmortem Alzheimer’s disease have found a link between insulin resistance 

in the brain and the cognitive dysfunction associated with the disease; however, 

the mechanism of neuroprotection in Alzheimer’s is still under investigation (Tai 

et al. 2018). As VCID is a neurodegenerative disorder that is mechanistically similar 

to that of Alzheimer’s disease, treatment with GLP-1 agonists is an interesting 

experimental therapeutic approach to improving VCID pathology and symptoms. 

Treatment of diabetes with GLP-1 agonists has been proven to protect against 

central neuropathy; however, it has not been proven whether this effect is due to 

glycemic control or direct activation of the GLP-1R in the vasculature (Wicinski et 

al. 2019).  

Recently, it has been discovered that GLP-1R is expressed on retinal 

pericyte cells, which are functionally similar to pericyte cells brain 

microvasculature (Lin et al. 2018). In preliminary data, we showed that the brain 

pericyte cells express the GLP-1 receptor, a unique receptor whose activation on 

brain pericytes has not been characterized. Pericytes play a large role in 

coordinating the vascular structure; thus, pericytes are be a favorable target to 

explore in preventing neuropathy and vascular damage due to hyperglycemia. 

GLP-1R agonists are currently having positive outcomes on memory and learning 
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tests on VCID patients with AD (Holscher 2018). Given that AD and diabetes may 

have a similar underlying mechanism causing VCID, GLP-1R agonists look to be a 

promising potential therapy to counter cognitive decline in diabetes (Pugazhenthi, 

Qin, and Reddy 2017).  

Hypothesis, Preliminary Data, and Aims 

The current project tests the hypothesis that activation of GLP-1 receptor 

in pericytes prevents diabetes-induced pericyte dysfunction leading to 

improvement of cerebrovascular integrity, thus preventing VCID. The role that 

pericytes play in the brain microvasculature was explored using the experimental 

GLP-1 agonist, Exendin-4.  

Exendin-4 is commercially available and widely used in literature as a 

potent GLP-1R agonist (Gonzalez et al. 2006). The wide use of Exendin-4 allowed 

us to determine a physiologically relevant dose for both mice and cell culture by 

reviewing the literature. The dosage of Exendin-4 in mice generally fell between 

10-30 ug/kg/day (Garczorz et al. 2018). We used the 30ug/kg/day dose because 

we believed the higher dosage would be most likely to elicit the effect of the 

treatment. In parallel, the literature search showed a concentration of 1 ng/ml of 

Exendin-4 being the optimal concentration for cell culture (Edelman et al. 2006).  

Our preliminary results showed that pericytes express the GLP-1 receptor. 

Moreover, our data showed that the expression of GLP-1R is increased in diabetes. 

This increase in GLP-1R expression does not coincide with the increase in PC death 



13 
 

 
 

in diabetes and needs to be further investigated. The goal of this study is to 

examine the role of the GLP-1R activation in PC as an anti-diabetic treatment and 

investigate its role in diabetes-induced VCID. We hypothesize that activation of 

GLP-1 receptor in pericytes prevents diabetes-induced pericyte dysfunction, 

preventing pathological vascular changes, thus preventing VCID. This hypothesis 

will be tested through the following aims: 

1.) Test the hypothesis that GLP-1R agonist, Exendin-4 will improve vascular 

integrity and decrease VCID in T2DM mice 

T2DM will be induced in mice using low dose streptozotocin followed by a 12-

week high fat diet, a well-established and reliable T2DM model. Three main 

groups will be used: control, untreated diabetic and Exendin-4-treated diabetic 

mice. We will determine:  

A) The potential vascular protective effects of Exendin-4 in diabetic mice 

by examining vascular remolding, blood brain barrier permeability, and 

pathological neovascularization in the cerebrovasculature.  

B) The effects of Exendin-4 treatment on the cognitive function between 

groups, assessing the learning and memory functions in mice.  

We predict that Exendin-4 treatment will improve the vascular remolding, blood 

brain barrier permeability, and pathological neovascularization associated with 

diabetes. We also predict that treatment with Exendin-4 will improve cognitive 

function of diabetic mice relative to untreated diabetic mice.  
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2.) Test the hypothesis that GLP-1R activation via Exendin-4 in human 

pericytes contributes to the improvement of VCID. 

In this mechanistic aim, we will use both in vivo and in vitro approaches. Human 

Brain Microvascular Pericyte Cells (HBMPC) will be treated either with/out 

Exendin-4, the GLP-1R agonist, under normal or diabetic condition.  

A) We will determine the effect of GLP-1R agonist on pericytes coverage of 

the cerebrovasculature.  

B) We will determine the effect that GLP-1R agonist play on intracellular 

ROS, inflammation, viability, and survival signaling. 

C) Finally, we will determine the effect of GLP-1R agonist on the angiogenic 

capabilities of the HBMPCs.  

We predict that treatment with Exendin-4 will improve pericyte coverage, 

intracellular ROS, inflammation, viability, and survival signaling under diabetic 

conditions. Moreover, Exendin-4 will normalize pericyte angiogenic functions. 

This project is significant because it will expand our knowledge of novel 

therapeutic intervention to control diabetes induced vascular cognitive 

impairments and dementia (VCID).  

Completion of the purposed studies will yield the following outcomes:  

1) Define how diabetes alters GLP-1R expression and activity in pericyte.  
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2) Explore the molecular mechanisms by which GLP-1 agonists contribute 

to restoration of pericyte function in diabetes. 

3) Identify GLP-1R as a novel therapeutic target to treat diabetes induced 

VCID. 

Our project provides intellectual novelty by challenging the centric role the 

endothelial cells are thought to play in cerebrovascular complications induced by 

diabetes. We adopted a novel therapeutic target, the GLP-1 receptor, to control 

the pericytes function, vascular integrity and hence VCID in diabetes. Our project 

is clinically applicable because many GLP-1 receptor agonist are FDA approved, 

however, their effect on VCID is not fully understood. Our project will provide a 

novel molecular mechanism: targeting the GLP-1R in pericytes will improve 

vascular integrity, decrease diabetes-induced pathological neovascularization, 

and decrease VCID. 
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CHAPTER 2 

 

METHODOLOGY 

 

Animal  

All animal procedures and treatments were approved by Mercer University 

Institution Animal Care and use Committee (IACUC). Mercer university IACUC 

committee is accredited by the American Association for Accreditation of 

Laboratory Animal Care.  All animal procedures were performed at the vivarium 

of Mercer University, Savannah campus. All mice strains, wild type and transgenic, 

were purchased from Jax lab and successfully inbred in Mercer animal facility and 

genotyped according to Jax lab protocol. 

PC-tomato mice were transgenic mice generated by in house breeding of 

PDGFER-β-CreERT2 transgenic mice, (Jax lab: Stock No: 029684) with Ai14 mice 

(Jax lab: Stock No: 007914). Ai14 is a Cre reporter allele designed to have a loxP-

flanked STOP cassette preventing transcription of a CAG promoter-driven red 

fluorescent protein variant (tdTomato) - all inserted into the Gt(ROSA)26Sor locus. 

Ai14 mice express robust td Tomato fluorescence following Cre-mediated 

recombination (Underly et al. 2017). Ai14 mice strain is congenic on the C57BL/6J 

genetic background.  
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Ai14 Mouse Genotyping 

Ai14 mutant mice were genotyped to confirm homogeneity of Tomato Red 

with PCR using the forward primer (5’-CTG-TTC-CTG-TAC-GGC-ATG-G-3’) and 

reverse primer (5’-GGC-ATT-AAA-GCA-GCG-TAT-CC-3’) (Table 4). Samples were 

also run with a positive control forward primer (5’-AAG-GGA-GCT-GCA-GTG-GAG-

TA-3’) and a positive control reverse primer (5’-CCG-AAA-ATC-TGT-GGG-AAG-TC-

3’) (Table 4). In a 1% agarose gel, homogenic Tomato Red mice would express a 

single band at 196 bp, heterogenic animals would express a band at 196 bp and 

another at 297 bp, while wild-types would express a single band at 297 bp.    

PDGFER-β-CreERT2 Genotyping 

 PDGFER-β-CreERT2 transgenic mice were genotyped with PCR using the 

transgene forward primer (5’-GAA-CTG-TCA-CCG-GGA-GGA-3’), the internal 

positive control forward primer (5’-CAA-ATG-TTG-CTT-GTC-TGG-TG-3’), the 

internal positive control reverse (5’-GTC-AGT-CGA-GTG-CAC-AGT-TT-3’), and the 

transgene reverse primer (5’-AGG-CAA-ATT-TTG-GTG-TAC-GG-3’) (Table 4). In a 

1% agarose gel, heterogenetic mice would display one band at 400 bp and another 

at 200 bp. Wild type mice would display one band at 200 bp. Our studies showed 

that homozygous Cre mice who express one single band at 400 bp die before 

weaning.   

Genotyping Procedure 
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At 4 weeks of age, ear tissue was clipped from each mouse. Mice were 

tagged on the opposite ear to track mouse samples. Ear tissue was placed in a 1.5 

mL tube with 100 ul of lysis buffer (Viagen Biotech Inc, Los Angeles, CA, Cat#: 101-

T) containing 0.2% proteinase K (ThermoScientific, Rockford, IL, Lot: UG2754253) 

for DNA extraction. Samples were centrifuged and incubated in a hot water bath 

at 55°C for 3 hours followed by a one hour incubation at 85°C to stop the action 

of proteinase K. Samples were centrifuged and supernatant that contains DNA is 

extracted and ready to be amplified. 

PCR reactions were prepared using 10uL 2x GoTaq Green master mix 

(Promega, Madison, WI), 2 uL primer mix, 1uL DNA (from the mouse ear samples) 

and 7uL dH2O. Samples were amplified using a GeneAmp PCR System 9700 

(Applied BioSystems). DNA was amplified using the following cycle provided by 

The Jackson Laboratory (Table 1): 

Once amplified, DNA samples were separated on a 1% agarose gel made 

with TAE Buffer. DNA ladder was loaded as well as 10 uL of each sample. Samples 

Step Temperature (°C) Time Cycle 

1 94 2 min --- 

2 94 20 sec Cycle 10x 

3 65 15 sec 

4 68 10 sec 

5 94 15 sec Cycle 28x 

6 60 15 sec 

7 72 10 sec 

8 72 2 min --- 

9 10 Hold --- 

Table 1. PCR Genotyping DNA Amplification Heat Cycle. DNA amplification protocol 

for genotyping PDGFER-β-CreERT2 and Ai14 animals. Amplification was performed 

using a GeneAmp PCR System 9700 (Applied BioSystems). 
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were run for 1 hour at 100 volts. Gels were washed in ethidium bromide (200mL 

TAE buffer with 10uL of ethidium bromide) and imaged using a Universal Hood II 

(Biorad, Hercules, CA). 

PC-Tomato Animal Breeding 

Heterozygous Ai14 mice were inbreed until homozygous mice were 

obtained. Homozygous Ai14 was inbreed with heterozygous PDGFER-β-CreERT2 

transgenic mice. First generation heterozygous Ai14/heterozygous PDGFER-β-

CreERT2 transgenic mice was back inbreed with homozygous Ai14 to obtain PC-

tomato mice (homozygous Ai14/ heterozygous PDGFER-β-CreERT2 mice). 

Tamoxifen (Alfa Aesar, Ward Hill, MA) (100mg/kg body wt.) injections were 

prepared in a mixture of corn oil and ethanol in a 9:1 ratio. 100mg tamoxifen was 

added for every 10 mL of corn oil/ethanol (Table 5). Injections were administered 

2 weeks prior to being sacrificed.  

Induction of Diabetes Mellitus 

Diabetes was induced in male C57 BL mice using well established model, 

high fat diet/ low dose of streptozotocin (HFD/STZ) (Coucha et al. 2019). HFD/STZ 

is more clinically relevant model of diabetes because it resembles the natural 

pathway of type II diabetes mellitus. Four weeks after birth, animals are weaned 

and assigned randomly to control or diabetic group. Control group animals were 

fed standard mouse chow (10 kcal% fat, Research Diets Inc., New Brunswick, NJ). 

Diabetic groups were fed a high fat diet (45 kcal% fat, Research Diets Inc., New 
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Brunswick, NJ). Both groups were given tap water ad libitum. At 8 weeks, the 

diabetic groups received intraperitoneal injection of streptozotocin (35 mg/kg 

body weight, Alfa Aesar, Tewksbury, MA) (Table 5). Diabetes was confirmed by a 

significant increase in blood glucose levels. Blood glucose levels were measured 

using Reli-On Premier glucometer. (Walmart Stores, Inc., Bentonville, AR). The 

diabetic group was randomly divided into 2 groups, Diabetes or Diabetes plus 

treatment (Diabetes+ Exendin-4).  

Exendin-4 Treatment. 

Exendin-4 is a 39 amino acid polypeptide incretin mimetic. Exendin-4, is a 

glucagon like peptide-1 (GLP-1) agonist approved for the treatment of diabetes 

mellitus type II (Yap and Misuan 2019). Exendin-4 enhances insulin secretion in a 

glucose dependent way. Exendin-4 reduces hyperglycemia, by slowing of gastric 

emptying, and reduction of food intake, often with body weight reduction or 

blunting of weight gain. Exendin-4 is a long-acting analog of glucagon-like peptide-

1. GLP-1 stimulates the pancreas to release insulin in response to food intake 

(Alarcon, Wicksteed, and Rhodes 2006). Diabetic animals were assigned for the 

implantation an osmotic pump (MODEL 1004, 0.11 ul per hour, 28 day release, 

Azlet, Cupertino, CA) that released Exendin-4 treatment (Tochris Bioscience, 

Bristol, UK) over the course of 28 days. Osmotic pumps released 35 ug/ kg/ day of 

the Exendin-4 treatment. Osmotic pump is used to ensure continues delivery of 

the treatment and to minimize the stress of daily injection.   
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Animal were anesthetized using intraperitoneal injection of ketamine (100 

mg/kg)/ Xylazine (20 mg/kg) cocktail. After complete loss of pain reflex, a one 

centimeter cut was made on the dorsal side of the mouse’s back. The osmotic 

pump was implanted subcutaneously and the cut was disinfected with betadine 

and clamped closed. Animals were monitored until they regain consciousness. 

One week later, the wound was checked and the clamp was removed. 

Metabolic Data and Tissue Collection. 

The weight and blood glucose of all animals were measured once each 

week starting at Week 4. Blood glucose was measured by taking tail vein samples 

using a commercially available glucometer (Reli-On Premier, Walmart Stores, Inc., 

Bentonville, AR). Metabolic data was represented in Figure 1A and Figure 1B.  

Animals were sacrificed after 12 weeks using a CO2 chamber and cervical 

dislocation. Blood was collected by cardiac puncture. The brains were collected 

and divided along the midsagittal plane. One half was fixed in 2% 

paraformaldehyde while the other was snap frozen in liquid nitrogen and stored 

in -80°C freeze for further protein analysis. Mouse serum was also collected and 

stored in -80°C freezer for further analysis.   

Assessment of Vascular Integrity and Pathological Neovascularization 

Our lab has the expertise in assessment of vascular integrity and 

cerebrovascular pathological neovascularization (Coucha et al. 2019; Abdul et al. 

2019; Abdelsaid et al. 2017).  Brains were collected and stored in 2% 



22 
 

 
 

paraformaldehyde for fixation. After 48 hours, brains were transferred into a 30% 

sucrose solution for tissue dehydration. Prior to sectioning, brains were dried and 

mounted in OCT Compound (Fischer Scientific) in a-20 0C freezer. Once frozen, 

brains were sectioned at a thickness of 30-45 um using Leica CM3050 S cryostat 

(Leica Biosystems Inc. Buffalo Grove, IL). Brain sections were then stored in 

cryoprotectant for immunohistochemical studies (Table 5).  

Sections were first washed three times with PBS to remove any leftover 

cryoprotectant. Next, sections were blocked using 0.1% horse serum in PBS with 

0.01% Triton X for 1 hour (Table 5). Sections were then washed twice with PBS 

then reacted with Isolectin B4 Dylight 594 (Vector Laboratories) overnight (Table 

6). Brain sections were washed with PBS + 0.01% tritone in the dark. Sections were 

then placed on slides and allowed to dry. Coverslips were added using 

fluoromount-G (SouthernBiotech, Birmingham, AL). TRITC Z-stack images were 

taken of the slides at 40X using a Nikon Eclipse Ti-E Inverted Microscope (Nikon 

Instruments Inc., Melville, NY) in the program NiS Elements AR.  

Vascular density, branching density and tortuosity index were calculated 

using FIJI software, an image processing and analysis version of the ImageJ 

software. Vascular density refers to the density of stained vasculature from the 

merged planes over the total number of planes in the section. Branching density 

was calculated as ratio between the numbers of branches over the longest 

shortest branch path. For vessel tortuosity, tortuosity index was calculated as the 

ratio between branch length and Euclidian distance of the branch. ROIs 
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measurement from one animal comprised a mean value of six images from striatal 

region.  

Assessment of Blood Brain Barrier Function 

1. MMP-9 Activity Assay 

MMP-9 is one of metalloprotease with crucial role in vascular remodeling. 

MMP-9 breaks down extracellular matrix and predates angiogenesis (Huang 

2018). MMP-9 is upregulated in diabetes (Abdollahi et al. 2017). Normalization of 

MMP-9 activity contributes in reduction of pathological angiogenesis. 

MMP-9 enzyme activity was assessed using gelatinase assay. Equal volumes of 

mouse serum were mixed in a 1:1 ratio with gelatinase (Zymography) buffer. 

Samples were separated on a 10% SDS PAGE Gel with 10% gelatin using a Mini 

PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad Laboratories Inc, 

Hercules, CA). MMP-9 is used as a positive control (Cat. No. PF140, EMD 

Biosciences, San Diego, CA). The gel is placed in a Zymogram Renaturing Buffer (G-

Biosciences, St. Louis, MO) for 30 minutes. The gel is washed and transferred to 

Zymogram Development Buffer (G-Biosciences, St. Louis, MO) for 48 hours at 37 

0C. The gel was washed and stained with Coomassie blue (G-Biosciences, St. Louis, 

MO). After one hour, the gel was distained using Destaining buffer (G-Biosciences, 

St. Louis, MO). Gels were imaged using an Azure Biosystems c600 (Azure 

Biosystems Inc., Dublin, CA). MMP-9 enzyme digests gelatin in the gels and leaves 
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clear bands that corresponds to the MMP-9 activity upon staining. Image J was 

used to quantify the band intensity.  

2. VEGF Production 

Vascular endothelial growth factor (VEGF) is a potent angiogenic signal. 

VEGF is secreted by pericytes and plays a role in triggering angiogenic properties 

of endothelial cells such as migration and vascular permeability (Matsumoto and 

Ema 2014). Pericytes increase expression of VEGF in diabetic conditions, 

contributing to pathological neovascularization and BBB permeability (Warmke, 

Griffin, and Cubbon 2016).  

 VEGF expression was assessed using immunoblotting. Primary human 

brain microvascular pericyte cells (HBMPC) were purchased from Angioproteomie 

(Angio-Proteomie, Boston, MA). Cells were seeded in a complete medium 

composed of a 1:1 ratio of Pericyte Rich Media (Angio-Proteomie, Boston, MA) 

and MCDB-131 Complete (VEC Technologies, INC., Rensselaer, NY) (Table 5). Cells 

were grown to 90% confluency and switched to serum free media (SFM) (Table 5).  

HBMPC were either switched to a normal glucose SFM (5mM Glucose and 20 mM 

L-Glucose) and high glucose SFM (25mM Glucose and 200uM palmitate) with or 

without Exendin-4 treatment (0.5 ug/ml) 48 hours prior to collection (Table 5). 

Equimolar of L-Glucose was added to normal glucose as an osmotic control.  

 HBMPCs were scraped and collected in RIPA buffer (Millipore, Bilerica, MA) 

after 48 hr in SFM treatment (Table 5). Cells were centrifuged for 10 min at 14,000 
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rpm and the supernatant was collected. Protein loads between samples were 

equalized and mixed with 4x Laemmli sample buffer (Biorad Laboratories Inc, 

Hercules, CA). Samples were separated on a 10% SDS-PAGE Gel using a Mini 

PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad Laboratories Inc, 

Hercules, CA). SDS PAGE gels were then transferred to nitrocellulose membranes 

using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories Inc, Hercules, CA). 

Membranes were blocked using 5% milk (Table 5). After washing, membranes 

were incubated with anti-VEGF polyclonal antibody (Neomarkers, Lab Vision 

Corporation, Fremont, CA) (Table 6). The goat anti-rabbit secondary antibody 

conjugated to horse radish peroxidase was reacted with the membrane for 2 

hours in 5% milk. Membranes were reacted with Immobilon Western 

Chemiluminescent HRP Substrate (Millipore, Bilerica, MA). Membranes were 

imaged using an Azure Biosystems c600 (Azure Biosystems Inc., Dublin, CA). Band 

intensities were quantified using image J software and represented as relative 

mean ± standard error. 

3. Tight Junction Protein, Occludin  

Occludin is a tight junction protein between endothelial cells that 

composes the blood brain barrier (BBB) (Ni et al. 2017). Diabetes has been shown 

to decrease expression of BBB proteins through an unknown mechanism (Bogush, 

Heldt, and Persidsky 2017). By decreasing the integrity of the BBB, the 

cerebrovascular becomes more permeable, damaging neurons and impacting 
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cognition (Bogush, Heldt, and Persidsky 2017). Restoring the integrity of the BBB 

is important in improving diabetic VCID. 

Occludin was assessed in cerebrovasculature using immunohistochemical 

staining. These results were confirmed using immunoblotting from brain samples 

and HBMPC under diabetic conditions. Brain sections were first washed three 

times with PBS to remove any leftover cryoprotectant (Table 5). Next, sections 

were blocked using 0.1% horse serum in PBS with 0.01% Triton X for 1 hour (Table 

5). Sections were then washed twice with PBS then reacted with occludin antibody 

overnight (Proteintech, Cat No: 13409-1-AP, Rosemont, IL) (Table 6). The following 

day, brain sections were washed with PBS + 0.01% tritone for 20 minutes (Table 

5). Sections were then reacted in the dark with a green fluorescent secondary 

antibody for 2 hours. Brain sections were washed using PBS + 0.01% tritone for 20 

minutes (Table 5). Sections were then placed on slides and allowed to dry. 

Coverslips were added using fluoromount-G (SouthernBiotech, Birmingham, AL). 

FITC Z-stack images were taken of the slides at 40X using a Nikon Eclipse Ti-E 

Inverted Microscope (Nikon Instruments Inc., Melville, NY) in the program NiS 

Elements AR. Image J was used to quantify occludin expression.  

HBMPC and brain samples were homogenized in RIPA buffer then placed 

on ice (Table 5). Samples were centrifuged for 10 minutes at 14,000 rpm and the 

top two layers were transferred to new tubes. Brain samples were diluted 1:100 

in RIPA buffer. Equal protein loads were mixed with 4x Laemmli sample buffer 

(Biorad Laboratories Inc, Hercules, CA). Samples were separated on a 10% SDS-
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PAGE Gel using a Mini PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit 

(Biorad Laboratories Inc, Hercules, CA). SDS PAGE gels were transferred to 

nitrocellulose membranes using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories 

Inc, Hercules, CA). Membranes were blocked using 5% milk (Table 5). After 

washing, membranes were reacted with Occludin antibody (Proteintech, Cat No: 

13409-1-AP, Rosemont, IL) and β-actin peroxidase antibody (R&D, Minneapolis, 

MN) (Table 6). The goat anti-mouse secondary antibody conjugated to horse 

radish peroxidase was reacted with the membrane for 2 hours in 5% milk (Table 

5). Membranes were reacted with Immobilon Western Chemiluminescent HRP 

Substrate (Millipore, Bilerica, MA). Membranes were imaged using an Azure 

Biosystems c600 (Azure Biosystems Inc., Dublin, CA). Band intensities were 

quantified using Image J software. 

Assessment of Vascular Cognitive Impairment and Dementia (VCID) in Mice 

The memory and learning of the animals were tested at week 11 using the 

both the Barnes Maze and Morris Water Maze. The water mazes (Stoelting Inc., 

Wood Dale, IL) are some of the most widely used methods to assess spatial and 

learning memory functions (Barnhart, Yang, and Lein 2015). Briefly, mice were 

trained for 3 consecutive days to escape water by finding a fixed platform one inch 

above the level of water. On the test day, the platform was removed, the time and 

number of entries that the animal swam into the goal area (area of removed 

platform) were calculated. Sessions were videotaped, and automatically analyzed 

using ANY-maze 6.1 software. 
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1. Barnes Maze 

The Barnes Maze is a memory and learning test where an animal is trained to 

escape the stressor of being in a brightly lit area (Rosenfeld and Ferguson 2014). 

This assessment was performed on a Barnes maze from Stoelting Co. (Wood Dale, 

IL) consisting of twenty evenly spaced holes around the perimeter of the table. 

Nineteen of the holes are “false escapes” where the animal cannot effectively 

hide. One hole contains the escape box which leads to a dark recess below the 

table, serving as an escape from the stressor. Three visual cues were placed 

around the table to assist in orientation. First, the animals were placed in the goal 

box for 1 minute. Animals were removed from the goal box and placed in the 

center of the table with a box around them for 30 seconds. The box was removed 

and the animal was given 5 minutes to find the goal box. If the animal failed, they 

were brought to the goal box for 1 minute. The animal was removed from the 

maze and given a one hour resting period. The testing table was cleaned with 70% 

ethanol to remove olfactory cues. The animals were trained three times each day 

for three days, totaling nine training sessions. On testing day, the Barnes maze 

table was set up the same as the training sessions, but the goal box was replaced 

with a false escape. The animal was given 3 minutes to explore the table. The 

animal’s movement was tracked using a camera and ANY-maze software 

(Stoelting Co., Wood Dale, IL). ANY-maze software divides the table into four 

quadrants and measures the amount of time spent in the goal quadrant and the 

amount of entries into the goal quadrant. 
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2. Morris Water Maze 

The Morris Water Maze is another memory and learning test where an animal 

is trained to escape the stressor of swimming. This assessment was performed in 

a pool purchased from (Stoelting Co., Wood Dale, IL). A transparent beaker was 

placed upside down in the pool, serving as a platform to escape the water. The 

pool was divided into four quadrants, the beaker was placed in one and the animal 

begins swimming in the opposite quadrant. Three visual cues were placed around 

the table to assist in orientation. The animal was first placed on the beaker 

platform for 20 seconds. Next, the animal was removed from the platform, placed 

in the quadrant opposite the platform, and allowed to swim for 2 minutes. If the 

animal did not find the goal platform in the 2 minutes, they were placed on the 

platform for 20 seconds. Animals were then removed from the water maze and 

given a rest period of at least 15 minutes. The animal was trained three times each 

day for three days, totaling nine training sessions. On testing day, the Water Maze 

was set up the same as the training sessions, but the escape platform was 

removed. The animal was given 2 minutes to explore the pool. The animal’s 

movement was tracked using a camera and ANYmaze software. ANYmaze 

software divides the table into four quadrants and measures the amount of time 

spent in the goal quadrant and the amount of entries into the goal quadrant. 

Cell Culture 

Primary Human Brain Microvascular Pericyte Cells (HBMPC) were 

purchased from Angioproteomie (Angio-Proteomie, Boston, MA). Cells were 
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seeded in a complete medium composed of a 1:1 ratio of Pericyte Rich Media 

(Angio-Proteomie, Boston, MA) and MCDB-131 Complete (VEC Technologies, INC., 

Rensselaer, NY) (Table 5). Flasks were coated using a 2% gelatin solution (Angio-

Proteomie). Cells were grown to 90% confluency and switched to serum free 

media (SFM) (Table 5).  HBMPC were either switched to a normal glucose SFM 

(5mM Glucose and 20 mM L-Glucose) or high glucose SFM (25mM Glucose and 

200uM palmitate) with or without Exendin-4 treatment (0.5 ug/ml) 48 hours prior 

to collection (Table 5). Equimolar of L-Glucose was added to normal glucose as an 

osmotic control. HBMPC Passage 4-8. For the experiment, primary cell culture 

passage 4-8. Cell culture studies were performed three separate times in 

duplicates. 

Silencing of GLP-1R in Pericytes 

Silencing of the GLP-1R expression in pericytes was achieved using 

Nucleofector transfection technology. Transfection was performed using a 4D-

Nucleofector X Unit (LONZA, Germany) and 4D Nucleofector Core Unit (LONZA, 

Germany) using the program EL 110. LONZA P1 Primary Cell 4D-Nucleofector X Kits 

were used according to the manufacture protocol. For each transfection, half 

million pericytes cells were centrifuged and resuspended in nucleofection solution 

(For each 85 ul of nucleofection solution, 15 ul of supplementary solution, 2 uL 

GFP max plasmid and 2 uL siRNA (300ng) were added. The mixture is then 

transferred to electroporation cuvette and placed in the Nucleofector for 

electrical transfection. GLP-1 R siRNA (Ambion, Cat: AM16708) and scrambled 
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control siRNA (Ambion, Cat: AM4611) were used to silence GLP-1 R and as 

negative control respectively. Transfection efficacy was 85% according to GFP 

expression while pericytes viability was 50%. Cells were switched to complete 

media for recovery after transfection for 24 hours before serum free media was 

added (Table 5). All experiments were performed within 72 hrs after transfection. 

 Migration Assay 

Cells were grown to confluency and switched to serum free media (Table 

5). Cell tracker (Lot: 1843706, Life Technologies Corporation, Eugene, OR) was 

added for 1hr. The cell monolayer was scratched with a 1 ml pipette tip and 

imaged at 0 hr then again at 24 hr. Images were taken using an Olympus IX51 

Microscope (Olympus, Waltham, MA). Distance between pericyte cells was 

measured from the captured images using ImageJ. Migration percent was 

determined using the formula: 

Migration % = (1-(24 hour distance/ 0 hour distance)) x 100 

MTT Viability Assay 

Human Brain Microvascular Pericyte Cells were seeded, grown to 

confluency, and switched to a serum free media for 24 hours (Table 5). An MTT 

Cell Proliferation Assay Kit was purchased from Cayman Chemical (Item No. 

10009365, Ann Arbor, MI) and was used to determine cell viability. The MTT 

Proliferation Assay was performed following the manufacturer’s instructions. 

Human Brain Pericyte Cells were seeded in a 96 well plate and switched to 100 uL 
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normal glucose, high glucose, or high glucose plus Exendin-4 (0.5 uM) treated high 

glucose serum free medias (Table 5). 10 ul MTT reagent was added to each well 

using a repeating pipette. Samples were mixed on an orbital shaker for one minute 

then transferred to incubator at 37°C for four hours. After incubation, 100 uL 

crystal dissolving solution was added to dissolve the purple formazan crystals at 

the bottom of each well. Well absorbance was measured at 570 nm using a BioTek 

Synergy HT (BioTek U.S., Winooski, VT) in the program Gen5 (Biotek U.S., 

Winooski, VT). 

RT-PCR Reactions 

1. Process of RNA Isolation 

Brain samples collected from Control and Diabetic mice were homogenized in 

RNAse free tubes then collected in 1mL TRIzol reagent (Life technologies). Samples 

were left 5 minutes at room temperature then 200 uL Chloroform was added. 

Primary human brain microvascular pericyte cells (HBMPC) were grown until 

confluency in complete medium (Table 5). HBMPCs were switched to normal 

glucose or high glucose serum free media for 48 hrs. Media was removed and 5 

mL TRIzol reagent (Life technologies) per 100 mm plate were added on top of the 

cell monolayer. Samples were left 5 minutes at room temperature then 1 mL 

Chloroform was added.  

Tubes were then shaken vigorously by hand for 15 seconds then incubated at 

room temperature for 3 minutes. Samples were centrifuged 12,000 rpm for 15 
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minutes at 4°C. The upper layer was transferred to new RNAse free tubes. 500uL 

Isopropanol was added, the tubes were vortexed then left at room temperature 

for 10 minutes. Samples were then centrifuged 12,000 rpm for 15 minutes at 4°C. 

The supernatant was then vacuumed off and the pellet was resuspended in 75% 

ethanol. Samples were centrifuged at 7500 rpm for 5 minutes at 4°C. The 

supernatant was vacuumed off and the pellet was left to air dry for 5 minutes at 

room temperature. RNA was resuspended in 30 uL of RNAse free water. Samples 

were vortexed then incubated at 55C for 10 minutes to completely dissolve RNA. 

RNA concentration was measured using a Nanodrop (Thermofisher). Nanodrop 

was blanked with RNAse-free water. Samples were then diluted to the 

concentration of the least concentrated sample using RNAse-free water (Need 

exact conc.).  

2. cDNA Preparation 

cDNA was generated using reagents from a High Capacity cDNA Reverse 

Transcription Kit from Applied Biosystems (Lot:00723925,). cDNA was generated 

from 1 ug cell RNA using 2 uL 10x RT Buffer, 0.8 uL 100nM dNTPs, 2 uL 10x random 

primers, 1 uL RT enzyme, 1 uL RNAse inhibitor (Invitrogen, Lot 00829938), and 

completing to 20 uL with RNase free H2O using a Gene Amp PCR system 9700 

(Applied Biosystems). RNA was reverse transcribed using the following cycle 

(Table 2): 
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3. qRTPCR Quantification 

2 uL cDNA was mixed with 5 uL SYBR green master mix (Applied 

Biosystems, Lot: 00705933), 2 uL H2O and 1 uL primers (10 uL total). 

Primers used were specific to the gene of interest, GLP1R, or the house 

keeping gene, GAPDH (Table 3). Samples were loaded in a MicroAmp Fast 

96- Well reaction plate (Life Technologies, Ref: 4346907). Samples were 

run in duplicate. Samples were amplified and gene expression (Ct) was 

quantified using Quant studios 3 qRTPCR (Applied Biosystems, Ref: 

A28131) using the following cycle (Table 3): 

 

 

DDCt was calculated using the following equations: 

Step Temperature (°C) Time 

1 25 10 min 

2 37 120 min 

3 85 5 min 

4 4 Hold 

Step Temperature (°C) Time Cycle Ramp Rate Notes 

1 50 2 min Hold 4.14°C/ sec Quantification 

2 95 2 min Hold 4.14°C/ sec 

3 95 1 sec 40 
cycles 

4.14°C/ sec 

4 60 30 sec 4.14°C/ sec 

5 95 15 sec --- 1.6°C/ sec Melt Curve 

6 60 1 min --- 1.6°C/ sec 

7 95 15 sec --- 0.15°C/ sec 

Table 2. cDNA Generation Heat Cycle. cDNA generation protocol using RNA 

collected from mouse brain lysate and human brain pericytes. cDNA generation was 

performed using a GeneAmp PCR System 9700 (Applied BioSystems). 

Table 3. cDNA Quantification Heat Cycle. cDNA was amplified and quantified using 

this cycle in the qRTPCR (Applied Biosystems, Ref: A28131).  
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Step 1: 

 DCt= Ct (GLP1R) – Ct (GAPDH) /do for both NG and HG 

Step 2: 

DDCt (HG)= DCt (HG) – DCt (NG) 

DDCt (NG)= DCt (NG) – DCt (NG) 

Step 3:  

Due to PCR amplification being exponential, fold change in expression is 

calculated using 2^-DDCt 

2^-DDCt (NG)= 2^-(NG DDCt) 

2^-DDCt (HG)= 2^-(HG DDCt) 

Table of Primers 

Primer Company Use FWD sequence REV sequence 

Human 
GLP1R 

OriGene qRT-PCR 5’-CTA-CGC-ACT-
CTC-CTT-CTC-
TGC-T-3’ 

5’-CGG-ACA-ATG-
CTC-GCA-GGA-
TGA-A-3’ 

Human 
GAPDH 

Origene qRT-PCR 5’-GTC-TCC-TCT-
GAC-TTC-AAC-
AGC-G-3’ 

5’-ACC-ACC-CTG-
TTG-CTG-TAG-
CCA-A-3’ 

Mouse 
GLP1R 

Integrated DNA 
Technologies 

qRT-PCR 5’-GGG-TCT-
CTG-GCT-ACA-
TAA-GGA-CAA-C-
3’ 

 

5’-AAG-GAT-
GGC-TGA-AGC-
GAT-GAC-3’ 
 

Mouse 
GAPDH 

Integrated DNA 
Technologies 

qRT-PCR 5’-GTT-GTC-TCC-
TGC-GAC-TTC-A-
3’ 

 

5’-GGT-GGT-CCA-
GGG-TTT-CTT-A-
3’ 
 

Ai14 Jackson 
Laboratory 

Genotyping 5’-CTG-TTC-CTG-
TAC-GGC-ATG-G-
3’ 

5’-GGC-ATT-AAA-
GCA-GCG-TAT-
CC-3’ 
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Ai14 
Positive 
Control 

Jackson 
Laboratory 

Genotyping 5’-AAG-GGA-
GCT-GCA-GTG-
GAG-TA-3’ 

5’-CCG-AAA-ATC-
TGT-GGG-AAG-
TC-3’ 

PDGFER-β-
CreERT2 

Jackson 
Laboratory 

Genotyping 5’-GAA-CTG-
TCA-CCG-GGA-
GGA-3’ 

5’-AGG-CAA-ATT-
TTG-GTG-TAC-
GG-3’ 

PDGFER-β-
CreERT2 
Positive 
Control 

Jackson 
Laboratory 

Genotyping 5’-CAA-ATG-TTG-
CTT-GTC-TGG-
TG-3’ 

5’-GTC-AGT-CGA-
GTG-CAC-AGT-
TT-3’ 

 

Immunohistochemical Staining Protocol Cells  

 HBMPC were seeded in 4-well slide chamber (Falcon, Ref 54104). Cells 

were grown to 60 % confluency and switched to normal glucose or high glucose 

for 48hrs (Table 5). Cells were then washed and fixed in 2% paraformaldehyde for 

10 minutes. Cells or brain sections were washed three times with PBS to remove 

any leftover paraformaldehyde or cryoprotectant (Table 5). Next, samples were 

blocked using 0.1% horse serum in PBS with 0.01% Triton X for 1 hour. Sections 

were then washed twice with PBS then reacted with GLP-1R antibody (Novus 

Biologicals, Centennial, CO) overnight (Table 6). The following day, samples were 

washed with PBS + 0.01% tritone for 20 minutes (Table 5). Sections were then 

incubated in dark with the corresponding green fluorescent secondary antibody 

for 2 hours.  Samples were washed using PBS + 0.01% tritone for 30 minutes (Table 

5). Sections were then placed on slides and allowed to dry. Coverslips were added 

Table 4. Primers used in DNA Genotyping and qRT-PCR. Primers used in the 

amplifying DNA for use in genotyping and qRT-PCR. Quantity of each primer used is 

defined in the respective protocol. 
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using fluoromount-G (SouthernBiotech, Birmingham, AL). TRITC and FITC Z-stack 

images were taken of the slides at 40X using a Nikon Eclipse Ti-E Inverted 

Microscope (Nikon Instruments Inc., Melville, NY) in the program NiS Elements AR.  

Assessment of Oxidative Stress 

1. DHE 

An ROS Detection Cell-Based Assay Kit (DHE) from Cayman Chemical (Item No. 

601290, Ann Arbor, MI) was used to determine the oxidative stress of the pericyte 

cells. The ROS Assay was performed using the manufacturer’s instructions. Briefly, 

HBMPC were grown to confluency in complete medium in a 96 well plate. Cells 

were switched to a serum free media for 48 hours (Table 5). Media was replaced 

by 150 uL cell assay buffer for 30 minutes. Cell assay buffer was vacuumed off and 

replaced with 130 ul of ROS staining buffer. 10 uL of N-acetyl cysteine assay 

reagent was added to the negative control wells. Plate was then covered and 

incubated in the dark at 37°C. After 30 minutes, 10 ul Antimycin-A was added to 

all positive control wells. The plate was returned to the incubator for an additional 

hour. ROS Staining buffer was carefully removed and 100 uL Cell based assay 

buffer was added to each well.  Well absorbance was measured using a BioTek 

Synergy HT (BioTek U.S., Winooski, VT) in the program Gen5 (Biotek U.S., 

Winooski, VT). Wells were excited between 480-520 nm and had an emission 

wavelength at 570-600 nm.  

2. GSH/GSSG 
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Glutathione (GSH GSSG) Assay Kit (NWLSS, Northwest Life Science Specialties, 

LLC.,) was used to assess the oxidized and reduced glutathione. The NWLSS™ 

Glutathione Assay principle is the colorimetric reaction product between 5-5'-

dithiobis[2-nitrobenzoic acid] (DTNB) with GSH to form the 412 nm chromophore, 

5-thionitrobenzoic acid (TNB) and GS-TNB. The GS-TNB is subsequently reduced 

by glutathione reductase and β-nicotinamide adenine dinucleotide phosphate 

(NADPH), releasing a second TMB molecule and recycling the GSH; thus, 

amplifying the response. Any GSSG initially present in the reaction mixture or 

formed from the mixed disulfide reaction of GSH with GS-TNB is rapidly reduced 

to GSH and detectable in the assay. Briefly, 50 ul of serum were mixed with 50 ul 

of assay buffer (PBS buffer + 1mM EDTA). Samples are then centrifuged at 14,000 

rpm and the supernatant is transferred to another tube. 2.5 uL of 4N NaOH were 

added to 50 ul of supernatant. Tubes were vortexed and centrifuge. 20 ul of the 

neutralized samples were transferred to another set of tubes that contains 1 uL 4-

vinylpuridine (10 ul 4VP in 90 uL 100% ethanol). 4VP chelates all reduced 

glutathione in the samples leaving only the oxidized form. The reaction was kept 

for 1 hr while preparing two reagents. Reagent A is prepared by adding 8 mL of 

assay buffer, 250 uL DTNP (1.5 mg/ ml in DMSO), and 3 uL of Glutathione 

Reductase (GR) (Item No. 8866-GR-100, R&D Systems, Minneapolis, MN). Reagent 

B is prepared by adding 16 uL NADPH (40 mg/mL) to 2 mL of assay buffer. After 1 

hour is concluded, working in duplicate, transfer 10 uL of sample to wells in a 96 

well plate. Add 150 uL Reagent A to each well then add 50 uL Reagent B right 
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before reading. Well absorbance was measured using a BioTek Synergy HT (BioTek 

U.S., Winooski, VT) in the program Gen5 (Biotek U.S., Winooski, VT) at 413 nm. 

The well absorbance was measured at 0 minutes then again at 5 minutes. The 

absorbance for each well is determined by:  

Absorbance = 5 min absorbance – 0 min absorbance.  

The total glutathione is determined by the absorbance of the NaOH tube while 

the oxidized glutathione (GSSG) is determined by the absorbance of the 4-VP 

tube. The reduced glutathione (GSH) absorbance is determined by:  

Glutathione Absorbance= Total Glutathione Absorbance – Oxidized Glutathione 

Absorbance. 

3. Nitrotyrosine Immunoblot 

Peroxynitrite is strong nitrating agent that is formed by the fast reaction 

between superoxide anion and nitric oxide (Ahsan 2013). Peroxynitrite is difficult 

to detect due to fast decomposition, yet, the nitration product is much stable and 

can be detected using immunoblotting. Nitration of tyrosine moieties has been 

used as indication for nitrative stress (Ahsan 2013). Briefly, HBMPC were seeded, 

grown to confluency in 60 mm plates. Cells were switched to a normal glucose, 

high glucose, or high glucose treated with Exendin-4 (0.5 ug/ml) serum free media 

for 48 hours (Table 5).  

Cells were collected in RIPA buffer (Millipore, Bilerica, MA), centrifuged for 

10 min at 14,000 rpm and the supernatant was collected (Table 5). Equal protein 
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loads were mixed with 4x Laemmli sample buffer (Biorad Laboratories Inc, 

Hercules, CA). Samples were separated on a 10% SDS-PAGE Gel using a Mini 

PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad Laboratories Inc, 

Hercules, CA). SDS PAGE gels were then transferred to nitrocellulose membranes 

using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories Inc, Hercules, CA). 

Membranes were blocked using 5% milk (Table 5). Membrane was blocked using 

5% milk. After washing, the membrane was reacted with nitrotyrosine polyclonal 

antibody (Millipore, Bilerica, MA) and β-actin peroxidase antibody (R&D, 

Minneapolis, MN) overnight (Table 6). The appropriate secondary antibody 

conjugated to horse radish peroxidase was reacted with the membrane for 2 

hours in 5% milk (Table 5). Membranes were reacted with Immobilon Western 

Chemiluminescent HRP Substrate (Millipore, Bilerica, MA). Membranes were 

imaged using an Azure Biosystems c600 (Azure Biosystems Inc., Dublin, CA). 

Nitrotyrosine and B-actin expression was determined by quantifying band 

intensity using ImageJ. 

Assessment of Inflammation 

TNF-a and IL1B were used as markers for inflammation. TNF-a was used 

due to its expression typically signaling necrosis or apoptosis (Idriss and Naismith 

2000). Because of this, TNF-a has been termed the “master regulator of 

inflammatory cytokine production” (Parameswaran and Patial 2010). IL1B was 

used because it is another key inflammatory protein and is generated as part of 

the apoptotic process (Lopez-Castejon and Brough 2011).   
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HBMPC were seeded, grown to confluency in 60 mm plates. Cells were 

switched to a normal glucose, high glucose, or high glucose treated with Exendin-

4 serum free media for 48 hours.  

 Equal protein load was mixed with 4x Laemmli sample buffer (Biorad 

Laboratories Inc, Hercules, CA). Samples were separated on a 10% SDS-PAGE Gel 

using a Mini PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad 

Laboratories Inc, Hercules, CA). SDS PAGE gels were then transferred to 

nitrocellulose membranes using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories 

Inc, Hercules, CA). Membranes were blocked using 5% milk (Table 5). After 

washing, membranes were reacted with TNFα polyclonal antibody (Novus 

Biologicals, Centennial, CO), IL1β monoclonal antibody (Novus Biologicals, 

Centennial, CO), and β-actin peroxidase antibody (R&D, Minneapolis, MN) (Table 

6). The appropriate secondary antibody conjugated to horse radish peroxidase 

was reacted with the membrane for 2 hours in 5% milk (Table 5). Membranes were 

reacted with Immobilon Western Chemiluminescent HRP Substrate (Millipore, 

Bilerica, MA). Membranes were imaged using an Azure Biosystems c600 (Azure 

Biosystems Inc., Dublin, CA). Protein expression was determined by quantifying 

band intensity using ImageJ. Protein expression was normalized to the expression 

B-Actin.  
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Assessment of Cell Viability and Apoptosis 

Phosphorylation of Akt inhibits pro-apoptotic proteins such as Bad and Bcl-

XL while signaling for many proteins responsible for survival and proliferation 

(Sussman et al. 2011). Caspase-3 was used as a marker for apoptosis because it an 

end signaling molecules in both the intrinsic and extrinsic apoptosis (Wilson and 

Kumar 2018).  

HBMPC were seeded, grown to confluency in 60 mm plates. Cells were 

switched to a normal glucose, high glucose, or high glucose treated with Exendin-

4 serum free media for 48 hours (Table 5).  Cells were collected in RIPA lysis buffer, 

centrifuged for 10 min at 14,000 rpm and the supernatant was collected. Equal 

protein loads were mixed with 4x Laemmli sample buffer (Biorad Laboratories Inc, 

Hercules, CA). Samples were separated on a 10% SDS-PAGE Gel using a Mini 

PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad Laboratories Inc, 

Hercules, CA). SDS PAGE gels were then transferred to nitrocellulose membranes 

using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories Inc, Hercules, CA). 

Membranes were blocked using 5% milk (Table 5). After washing, membranes 

were reacted with Caspase 3 monoclonal antibody (R&D Systems, Minneapolis, 

MN), pAkt polyclonal antibody (Cell Signaling, Danvers, MS), Akt polyclonal 

antibody (Cell Signaling, Danvers, MA) and β-actin peroxidase antibody (R&D, 

Minneapolis, MN) (Table 6). The appropriate secondary antibody conjugated to 

horse radish peroxidase was reacted with the membrane for 2 hours in 5% milk 

(Table 5). Membranes were reacted with Immobilon Western Chemiluminescent 
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HRP Substrate (Millipore, Bilerica, MA). Membranes were imaged using an Azure 

Biosystems c600 (Azure Biosystems Inc., Dublin, CA). Protein expression was 

determined by quantifying band intensity using ImageJ. Caspase-3 expression was 

normalized to B-Actin while phopho-AKT was normalized to AKT expression. 

Immunoblotting Assessment of GLP-1R in Pericytes 

 HBMPC were seeded, grown to confluency in 60 mm plates. Cells were 

switched to a normal glucose, high glucose, or high glucose treated with Exendin-

4 serum free media for 48 hours (Table 5). Cells were collected in RIPA lysis buffer, 

centrifuged for 10 min at 14,000 rpm and the supernatant was collected (Table 5). 

Equal protein loads were mixed with 4x Laemmli sample buffer (Biorad 

Laboratories Inc, Hercules, CA). Samples were separated on a 10% SDS-PAGE Gel 

using a Mini PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad 

Laboratories Inc, Hercules, CA). SDS PAGE gels were then transferred to 

nitrocellulose membranes using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories 

Inc, Hercules, CA). Membranes were blocked using 5% milk (Table 5). After 

washing, membranes were reacted with GLP1-R polyclonal antibody (Novus) and 

β-actin peroxidase antibody (R&D) (Table 6). The appropriate secondary antibody 

conjugated to horse radish peroxidase was reacted with the membrane for 2 

hours in 5% milk (Table 5). Membranes were reacted with Immobilon Western 

Chemiluminescent HRP Substrate (Millipore, Bilerica, MA). Membranes were 

imaged using an Azure Biosystems c600 (Azure Biosystems Inc., Dublin, CA). 

Protein expression was quantified by measuring band intensity using ImageJ. 
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GLP1R expression was normalized to expression of the housekeeping gene, B-

Actin. 

Immunoprecipitation Assessment of GLP-1 Receptor Tyrosine Nitration 

Nitrotyrosine was chosen as a marker for nitrative damage. Nitrotyrosine 

forms from a reaction between a normal tyrosine residue and a reactive nitrogen 

species (ONOO-). Reactive nitrogen species (RNS) form in the cell when superoxide 

reacts with the vasodilator NO (Ahsan 2013). GLP-1R has several tyrosine residues; 

thus, nitrotyrosine would be a good marker to show receptor damage.  

Human Brain Microvascular Pericyte Cells (HBMPC) were purchased from 

Angioproteomie and grown using a complete medium composed of a 1:1 ratio of 

Pericyte Rich Media (Angio-Proteomie, Boston, MA) and VEC (VEC Technologies, 

INC., Rensselaer, NY) (Table 5). Cells were grown to 90% confluency and switched 

to serum free media (SFM) 48 hours prior to collection (Table 5). The treatments 

for pericyte cells consisted of a normal glucose SFM (5mM Glucose and 20 mM L-

Glucose) and high glucose SFM (25mM Glucose and 200uM palmitate) (Table 5). 

L-Glucose was used as an osmotic control.  

 Human Brain Microvascular Pericyte Cells were scraped and collected in 

RIPA buffer (Millipore, Bilerica, MA) after 48 hr in SFM treatment. Cells were 

centrifuged for 10 min at 14,000 rpm and the supernatant was collected. Anti-

GLP1R (Novus) antibody was incubated with the lysate for 4 hours (Table 6). 

Protein A/G XPure Agarose Resin (UBPBio) was washed twice with RIPA buffer, 
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added to the lysate, then rocked overnight. Lysate was centrifuged at 1000 rpm 

and washed with PBS. 2X Laemmli SDS sample loading buffer (Alta Aesar) with 2-

mercaptoethanol was added to the lysate and vortexed. Lysate was boiled for 20 

minutes. Lysate was centrifuged at 14,000 rpm and the supernatant was pipetted 

to different tubes. Samples were separated on a 10% SDS-PAGE Gel using a Mini 

PROTEAN Tetra Cell SDS-PAGE Gel electrophoresis kit (Biorad Laboratories Inc, 

Hercules, CA). SDS PAGE gels were then transferred to nitrocellulose membranes 

using a Bio-Rad Trans-Blot Turbo (Biorad Laboratories Inc, Hercules, CA). 

Membranes were blocked using 5% milk. After washing, membranes were reacted 

with nitrotyrosine polyclonal antibody (Millipore) and GLP1R polyclonal antibody 

(Novus). The appropriate secondary antibody conjugated to horse radish 

peroxidase was reacted with the membrane for 2 hours in 5% milk. Membranes 

were reacted with Immobilon Western Chemiluminescent HRP Substrate 

(Millipore, Bilerica, MA). Membranes were imaged using an Azure Biosystems 

c600 (Azure Biosystems Inc., Dublin, CA). 

Table of Buffers 

Buffer/ Media/ Compounds Ingredients 

PBS For 1L of PBS, 8g NaCl, 0.2g KCl, 1.44g Na2HPO4,and 
0.24g KH2PO4 are added 

PBST For 1L of PBST, 8g NaCl, 0.2g KCl, 1.44g Na2HPO4,and 
0.24g KH2PO4 are added and vortexed until 
dissolution. 1mL of Tween-20 is added  

PBS + Triton For 1L of PBS + Triton, 8g NaCl, 0.2g KCl, 1.44g 
Na2HPO4,and 0.24g KH2PO4 are added and vortexed 
until dissolution. 0.1mL Triton X is added 

5% Milk For every 100mL of PBST, 5g low fat powdered milk is 
added  

Cryoprotectant  For 500 mL, add 150g sucrose, 150ml Ethlene glycol, 
and finish to 500mL with 0.1M PB 
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Avertin Add 1.6 g of avertin to 2 mL of T. Amyl alcohol. Warm 
80 mL of saline and add to the mix. Warm mixture 
until avertin is completely dissolved. Mice receive 
12uL avertin per gram of body weight. 

STZ To make 4mL of STZ, add 2mL of 0.1M sodium citrate 
and 2 mL of Citric acid. To the mixture, add 0.2 grams 
of STZ. Mice receive an injection of 10uL per gram of 
weight.  

Tamoxifen A mixture of corn oil and ethanol in a 9:1 ratio. Add 
100mg tamoxifen for every 10 mL of corn 
oil/ethanol. Mice receive a dose of 100mg tamoxifen 
per kg. 

Turbo Buffer To make 1L of Turbo Buffer, add 100mL 5x Turbo 
Buffer and 200mL absolute ethanol to a 1L bottle. 
Complete to 1L using dH2O 

RIPA To prepare 1mL, 200uL of 5x Stock RIPA Buffer are 
diluted with 800uL DI H2O. Add 10uL of Halt protease 
and phosphatase single use inhibitor cocktail (100X). 

High Glucose SFM To prepare 100mL, add 90 mL of DMEM HIGH 
Glucose and 10mL of complete media. A few specks 
of palmitate are dissolved in 70% ethanol then added 
to the media. 

Normal Glucose SFM To prepare 100mL, add 90 mL M199 normal glucose 
media and 10mL of complete media. 0.2 g L-Glucose 
are added as an osmotic control. 

Complete Media To prepare 100mL, add 50mL Pericyte growth 
medium (Super Rich Formulation) and 50 mL MCDB-
131 COMPLETE. 

 

Table of Primary Antibodies 

Primary 
Antibody 

Company CAT/ Lot/ 
Prod 

Recommended 
Concentration 

Dilution 
Immunoblot 

Dilution 
IHC 

Secondary 
Antibody 

Akt Cell 
Signaling 

#9272S  1:500 --- Rabbit 

-Actin R&D A3854-200uL 1mg/mL 1:500 --- Mouse 

Caspase 3 R&D KHK081907 0.5mg/mL 1:500 --- Rabbit 

GLP-1R Novus NBP1-97308 1mg/mL 1:500 1:200 Rabbit 

IL1 Novus NBP2-27342 0.5 mg/mL 1:500 --- Mouse 

Nitrotyrosine Milipore Cat#: AB5411 
Lot #: 
3244053 

1mg/mL 1:500 --- Rabbit 

Occludin Proteintech 13409-1-AP 40ug/150uL 1:500 1:200 Rabbit 

Table 5. Buffers, Serum Free Media, and Mouse injections. Composition of each 

buffer, media, and injection used in all protocols.  
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Statistical Analysis 

Graph pad Prism 8.3 was used to analyze data collected. All sample size 

determinations for cell culture animal studies were made at α = 0.05. The sample 

size was calculated based on the preliminary data and from previous studies in 

which a sample size of 6-8/group mice or n=3 for cell culture studies per group 

would provide at least 90% power. Data will be represented as mean value ± 

standard deviation. P value was set at 0.05 for significance.    

Isolectin B4 
Daylight 594 

Vector 20508 1mg/mL --- 1:200 N/A 

pAkt Cell 
Signaling 

#9271S  1:500 --- Rabbit 

TNF- Novus NBP1-19532 1mg/mL 1:500 --- Rabbit 

VEGF Neomarkers 9031P1711G  1:500 --- Rabbit 

Table 6. Antibody Information and Dilution. Antibody source, dilution, use, and 

secondary antibody. Antibody use is defined in the immunoblot and 

immunohistochemistry protocols.  
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CHAPTER 3 

 

RESULTS 

 

GLP-1R Agonist Improves Glycemic Control in Diabetes 

 To examine the metabolic effects of GLP-1 R agonist, Exendin-4 on diabetic 

mice, animals were randomly assigned to three groups: Control, Diabetic, and 

Diabetic + Exendin-4. Exendin-4 was delivered though osmotic pump to assure 

continuous drug administration over a period of 28 days. The osmotic pump was 

surgically implanted subcutaneously to deliver 35 mg/kg/day of the Exendin-4 

(Garczorz et al. 2018). The dose was selected according literature review and 

evidence of Exendin-4 bioavailability in mice (Garczorz et al. 2018). Diabetic sham 

animals received osmotic pump with only vehicle, saline. GLP-1R agonists offer 

glycemic control by stimulating the B-Cells of the pancreas to increase insulin 

secretion in a glucose dependent fashion (Gonzalez et al. 2006). Animal’s body 

weight and blood glucose levels were measured weekly over the course of 12 

weeks. Animals displayed no significant difference in body weight between groups 

(Figure 2); however, there was a significant improvement in blood glucose 

between diabetic and Exendin-4 treated diabetic animals (Figure 3). 
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Figure 2. Animal Body Weight. Control, Diabetes, and Diabetes + Exendin-4 mice groups were 

weight over the course of 12 weeks. Diabetes was induced using a high fat diet and low dose 

STZ injection (35 mg/kg body wt). Diabetic or Diabetic + Exendin-4 animals received osmotic 

pumps surgically implanted subcutaneously on their back that release vehicle or Exendin-4 

respectively. Our results showed that there were no significant differences in animal’s weight 

between groups. (n=5-6/group) 

Figure 3. GLP-1R Improves Glycemic Control in Diabetes. Diabetes was induced using a high 

fat diet and low dose STZ injection (35 mg/kg body wt). Diabetic or Diabetic + Exendin-4 

animals received osmotic pumps surgically implanted subcutaneously on their back that 

release vehicle or Exendin-4 respectively. Blood glucose levels were measured weekly. Animals 

in the diabetic treatment group displayed significantly higher blood glucose levels compared 

to the control group. Treatment with Exendin-4 significantly reduced blood glucose levels of 

diabetic animals. (n=5-6, *P<0.05) 
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Diabetes Increases GLP-1R Expression in Human Brain Microvascular Pericytes 

 Recent studies showed that GLP-1 receptor is expressed in brain tissue, 

mainly is neuronal, glial, vascular smooth muscle cells and endothelial cells 

(Egholm et al. 2016; Pang, Zhou, and Kuang 2018; Jojima et al. 2017).  Yet, GLP-1 

expressed in pericytes remains an unanswered question. We used multiple 

approach to detect GLP-1R expression in human brain microvascular pericyte cells. 

Moreover, we investigated the effect of diabetes on GLP-1 R expression.   

Human brain microvascular pericytes (HBMPC) were grown to confluency 

in complete media then switched to a normal glucose serum free media or a high 

glucose/palmitate serum free media for 48 hours to mimic diabetic conditions. 

Immunohistochemical studies showed that HBMPC express GLP-1R. Moreover, 

diabetic condition significantly increased the expression of GLP-1R in HBMPC 

(Figure 4). 
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These results were confirmed by real-time PCR and immunoblotting. 

HBMPC were grown to confluency in complete media then switched to a normal 

glucose serum free media or high glucose serum free media for 48 hours. HBMPC 

were collected in RIPA buffer for immunoblotting or TRIzol for real time PCR. RT-

PCR reaction confirmed that HBMPC express the mRNA for GLP-1R. Moreover, 

diabetic conditions showed 7-fold increase in the expression of GLP-1R in HBMPC. 

(Figure 5) 

Figure 4. Diabetes Increases GLP-1R Expression in Pericytes. Human brain pericyte cells 

(HBMPC) were grown to confluency and switched to normal glucose (NG) serum free media 

(5mM Glucose and 20 mM L-Glucose) or high glucose serum free media (25mM Glucose and 

200uM palmitate) for 48 hours to mimic diabetic conditions. Cells were fixed and incubated 

with GLP1R primary antibody. Our results showed that HBMPC express GLP-1R. Moreover, 

diabetic conditions increased the expression of GLP-1R expression in HBMPC compared to 

control. (n=3 in duplicate, *P<0.05) 
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Western blot analysis of HBMPC lysate showed that pericytes express GLP-

1R. Pancreatic lysate was used as a positive control for GLP-1 expression according 

to GLP-1 R antibody vendor protocol. Our results confirmed that diabetic 

conditions increased the expression of GLP-1 in HBMPCs. (Figure 6).  

Figure 5. GLP-1R Expression in Pericytes. Human brain pericyte cells (HBMPC) were grown to 

confluency and switched to normal glucose (NG) serum free media (5mM Glucose and 20 mM 

L-Glucose) or high glucose serum free media (25mM Glucose and 200uM palmitate) for 48 

hours to mimic diabetic conditions. Cells were collected in TRIzol for mRNA extraction. cDNA 

was prepared form the extracted mRNA. RT-PCR reaction was performed on the cDNA and the 

expression of GLP-1R was normalized to GAPDH mRNA. Our results showed that HBMPC 

express GLP-1R mRNA. Moreover, diabetic conditions increased the expression of GLP-1R 

mRNA in HBMPC by 7 fold compared to control. (n=3 in duplicate, *P<0.05) 
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The expression of GLP-1R in brain pericytes was further confirmed in vivo 

using immunohistochemical studies and immunoblotting for mouse brain tissue. 

Immunohistochemical co-localization studies for brain pericytes is very 

challenging because pericytes shares many markers with neuronal and vascular 

smooth muscle cells such as NG-2 and PDGFR-β markers. To overcome this 

challenge, we generated transgenic mice that express Tomato-red in pericytes. 

PC-Tomato is tamoxifen-induced Cre-Lox P transgenic mice where pericytes 

express red fluorescent protein which made the pericytes co-localization studies 

more accurate and reliable. 

Figure 6. Diabetes Increases GLP-1R Expression in Pericytes. Human brain microvascular 

pericyte cells (HBMPCs) were grown to confluency and switched to normal glucose (NG) serum 

free media (5mM Glucose and 20 mM L-Glucose) and high glucose serum free media (25mM 

Glucose and 200uM palmitate) to mimic diabetic conditions for 48 hours. Cells were collected 

in RIPA buffer, normalized for protein load, and separated on an SDS-PAGE gel and transferred 

onto a nitrocellulose membrane.  Membranes were incubated with GLP-1R primary antibody 

and normalized to beta-actin. Pancreatic tissue was used as positive control for GLP-1R 

expression. Western blot analysis confirmed that HBMPCs express GLP-1R. Moreover, diabetic 

conditions increased GLP-1R in HBMPCs. (N=3, *P< 0.05). 
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Brain sections collected from PC-tomato mice were fixed and incubated 

with GLP-1R primary antibody followed with a green fluorescent secondary 

antibody. Our results showed the co-localization of GLP-1R (green) over the 

pericytes (red). These results indicate that brain pericytes express GLP-1R. (Figure 

7) 

 Next, we examined the effect of diabetes on GLP-1R expression in 

pericytes in vivo. Diabetes was induced in PC-Tomato mice using high fat diet and 

low dose STZ. GLP-1 expression in pericytes was examined using 

immunohistochemical studies, RT-PCR and immune blotting. Our results showed 

that diabetes increased the GLP-1R expression in brain pericytes (Figure 7). 

Moreover, our studies showed increase in mRNA levels and GLP-1R expression in 

whole brain homogenate (Figure 8, 9).  

 

 

Figure 7. Diabetes Increases GLP-1R Expression in Brain Pericytes. Immunohistochemical co-

localization studies between GLP-1R (Green) and pericytes (red). PC-Tomato mice are a 

transgenic Cre-LoxP mice that express red fluorescence protein in pericytes. Diabetes was 

induced in PC-Tomato mice and brains were collected and sectioned. Brain sections were 

incubated with GLP-1R primary antibody followed with green secondary antibody. Co-

localization of GLP-1R (green) to pericyte (red) showed that brain pericytes express GLP-1. 

Moreover, our results showed that diabetes increased the expression of GLP-1 in pericyte cells. 

(N=3, *<0.05). 
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GLP-1R Agonist Improves Vascular Integrity in Diabetes 

 Our previous studies showed that diabetes reduces the vascular integrity 

of cerebrovasculature and increases the blood brain barrier (BBB) permeability 

(Prakash, Johnson, et al. 2013). In addition, diabetes causes vascular remolding 

Figure 8. Diabetes Increases GLP-1R Expression in Whole Brain Homogenate. Diabetes was 

induced in using high fat diet and low dose STZ. Brain tissue was collected and homogenized in 

RIPA buffer. Equal protein loads were separated on an SDS-PAGE gel and transferred onto a 

nitrocellulose membrane. Membranes were incubated with GLP-1R primary antibody and 

normalized to beta-actin. Our results showed that diabetes increases the expression of GLP-1R 

in whole brain. (N=3, *P< 0.05). 

Figure 9. Diabetes Increases GLP-1R mRNA Level in Whole Brain. Diabetes was induced in 

using high fat diet and low dose STZ. Brain tissue was collected and homogenized in TRIazol 

for RNA isolation. cDNA was generated and GLP-1R expression was examined using RT-PCT. 

Our results showed that diabetes increases the mRNA levels of GLP-1R in brain tissue. (N=3, 

*P<0.05) 
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and induces pathological neovascularization in cerebrovasculature (Coucha et al. 

2019; Abdelsaid et al. 2017). 

Pericytes play a fundamental role in vascular remodeling as one of source of metal 

metaloproteases-9 (MMP-9)(Underly et al. 2017). In addition, pericytes stabilize 

the vessel and prevent pathological angiogenesis (Harrell et al. 2018). Our recent 

study showed that pericytes dysfunction in diabetes contribute to pathological 

neovascularization that takes place in cerebrovasculature (Coucha et al. 2019). 

In the present study, we determine the effect of GLP-1R agonist, Exendin-4, on 

pericytes in diabetes. We hypothesis that Exendin-4 prevent pericyte dysfunction 

in diabetes which leads to decrease pathological neovascularization and improves 

cerebrovascular integrity.  

GLP-1R Agonist Decreases Cerebrovascular Pathological Neovascularization in 

Diabetes. 

To determine the effect of Exendin-4 on cerebrovascular pathological 

neovascularization, mice were randomly divided into 3 group: Control, diabetes, 

and Diabetes + Exendin-4. Diabetes was induced using high fat diet and low dose 

STZ. Exendin-4 was administered using osmotic pump to assure continuous 

administration. Animal were sacrificed and brains were isolated, fixed and 

sectioned. Sections were stained with Isolectin-B4, vascular marker. 3D Z-stake 

images were acquired to quantify the cerebrovasculature. Images were processed 
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using FIJI software to examine neovascularization indices, vessel tortuosity, 

branching density, and vascular density. Diabetic brain sections demonstrated a 

significant increase in all three vascularization indices. Exendin-4 treatment 

reduced significantly all neovascularization indices (Figure 10). 

 

Figure 10. GLP-1RA Decreases Pathological Neovascularization in Diabetes. Diabetes was 

induced in 4-week mice using high fat diet followed by injection of streptozotocin (35 mg/kg). 

Exendin-4 treated diabetic mice were assigned surgery to implant an osmotic pump that 

released 35 ug/ kg/ day Exendin-4 over the course of 4 weeks. 40 um sections of control, 

diabetic and diabetic + Exendin-4 brains were stained for Isolectin B4 (red) and imaged. 

Diabetes increased all aspect of pathological neovascularization. Treatment with Exendin-4, 

GLP-1R agonist, significantly reduced all aspects of neovascularization and improved vascular 

integrity. (N=5-6, *P<0.05) 
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GLP-1R Agonist Decreases Cerebrovascular Remodeling in Diabetes. 

Metalloproteases (MMPs) are group of enzymes that degrades extracellular 

matrix (Huang 2018). MMP-9 contributes to vascular remodeling in diabetes 

(Jayashree et al. 2018). Pericytes secrete MMP-9 (Underly et al. 2017). We have 

previously shown that diabetes increases MMP-9 activity and vascular remodeling 

(Coucha et al. 2018). To determine the effect of Exendin-4 on cerebrovascular 

remodeling and MMP-9 activity, mice were randomly divided into 3 group: 

Control, diabetes, and Diabetes + Exendin-4. Diabetes was induced using high fat 

diet and low dose STZ. Exendin-4 was administered using osmotic pump to assure 

continuous administration. Animal were sacrificed and blood serum is collected. 

Serum was tested for MMP-9 activity using gelatinase assay (zymography).  Serum 

samples were run on an SDS- PAGE gel containing 10% gelatin, a protein that can 

be broken down by MMP-9. After running, the gels were renatured to and 

incubated in buffer to activate MMP-9. Coomassie blue dye is incubated with the 

gel to stain the protein in the gel. Our results showed that diabetes increased 

MMP-9 activity. Moreover, Exendin-4 treatment reduced significantly the MMP-9 

activity (Figure 11). 
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GLP-1R Agonist Restores BBB in Diabetes. 

 The blood brain barrier is formed by tight junction proteins between 

endothelial cells (Sweeney et al. 2019). Proteins that make up these junctions 

include claudin-5 and occludin (Sweeney et al. 2019). Pericytes contributes to the 

BBB. Pericytes secrete vascular endothelial growth factor (VEGF) which decreases 

the BBB and increases the vascular permeability (Warmke, Griffin, and Cubbon 

2016; Van Dyken and Lacoste 2018). Diabetes decreases BBB tight junction’s 

protein (Dong 2018). Our previous studies showed increases of VEGF in 

cerebrovasculature (Prakash, Li, et al. 2013). To determine the effect of GLP-1R 

Figure 11. GLP-1RA Decreases Vascular Remodeling and MMP-9 Activity in Diabetes.  

Diabetes was induced in 4-week mice using high fat diet followed by injection of streptozotocin 

(35 mg/kg). Exendin-4 treated diabetic mice were assigned surgery to implant an osmotic 

pump that released 35 ug/ kg/ day Exendin-4 over the course of 4 weeks. MMP-9 activity was 

assessed in serum using gelatinase activity assay. Our results showed that diabetes increased 

MMP-9 activity. Moreover, Exendin-4 treatment reduced significantly the MMP-9 activity. 

(N=3-4, *P<0.05) 
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agonist on BBB and VEGF production, we adopted 2 approaches. First, in vivo 

approach, where we determined the effect of Exendin-4 on expression of occludin 

expression in diabetic mice. Second approach is an in vitro approach where we 

examined the effect of Exendin-4 protein of VEGF and Occludin expression in 

human brain microvascular pericytes subjected to diabetic conditions. 

 Mice were assigned to 3 groups, control, Diabetic and Diabetic+Exendin-

4. Diabetes was induced using high fat diet and low dose STZ. Exendin was 

administered using osmotic pump. Brains were isolated, fixed and sections. Brain 

section was examined for Occludin expression using immunohistochemical 

studies. Our results showed that diabetic animals had significantly lower 

expression of Occludin. Treatment with Exendin-4 significantly restored Occludin 

expression (Figure 12).  

 On the second approach, HBMPCs were subjected to diabetic conditions. 

Cellular lysate was examined for VEGF and Occludin expression using 

immunoblotting. Our results showed that HBMPCs subjected to diabetic 

conditions showed elevated levels of VEGF production and decreased levels of 

Occludin expression. Treatment with Exendin-4, GLP-1 R agonist significantly 

reduced VEGF production and increased Occludin expression (Figure 13).  
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Figure 12. GLP-1RA Improves BBB and Vascular Permeability in Diabetes. Diabetes was 

induced in C57 BL wild type mice high fat diet and low dose streptozotocin. Exendin-4 was 

administered using osmotic pump that released 35 ug/ kg/ day Exendin-4 over the course of 

4 weeks. Brains were sections into 40 um sections and stained for Occludin, tight junction 

protein. Diabetes decreased Occludin expression compared to control. Treatment of diabetic 

animals with Exendin-4 significantly increased Occludin expression, improving blood brain 

barrier permeability in diabetic mice. (N=3-4, *P<0.05) 

 

Figure 13. GLP-1RA Pericytes Mediated BBB and Permeability in Diabetes. Human Brain 

Pericyte cells were grown to 90% confluency and switched to normal glucose (NG) serum free 

media (SFM) (5mM Glucose and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 

200uM palmitate) or Exendin-4 treated High glucose SFM treatment (25mM Glucose, 200uM 

palmitate, and 0.5 nM Exendin-4). Cells were grown to confluency and switched to SFM for 48 

hours. Diabetes increased VEGF expression and decreased Occludin expression. Treatment 

with Exendin-4 significantly decreased pericytes VEGF production and increased Occludin 

expression (N=3, *P< 0.05). 
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GLP-1R Agonist Alleviates Diabetes-Induced VCID 

 Vascular cognitive impairment and dementia (VCID) is a disorder that 

results in decline in the learning and memory functions. Aging, cardiovascular 

disorders, stroke, ischemia, Alzheimer’s disease, hypertension, obesity, 

dyslipidemia and diabetes are among the risk factors for VCID (Murphy, Corriveau, 

and Wilcock 2016; Fouda, Fagan, and Ergul 2019; Gannon et al. 2019). The severity 

of VCID depends on the cerebrovascular integrity and duration and severity of the 

cardiovascular risk factor. Diabetes causes chronic metabolic changes that 

deteriorate cerebrovascular functions. We have recently showed that diabetes 

causes pericyte dysfunction that leads to loss of vascular integrity and VCID 

(Coucha et al. 2019). In the present study we test the hypothesis if we could target 

pericytes using GLP-1R agonists to prevent pericyte dysfunction in diabetes. To 

test this hypothesis we induced diabetes in mice and treated with Exendin-4, the 

GLP1R agonist. The learning and memory functions were assessed using Morris 

Water Maze and Barnes Maze, well established animal models that examine the 

cognitive function (Barnhart, Yang, and Lein 2015; Rosenfeld and Ferguson 2014). 

For water maze, Control, Diabetic, and Diabetic + Exendin-4 groups were trained 

over three days to find a stage (a safe goal zone) in a water pool. Cognitive function 

was determined by quantity of time spent in a goal zone and times entered into 

the goal zone when the stage is removed from the pool. For Barnes maze, mice 

groups were trained over three days to find a safe dark box (goal zone) in multiple 

pseudo-boxes. Similar to the water maze, cognitive function was determined by 
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quantity of time spent in a goal zone and times entered into the goal zone. Our 

results showed that diabetes significantly impaired the learning and memory 

functions compared to control mice. Treatment with Exendin-4 significantly 

improved the diabetic cognitive function in both metrics (Figure 14-15).  

 

 

 

Figure 14. GLP1R Agonist Alleviates Diabetes Induced VCID. Diabetes was induced in C57 BL 

wild type mice high fat diet and low dose streptozotocin. Exendin-4 was administered using 

osmotic pump that released 35 ug/ kg/ day Exendin-4 over the course of 4 weeks. Memory and 

learning of mice were assessed at Week 11 using the Morris Water Maze. Animals were trained 

3 consecutive days to be able to find an invisible platform in a pool of water to escape having to 

swim (stressor). Three visual cues were placed around the pool. On testing day, animals that 

swam into the quadrant containing the platform and spent more time in the quadrant 

demonstrated a better ability to learn and remember the platform location. Diabetic animals 

entered the goal zone significantly less and spent significantly less time in the goal zone. Diabetic 

animals treated with Exendin-4 performed better in both cognitive tests (N=3-5, *P< 0.05). 
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GLP-1R Agonist Improves Pericyte Function in Diabetes  

 Pericytes are located next to endothelial cells that compose the vessel. 

Pericytes plays crucial functions in the cerebrovasculature stabilization. Pericytes 

control BBB, and capillaries blood flow (Sweeney, Ayyadurai, and Zlokovic 2016). 

Pericytes guide endothelial and orchestrate angiogenesis (Sweeney, Ayyadurai, 

and Zlokovic 2016). Pericytes has some phagocytosis and stem-cell like properties 

that appears in response to ischemia or vascular damage (Hu et al. 2017). We have 

shown that diabetes causes pericytes dysfunction (Coucha et al. 2019). Diabetes 

induced hyperglycemia alters pericytes functions. Diabetes causes increased 

Figure 15. GLP1R Agonist Alleviates Diabetes Induced VCID. Diabetes was induced in C57 BL 

wild type mice high fat diet and low dose streptozotocin. Exendin-4 was administered using 

osmotic pump that released 35 ug/ kg/ day Exendin-4 over the course of 4 weeks. Memory and 

learning of mice were assessed at Week 11 using the Barnes Maze. Animals were trained 3 

consecutive days to be able to find an escape box to escape the brightly lit table (stressor). 

Three visual cues were placed around the table. On testing day, animals that entered the 

quadrant containing the escape box and spent more time in the quadrant demonstrated a 

better ability to learn where the box was and remember how to find it. Diabetic animals 

entered the goal zone significantly less and spent significantly less time in the goal zone. 

Diabetic animals treated with Exendin-4 performed better in both metrics (N=3-5, *P< 0.05).  
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pericytes oxidative stress and migration and decrease pericytes viability (Harrell 

et al. 2018; Coucha et al. 2019). 

GLP-1R Agonist Prevents Diabetes-Induced Pericyte Migration  

In the present study we examine the hypothesis that GLP-1R agonists could 

restore pericytes function in diabetes. To test the effect of GLP-1 on diabetes-

induced pericyte migration, cells were grown to confluency and switched to 

normal glucose SFM, high glucose SFM, or high glucose SFM treated with Exendin-

4. Pericytes migration were assessed using scratch assay.  The monolayer was 

disrupted and allowed to migrate for 24 hours. Cells exposed to diabetic 

conditions showed increased pericytes migration compared to control. Treatment 

pericytes with Exendin-4 reduced diabetes induced migration. (Figure 16).  

GLP-1R Agonist Prevents Diabetes-Induced Pericyte Oxidative Stress  

Diabetes is known to contribute to an increase in cellular oxidative damage 

(Newsholme et al. 2016). To examine the effects of Exendin-4 on diabetes-induced 

pericytes oxidation stress, cells were grown in switched to normal glucose SFM, 

high glucose SFM, or high glucose SFM treated with Exendin-4 and allowed to 

react with Dihydroethidium overnight. Dihydroethidium specifically reacts with 

ROS, becoming more fluorescent with increasing ROS. Diabetic conditions caused 

a significant increase in intracellular ROS generation. Treatment with Exendin-4 

decreased the amount of intracellular ROS (Figure 17). 
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Figure 16. GLP-1R Agonist Improves Pericyte Migration. Human Brain Pericyte cells were grown 

to 90% confluency and transfected with GFP in order to better visualize location. Cells were 

then seeded in normal glucose (NG) serum free media (SFM) (5mM Glucose and 20 mM L-

Glucose), high glucose SFM (25mM Glucose and 200uM palmitate) or Exendin-4 treated high 

glucose SFM treatment (25mM Glucose, 200uM palmitate, and 0.5 nM Exendin-4). Cell 

monolayer was scratched and distance between cells was measured at 0 hr and 24 hrs. Diabetic 

conditions increased significantly pericytes migration. Treatment with Exendin-4 normalized PC 

migration (N=4, *P<0.05). 

Figure 17. GLP-1R Agonist Improves Pericyte Oxidative Defense. Human Brain Pericyte cells 

were grown to 90% confluency and switched to normal glucose (NG) serum free media (SFM) 

(5mM Glucose and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 200uM palmitate) 

or Exendin-4 treated High glucose SFM treatment (25mM Glucose, 200uM palmitate, and 0.5 

nM Exendin-4). Cells were reacted with DHE to measure intracellular ROS. Diabetic conditions 

increased significantly pericytes oxidative stress. Treatment with Exendin-4 significantly 

improved pericytes oxidative defense. (N=3, *P<0.05). 
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GLP-1R Agonist Prevents Diabetes-Induced Systemic Oxidative Stress  

Glutathione system is one of the efficient antioxidant defense system in 

body (Forman, Zhang, and Rinna 2009). The amount of the reduced glutathione 

represents an indication of the intracellular oxidative environment. Cells with an 

increased amount of oxidized glutathione and less reduced species have a higher 

degree of intracellular oxidative defense. To test the effect of GLP-1 R agonist on 

systemic antioxidant defense, serum from control, diabetic and diabetic treated 

with Exendin-4 were assessed for reduced and oxidized glutathione. Serum from 

diabetic animals showed higher ratios of oxidized glutathione and decreased the 

reduced form. Treatment with Exendin-4 significantly restored reduced 

glutathione and decrease the oxidized glutathione ratio. (Figure 18). 

 

 

Figure 18. GLP-1R Agonist Improves Systemic Antioxidant Defense. Diabetes was induced in 

C57 BL wild type mice high fat diet and low dose streptozotocin. Exendin-4 was administered 

using osmotic pump that released 35 ug/ kg/ day Exendin-4 over the course of 4 weeks. Serum 

from diabetic animals showed higher ratios of oxidized glutathione and decreased the reduced 

form. Treatment with Exendin-4 significantly restored reduced glutathione and decrease the 

oxidized glutathione ratio. (N=4-5, *P<0.05) 
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GLP-1R Agonist Improves Pericytes Viability in Diabetes 

Diabetes causes pericyte drop out in diabetic retinopathy (Beltramo and 

Porta 2013). Increasing cell oxidative stress in diabetes potentially damages the 

pericytes and decreases the viability. We examined the effect of Exendin-4 on the 

cell viability. We determined cell viability using MTT viability assay kit. HBMPCs 

were grown in normal glucose or high glucose serum free medium. Diabetic 

conditions significantly decrease HBMPCs. Treatment with Exendin-4 significantly 

improved pericytes viability under diabetic conditions. (Figure 19) 

 

 

 

 

 

 

 

Figure 19. GLP-1R Agonist Improves Pericyte Viability. Human Brain Pericyte cells were 

grown to 90% confluency and switched to normal glucose (NG) serum free media (SFM) 

(5mM Glucose and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 200uM 

palmitate) or Exendin-4 treated High glucose SFM treatment (25mM Glucose, 200uM 

palmitate, and 0.5 nM Exendin-4). Cells were grown in SFM for 48 hours and reacted with 

MTT reagent to determine cell viability. Cells that are more viable demonstrate greater 

reduction of the MTT reagent. Pericytes grown in HG SFM had significantly diminished 

viability compared to cells in NG SFM. Treatment of HG with Exendin-4 improved cell viability 

(N=3, *P<0.05).  
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GLP-1R Agonist Decreases Pericyte Inflammation in Diabetes 

 Diabetes increases systemic as well pericytes inflammation. To examine 

the effect of GLP-1 R agonist on diabetes-induced inflammation in pericytes, 

HBMPCs were grown in normal glucose or high glucose media with or without 

Exendin-4 treatment.  Cells were collected and examined for inflammatory 

markers, IL-1β and TNF-α using immunoblotting. Diabetic conditions significantly 

increased the expression of IL-1β and TNF-α. Exendin-4 treatment significantly 

reduced the inflammation in pericytes under diabetic condition (Figure 20). 

 

 

Figure 20. GLP-1R Agonist Decreases Pericytes Inflammation in Diabetes. Human Brain 

Pericyte cells were grown to 90% confluency and switched to normal glucose (NG) serum free 

media (SFM) (5mM Glucose and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 

200uM palmitate) or Exendin-4 treated High glucose SFM treatment (25mM Glucose, 200uM 

palmitate, and 0.5 nM Exendin-4). Cells were grown to confluency and switched to SFM for 48 

hours. Western blot analysis was performed for inflammatory markers TNF-α and IL1β in 

HBMPC lysate. B- actin was used as an internal control. Diabetes increased inflammatory 

markers while treatment with Exendin-4 decreased inflammation (N=3-5, *P< 0.05). 
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GLP-1R Agonist Increases Pericyte Survival and Decreases Apoptotic Signaling in 

Diabetes 

 In response to different conditions, cells change their intracellular 

signaling. Increasing ROS likely leads to pathways tied to inflammation and 

apoptosis (Huang et al. 2018; Biswas 2016). Pericyte apoptotic and survival 

signaling was examined by immunoblotting lysate collected from pericyte cells 

grown in normal glucose SFM, high glucose SFM, or high glucose SFM treated with 

Exendin-4 for 48 hours. The ratio of pAkt/Akt was used as a metric to determine 

survival. Phosphorylation of Akt has a downstream cascade that promotes survival 

and downregulates pro-apoptotic signals. Pericyte apoptosis was determined by 

the apoptotic signal, cleaved caspase-3. Pericytes grown in high glucose SFM had 

an increased cleaved caspase 3 signal. Pericytes in high glucose SFM treated with 

Exendin-4 had an increased survival signal and a decreased apoptosis signal 

(Figure 21). 
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Diabetes Increases GLP-1R Nitration in Pericytes 

 Peroxynitrite is generated in the cell when superoxide (ROS) reacts with 

intracellular nitric oxide. Peroxynitrite can react with cell components causing 

nitrative damage. Peroxynitrite reacts with tyrosine amino acids in proteins, 

damaging them. The GLP-1R is rich in tyrosine and increased nitration indicates 

Figure 21. GLP-1R Agonist Increases Pericyte Survival and Decreases Inflammation Beyond 

Glycemic Control. Human Brain Pericyte cells were grown to 90% confluency and switched 

to normal glucose (NG) serum free media (SFM) (5mM Glucose and 20 mM L-Glucose), high 

glucose SFM (25mM Glucose and 200uM palmitate) or Exendin-4 treated High glucose SFM 

treatment (25mM Glucose, 200uM palmitate, and 0.5 nM Exendin-4). Cells were grown to 

confluency and switched to SFM for 48 hours. Western blot analysis was performed for 

phospho-Akt, Akt, and Caspase 3 in HBMPC lysate. B- actin was used as an internal control. 

Cells grown in HG conditions showed increased expression of apoptotic markers (caspase 

3). Treatment with Exendin-4 decreased apoptosis and significantly improved the pericyte 

survival signal (pAkt/Akt) (N=3-5, *P< 0.05). 
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receptor damage. Cells grown in high glucose SFM have an increased nitration of 

all cellular proteins with tyrosine (Figure 22) and specifically nitrated GLP-1R. 

Treatment with Exendin-4 reduced the nitrative damage (Figure 23).  

 

 

Figure 22. Diabetes Increases Cellular Nitration in Pericytes. Human Brain Pericyte cells were 

grown to 90% confluency and switched to normal glucose (NG) serum free media (SFM) (5mM 

Glucose and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 200uM palmitate) or 

Exendin-4 treated High glucose SFM treatment (25mM Glucose, 200uM palmitate, and 0.5 nM 

Exendin-4). Cells were grown to confluency and switched to SFM for 48 hours. Western blot 

analysis was performed using nitrotyrosine primary antibody. B- actin was used as an internal 

control. Cells grown in HG conditions showed increased nitration of cellular proteins (N=3-5, 

*P< 0.05). 
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Figure 23. Diabetes Increases GLP-1R Nitration in Pericytes. GLP1R was 

immunoprecipitated from human brain microvascular pericyte cells grown to 90% 

confluency and switched to normal glucose (NG) serum free media (SFM) (5mM Glucose 

and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 200uM palmitate) or 

Exendin-4 treated High glucose SFM treatment (25mM Glucose, 200uM palmitate, and 0.5 

nM Exendin-4). Cells were grown to confluency and switched to SFM for 48 hours. Lysate 

was collected in RIPA buffer and incubated with GLP1R antibody for 4 hours before being 

rocked in agarose resin overnight. Samples were mixed with laemmeli buffer and heated 

at 80C for 20 minutes before being separated on an SDS page gel. Gels were transferred 

onto a nitrocellulose membrane and blocked using 0.1 % horse serum in 1x PBS. 

Membranes were reacted with GLP-1R primary antibody and Nitrotyrosine primary 

antibody then reacted with the appropriate secondary antibody conjugated to HRP. The 

nitrated tyrosine moiety, nitrotyrosine, is significantly more present on GLP1R in HG SFM. 

Treatment of HG SFM with Exendin-4 demonstrates a decreased nitration of the receptor 

(N=3, *P< 0.05). Receptors in HG conditions are more likely to be damaged due to the 

increased presence of RNS and ROS. Exendin-4 treatment reduces this oxidative stress, 

preventing damage. 
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Silencing GLP-1R in Pericytes Removes Protective Ability of GLP-1 Agonist 

 Many of the intracellular changes in pericytes can be attributed to the 

increase in reactive oxygen species that are in pericytes exposed to diabetic 

conditions. To show that the change in cell function was due to activation of GLP-

1R instead of an intrinsic antioxidant ability of Exendin-4, the GLP-1R was silenced 

using siRNA and exposed to Exendin-4. Pericytes in high glucose serum free media 

treated with Exendin-4 and silenced GLP-1R demonstrated significantly increased 

migration compared to all other treatments.  

 

 

Figure 24. Silencing GLP-1R in Pericytes Abolish the Protective Effects of GLP-1 Agonist. 

Human Brain Pericyte cells were grown to 90% confluency and transfected with GFP in 

order to better visualize location. Cells were also transfected with Scrambled RNA (ScRNA) 

or SiRNA specific to GLP-1R. Cells were then seeded in normal glucose (NG) serum free 

media (SFM) (5mM Glucose and 20 mM L-Glucose), high glucose SFM (25mM Glucose and 

200uM palmitate) or Exendin-4 treated high glucose SFM treatment (25mM Glucose, 

200uM palmitate, and 0.5 nM Exendin-4). Cell monolayer was scratched and distance 

between cells was measured at 0 hr and 24 hrs. Diabetic conditions increased significantly 

pericytes migration. Treatment with Exendin-4 normalized PC migration. Silencing of GLP-

1R completely eliminated the effect of Exendin-4 treatment (N=4, *P<0.05). 
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Figure 25. Hypothesis. I propose that pericyte cells experience dysfunction due to a 

change in cell signaling caused by a change in cell function induced by diabetes. This 

change in pericyte signaling causes a reduction in vascular integrity, introducing cognitive 

damage that impacts memory and learning. By treating pericytes with a GLP-1R agonist, 

the damage that diabetes causes will be reduced, protecting against vascular remodeling 

and improving the cognitive consequences of diabetes.  
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CHAPTER 4 

 

DISCUSSION 

 

The main finding of the current proposal are: 

1. Diabetes causes pericyte-dysfunction and cerebrovascular remodeling that 

leads to loss of cerebrovascular integrity and BBB functions which leads to 

vascular cognitive impairment and dementia (VCID). 

2. Our results showed for the first time that brain pericytes express GLP-1 

receptor.  

3. Exendin-4, GLP-1 agonist, decreased MMP-9 activity and increased Occludin 

expression in pericytes that leads to improve vascular integrity and BBB 

functions and VCID. 

4. Exendin-4, GLP-1 receptor agonist (GLP-1RA) restored the pericyte 

dysfunctions in diabetes through:  

a. GLP-1RA improves pericytes viability and decreases apoptosis 

b. GLP-1RA improves pericytes oxidative & nitrative defense 

c. GLP-1RA normalizes pericytes migration 

d. GLP-1RA decreases pericytes inflammation in independent to 

hyperglycemia   
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e. GLP-1 agonist may represent an attractive therapeutic treatment for 

VCID.  

The purpose of the current project was to test the hypothesis that activation of 

GLP-1 receptor in pericytes prevents diabetes-induced pericyte dysfunction 

leading to improvement of cerebrovascular integrity to treat vascular cognitive 

impairment and dementia (VCID).  

 GLP-1R agonists are primarily used in diabetic treatment due to their 

glycemic control without the risk of hypoglycemia. Additionally, GLP-1R agonists 

provide a feeling of satiety, helping with weight management (Inoue et al. 2015; 

Palleria et al. 2017). Clinical studies showed the effectiveness of Exendin-4 for 

glycemic control (Buse et al. 2004). In addition, Gonzalez et al. showed that GLP-

1R activation in the pancreas of the animals reduced hyperglycemia by increasing 

insulin secretion in a glucose dependent manner (Gonzalez et al. 2006). Our 

metabolic results confirmed both experimental results and showed a significant 

glycemic control ability of Exendin-4.   

 GLP-1R agonists showed neuroprotective effects beyond glycemic control 

in some neurological disorders (Gault and Holscher 2018; Holscher 2018; Tai et al. 

2018). However, the exact mechanism was not clear especially since GLP-1 

receptor has been shown to be expressed in several cell types in the brain 

neurovascular unit (Tai et al. 2018). A recent study showed retinal pericytes 

express a receptor to GLP-1, (Lin et al. 2018). Pericytes are heavily involved in the 

maintenance of the vasculature, blood brain barrier and regulate angiogenesis. 
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The effect of GLP-1 against on brain pericytes for vascular and neuroprotection 

was not clear (Ergul et al. 2014). Our studies addressed this knowledge gap. Our 

studies showed that human brain pericytes expressed GLP-1R. We confirmed that 

GLP-1R is expressed in the brain and specifically on brain pericytes using a 

multitude of methods. We utilized immunohistochemistry co-localization studies, 

immunoblotting, and RT-PCT RNA amplification. All experiments confirmed the 

novel finding of the expression of GLP-1R on brain pericytes.  

Our findings showed that GLP-1R mRNA levels and protein expression were higher 

in pericytes exposed to diabetic condition compared to pericytes grown under 

normal glucose conditions. Similar results were detected in diabetic animal 

compared to control.  

Diabetes-induced cerebrovascular complication causes VCID. Diabetes 

causes increases in vascular permeability and increases in immune cell infiltration 

which damagesneurons and causes dementia (Mracsko and Veltkamp 2014; Ergul 

et al. 2014; Fouda, Fagan, and Ergul 2019). Vascular permeability is increased in 

other neurological disorders such as Alzheimer’s disease (AD) and stroke (Liu et al. 

2012; Montagne, Zhao, and Zlokovic 2017). The blood-brain barrier (BBB) prevents 

neurotoxic and macrophages out of the brain. BBB breakdown is a common event 

in VCID of different pathogenies such as AD, stroke, aging, and cardiovascular 

events (Cipollini, Troili, and Giubilei 2019; Rosenberg 2017). Montagne et al. (year) 

showed that breakdown of BBB and decrease of the expression of tight junction’s 

proteins occurs in AD even before expression of AD biomarkers or dementia 
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occurs (Montagne, Zhao, and Zlokovic 2017). Expression of tight junction’s protein 

has been used as biomarker for BBB (Montagne, Zhao, and Zlokovic 2017; Liu et 

al. 2012). Pericytes regulates BBB by secreting various factors and tight junctions’ 

proteins. although the decrease in tight junction protein seen in diabetes and AD 

are likely rooted in different mechanisms, both damage neurons through this 

increase in permeability (Mracsko and Veltkamp 2014). Geranmayeh et al. showed 

that loss of pericytes functions leads to blood-brain barrier permeability and VCID 

(Geranmayeh, Rahbarghazi, and Farhoudi 2019). Our results showed that diabetes 

similarly causes loss of pericytes function. Diabetes decreased pericytes 

production of tight junction protein, Occludin, in mice. Shan et al. showed that 

exindin-4 can alleviate ischemia-induced inflammation and BBB breakdown 

through an astrocyte-dependent manner. (Shan et al. 2019). Our results showed 

that treatment of diabetic mice with Exendin-4 improves the expression of 

Occludin in pericytes.  

 Another fundamental factor in pericytes regulation of BBB are 

metalloproteases (MMPs) (Abreu and de Brito Vieira 2016). Pericytes has been 

linked to the secretion of proteases, further diminishing the integrity of the BBB 

(Lin et al. 2018; Prakash et al. 2012; Underly et al. 2017; Geranmayeh, 

Rahbarghazi, and Farhoudi 2019). Increase in MMP-9 activity has also been linked 

to a decrease in blood brain barrier protein integrity through breakdown of the 

tight junction proteins (Geranmayeh, Rahbarghazi, and Farhoudi 2019). Our 

results showed that diabetes increases the MMP-9 activity. We showed that 
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human brain pericytes grown in high glucose diabetic conditions have a higher 

activity of MMP-9. Our results showed that treatment of pericytes with Exendin-

4 decreased MMP-9 activity. These results came in agreement with Kuroki et al.  

who showed that treatment with Exendin-4 inhibited MMP-9 activation in acute 

ischemic stroke with transient hyperglycemia (Kuroki et al. 2016). 

Our group showed previously that diabetes-induced vascular remodeling 

causes pathological neovascularization in cerebrovasculature (Coucha et al. 2019). 

We found that diabetes causes pathological neovascularization in part through 

pericyte dysfunction. In the present study we examined the effect of GLP-1 

agonist, Exendin-4, on diabetes-induced pathological neovascularization. Our 

results showed that Exendin-4 treated diabetic mice have a decrease in brain 

vasculature compared to untreated diabetic mice. This decrease in vasculature is 

the result of a decrease in pathological neovascularization through either the 

direct activity of the Exendin-4 treatment or the glycemic control that the 

treatment offers. To further investigate this question, we conducted all our in vitro 

pericytes studies under hyperglycemic conditions. 

 Pericytes are responsible for coordinating angiogenesis through 

communication with the endothelial cells of the vessel through an exchange of 

signals. VEGF secreted by pericytes has been shown to increase vascular 

permeability and neovascularization (Warmke, Griffin, and Cubbon 2016; Coucha 

et al. 2019). In diabetic conditions, we showed that human brain pericytes 

increase the secretion of VEGF. Treatment with Exendin-4 decreases this 
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expression in diabetic conditions, likely contributing to the reduction in 

vascularization in vivo. This upregulation of VEGF also occurs in AD and obesity, 

other diseases with pathological neovascularization and linked to cognitive 

dysfunction (Coucha et al. 2019; Van Dyken and Lacoste 2018). 

We have shown that pericytes change their expression of pro-angiogenic/ 

pro-permeability factors, leading to vascular disruption and loss of vascular 

integrity. Diabetic mice demonstrated improved memory and learning when 

treated with Exendin-4. Improvement on memory and learning tests was 

correlated to the improvement in vascular integrity through Exendin-4 treatment 

of diabetes, leading us to believe that the improvement was due to the 

improvement in vascular integrity.  

 In diabetes, pericytes have been shown to be less likely to be attached to 

the vasculature in vivo (Geranmayeh, Rahbarghazi, and Farhoudi 2019). Diabetes 

has been shown to decrease pericyte attachment by and increase migration in a 

similar study (Pfister et al. 2008). Shin et al. on the contrary showed that 

hyperglycemia can retard the pericytes migration (Shin et al. 2014). Our data 

showed that pericytes grown in hyperglycemic conditions increased pericytes 

migration. We believe that this discrepancy is due to different experimental 

conditions. We believe that the difference in experimental conditions might 

explain the discrepancy between both studies. Shin et al. exposed mouse retinal 

pericytes for five days of hyperglycemia. They used 40.7 mM d-glucose to induce 

hyperglycemia, which is 8-times normal glucose levels. In our studies, we 
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subjected human retinal pericytes to 25 mM d-glucose, which is 5-times normal 

glucose and more clinically relevant.  Moreover, we used a shorter duration of 

serum-free hyperglycemic exposure. Our results showed that Exendin-4 

treatment significantly normalized migration of pericytes under hyperglycemic 

conditions.  

 One of the hallmarks of diabetes is an increase in cellular oxidative stress 

due to an increased flux of glucose causing excess ROS generation (Wu and 

Cederbaum 2003). ROS generation in hyperglycemic cells has been attributed to 

increased flux through pro-oxidative stress pathways such as the polypol pathway, 

hexosamine pathway, PKC pathway, and AGEs pathway (Ighodaro 2018). We 

showed that Exendin-4 treatment in hyperglycemic conditions reduces the 

oxidative stress in pericyte cells through intracellular superoxide anion reaction 

with dihydroethidium. These results came in agreement with Roan et al. (Roan et 

al. 2018). Roan et al. showed that the neuro-protective effect of Exendin-4 occurs 

via modulation of inflammation, oxidative stress, neuro-degeneration. Increased 

ROS production can lead to neuronal injury on its own, without affecting BBB 

permeability (Muriach et al. 2014). Exendin-4 treatment can directly reduce 

neuronal damage in-vivo by reducing hyperglycemia induced oxidative damage. 

 The cells oxidative defense, glutathione, is affected by the hyperglycemia induced 

oxidative stress. Glutathione is the most abundant thiol produced in cells and is a 

large contributed in maintaining cellular redox homeostasis (Forman, Zhang, and 

Rinna 2009). In red blood cells, the glutathione defense is significantly diminished 
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due to an increase in oxidized glutathione (Dincer et al. 2002). Cells demonstrate 

worsened glutathione redox states with decreased glycemic control (Dincer et al. 

2002). Furthermore, treatment of pericytes in hyperglycemic conditions with 

Exendin-4 improves the ratio of reduced (GSH): oxidized (GSSG) glutathione 

species in pericytes. Improving the cell’s oxidative state and oxidative defense is 

important in protecting the cell’s DNA, lipids, and proteins from oxidative damage, 

protecting from cell injury (Wu and Cederbaum 2003).  

 Diabetes has been associated with a chronic inflammation (Muriach et al. 

2014). This inflammation is rooted in hyperglycemia causing to increased 

mitochondrial stress and increased endoplasmic reticulum stress (Muriach et al. 

2014). Both stresses converge by causing an increase in intracellular ROS, 

eventually leading to production of inflammatory cytokines such as TNF-a and IL1B 

(Muriach et al. 2014). Inflammation has been associated with being a disorder of 

over nutrition such as hyperlipidemia in obesity or hyperglycemia in diabetes. In 

an in-vitro cell culture of pericytes, we showed that treatment of hyperglycemic 

conditions with Exendin-4 reduced expression of the inflammatory markers IL-1B 

and TNF-a. This decrease is likely a direct consequence of improving the cell 

oxidative and nitrative defense. 

Treatment of pericyte cells with Exendin-4 in hyperglycemic conditions 

increased the phosphorylation of Akt relative to Akt, thus, improving the survival 

of the pericytes. The pro-apoptosis protein, caspase-3, was used as a marker to 

determine cellular apoptotic signaling. Both the ROS and inflammatory pathways 
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eventually lead to the encouragement of apoptosis or necrosis (Muriach et al. 

2014). We showed that pericytes grown in diabetic conditions showed increased 

caspase-3 signaling while treatment with Exendin-4 decreased cellular caspase-3 

signaling. Kawluru et al. have backed this, showing that the increase in glucose is 

associated with an increase in caspase-3, thus, cell death (Kowluru and Koppolu 

2002). Other studies have shown that an increase in Akt activation cause a 

decrease in inflammation (Yin et al. 2007). 

The pro-survival signal pAkt also causes a cascade that inhibits the 

production of caspase-3, further improving cell survival in hyperglycemic 

conditions (Osaki, Oshimura, and Ito 2004). This inflammation and apoptosis have 

been shown to be linked in other cells, likely signaling for pericyte cell death 

(Muriach et al. 2014).  

Overall, the ROS, apoptosis, and inflammatory pathways converge to 

diminish the functions of the pericyte in diabetes. We showed that the viability of 

pericytes in hyperglycemic conditions was lower and that treatment with Exendin-

4 improved viability.  

The altered redox state of diabetic pericytes contributes to cellular 

damage, contributing to apoptosis and diminished cellular function. Peroxynitrate 

is generated from a reaction between superoxide and nitric oxide (Ahsan 2013). 

This reactive nitrogen species can react with tyrosine moieties in peptides, 

damaging them. Our results came in agreement, pericytes grown in diabetic 
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conditions displayed increased nitration of proteins with tyrosine moieties 

compared to cells grown in a normal glucose environment. The GLP-1R is a protein 

that is rich in tyrosine amino acids (Zhang et al. 2017). Zhang et al. showed that 

the tyrosine moiety in transmembrane domain number one and seven are 

essential for the receptor function. Any alteration or modification leads to loss of 

function of the receptor (Zhang et al. 2017). Our immunoprecipitation results 

confirmed nitration of GLP-1 receptor. We showed that pericytes treated with 

Exendin-4 in hyperglycemic conditions had less nitration of GLP-1R compared to 

untreated diabetic pericytes. These results might explain the loss of function of 

the receptor in diabetes even with increase in the expression. This increase is just 

a compensatory mechanism that diabetic pericytes tries to compensate for 

nitration-induced loss of function.  

To examine the molecular mechanism of the protective effects of the GLP-

1R agonist, Exendin-4 on pericytes occurs due to intrinsic properties of the 

Exendin-4 or due to activation of GLP-1R. We silenced the GLP-1R in pericytes and 

we examined its effect on cell migration. Exendin-4 significantly reduced the 

migration of pericytes under diabetic conditions. These effect were completely 

lost after the silencing of GLP-1R. These results confirms that the protective effects 

of the GLP-1R agonist on pericytes in diabetes occurs via the GLP-1 R. These results 

emphasis the importance and the novel role of GLP-1R in pericytes.    

Overall, we have shown that GLP-1R plays a role in normalizing the 

dysfunction in pericyte cells caused by diabetes. Moreover, activation of the GLP-
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1R receptor in vitro reduced both oxidative and nitrative damage to the cell 

inhibiting inflammatory and apoptotic pathways in the pericyte, even in 

hyperglycemic conditions. Because of this reduction in intrinsic pericyte damage, 

cell viability, inflammation, apoptosis, and pericyte cell loss through migration are 

all improved, normalizing the pericytes function.  

We have shown that diabetes affects the pericytes control for the vascular 

architecture of the brain. In diabetes, pericytes increase their expression of MMP-

9 and BBB breakdown. Diabetic pericytes also increase recruitment of vascular 

cells through increased pro-angiogenic VEGF secretion. All pro-angiogenic aspects 

lead to increased pathological neovascularization in vivo. Activation of the GLP-1R 

in pericytes in hyperglycemic conditions reverses expression and activity of all pro-

angiogenic factors, reducing the pathological neovascularization caused by 

hyperglycemia.  

Furthermore, through treatment and restoration of the vascular integrity, 

we showed that the cognitive function is restored through pericyte treatment. 

This cognitive restoration may not be entirely in part due to exclusively the 

restoration of the pericyte function. 
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CHAPTER 5 

CONCLUSIONS 

In summary, the data collected shows that pericytes play a large role in 

stabilization of the microvasculature in diabetic conditions, contributing to 

improvement of VCID. GLP-1R treatments have been known to provide 

neuroprotection in diabetes; however, the mechanism by which protection occurs 

was previously unknown. We demonstrated that brain pericyte GLP-1R signaling 

plays a role in this neuroprotection by preventing pathological angiogenesis. This 

study represents the first time GLP-1R has been shown to be expressed on brain 

pericytes, allowing us to elucidate the mechanism by which GLP-1 treatment 

improves pericyte function. Treatment of pericyte cells with Exendin-4 improves 

viability by improving oxidative stress, apoptosis, inflammation, and survival. 

Improvement of pericyte function was correlated with the stabilization of vessels 

and improvement of VCID, suggesting pericytes play an important role in this 

mechanism. Improvement in pericyte function is likely not the only mechanism by 

which neuroprotection occurs, however, we have implicated pericytes as playing 

a strong role in preventing VCID in diabetes.   
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CHAPTER 6 

FUTURE DIRECTIONS 

The project set the foundation for future studies. Our studies showed that 

pericyte express GLP-1 receptor and stimulation of the GLP-1 receptor improves 

pericyte function in diabetes. Future studies are required to investigate the 

molecular mechanism by which GLP-1 receptor stimulation decrease 

inflammation, oxidative stress and migration of pericytes under diabetic 

conditions. We plan to investigate the downstream signaling of GLP-1 R that alters 

the expression of inflammatory and oxidative stress markers in pericytes.  

Furthermore, we will investigate the role of GLP-1 receptor agonist in 

interaction between pericytes and endothelial cells in vasculature with different 

cell types that express GLP-1 R such as astrocytes and neurons.  
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