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 Cardiovascular disease (CVD) is a leading cause of mortality globally. Metabolic 

diseases, such as obesity, are major risk factors for CVD development. Obesity changes 

adipose tissue physiology, thereby contributing to the establishment and progression of CVD. 

The perivascular adipose tissue (PVAT) is a unique depot that surrounds the vasculature. 

During obesity, PVAT secretes factors that induce vascular inflammation and contraction. 

Recent work has indicated a role for adipose-derived exosomes in regulating disease pathology. 

However, very little is known about the importance of PVAT-derived exosomes in modulating 

vascular health. Therefore, to study the importance of communication within the vascular 

microenvironment, Rab27a was selected for mutagenesis to induce the global loss of functional 

protein product within the mouse. RAB27A is a known regulator of exosome secretion due to its 

role in trafficking endosomal compartments to the plasma membrane. We hypothesize that 

RAB27A regulates paracrine signaling within the vascular microenvironment via exosome 

secretion.  

Molecular, morphological, proteomic, and physiological approaches were used to 

determine whether the global loss of Rab27a altered the vascular microenvironment physiology. 

The data discussed herein provide evidence that a global loss of Rab27a uniquely impacts 

thoracic aorta contractile and dilative abilities for both male and female mice in an age-

dependent manner. These observed changes in vessel contractility were supported through 



  

proteomic analysis and occur in the absence of gross morphological changes in the aorta and 

multiple adipose depots. The absence of morphological changes in the face of physiological 

adaptations suggest that global Rab27a loss causes a dysregulation of intercellular 

communication. Evidence of altered cellular communication is presented with proteomic studies 

suggesting that global loss of Rab27a alters exosome protein cargo. Furthermore, global loss of 

Rab27a during a high fat diet (HFD) exacerbates the physiological impact on male thoracic 

aorta by increasing contractile responses. Again, these observed changes in aorta physiology 

occur in the absence of altered morphology in both the PVAT and aorta. This work therefore 

provides a foundational study implicating the importance of Rab27a in the maintenance of 

vascular reactivity in connection to metabolic health. 
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CHAPTER 1: INTRODUCTION 

1.1. Defining Cardiovascular Disease 

According to the World Health Organization, cardiovascular disease (CVD) is defined as 

the dysregulation of cardiac and vascular function46. CVD is one of the leading causes of 

noncommunicable mortality globally and is increasing in prevalence47. According to the data 

collected by the National Health and Nutrition Examination Survey from 2015-2018, almost 50% 

of the surveyed adults (20 years of age or older) experienced chronic heart disease, heart 

failure, stroke, and hypertension48. Interestingly, the prevalence of CVD, when excluding 

hypertension, is 9.3% within the sample population48. Suggesting that hypertension is a major 

contributor to the overall prevalence of CVD in adults. Additionally, high blood pressure and 

arterial diseases accounted for 11.7% and 2.8% of all CVD deaths in the United States in 2019, 

respectively48. Many CVDs are the result of environmental, socioeconomic, and lifestyle 

factors49,50. While different anatomical regions are affected depending on the type of CVD, all 

forms are the result of insufficient or loss of blood flow throughout the biological system46. Since 

biological organisms require consistent nutrient and oxygen flow, it is crucial to understand the 

mechanisms that cause CVD pathology.  

 

1.2. The Components of the Cardiovascular System 

The human cardiovascular system has evolved to distribute nutrients and oxygen in 

addition to removing biological waste2. Such a feat is possible through the constant and highly 

regulated flow of blood via the muscular contractions of the heart. A four chambered organ, the 

heart contracts and relaxes to create a pressure differential to direct blood flow in a single 

direction (Figure 1.1)2. Deoxygenated blood enters the right side of the heart and flows into the 

lungs via the pulmonary arteries2. Oxygenated blood then returns to the heart via the pulmonary 

veins and is then distributed to the rest of the body by exiting through the aorta (Figure 1.1)2. 

The blood flows through the aorta and is distributed through veins and capillaries, where 
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nutrients and oxygen diffuse into surrounding tissues2,51. While there is currently a ~12% 

prevalence of aortic calcification within elderly populations, this prevalence is predicted to 

dramatically increase over the next few decades48. Furthermore, there is a reported global 

prevalence of 5.56% for peripheral artery disease between 2011 and 201948. These statistics 

therefore provide valuable insight of vascular disease contributions to the occurrence of CVD. 

 

 

1.3. Vascular Physiology During Cardiovascular Disease 

While the heart is the mechanical force creating the pressure necessary to oxygenate 

blood, the aorta and vasculature are responsible for blood distribution throughout system51. 

Under healthy conditions, the aorta and other arterioles are responsible for the maintenance of 

blood circulation by modifying blood pressure and flow rate post ejection from the heart2. The 

Figure 1.1. Depiction of the veins, arteries, and aorta of the cardiovascular system. 
Blood flow is directed through the heart in a single direction from the right to left side2-4. 
Blood flows through the pulmonary arteries and becomes oxygenated. Blood then flows 
through the left side of the heart and exits through the ascending aorta2,3. The ascending 
aorta arches out from the heart, with the highest section of the curve termed the aortic arch, 
and the region below the arch to the diaphragm termed the thoracic aorta2,20. Created with 
BioRender.com. 
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aorta and arterioles are composed largely of the tunica intima, media, and extrema (adventitia) 

(Figure 1.2)2. During CVD, the physiology of these layers is altered, and the distinct phenotype 

of increased blood pressure arises51. Increased blood pressure, specifically within the aorta, is 

the result of vascular stiffening, inflammation, and atherosclerotic plaque formation52.  

For example, it has been shown that the vascular smooth muscles cells (VSMC) that 

comprise the tunica media, identified via the expression of myosin heavy chain 11 (MYH11), 

reduce plaque stability when Kruppel-like factor 4 (Klf4) is also expressed53. The expression of 

Klf4 is predicted to identify a population of dedifferentiation VSMCs, which promotes vascular 

disease pathophysiology44,53. Additionally, VSMCs contribute to the formation of the extracellular 

matrix (ECM) through the secretion of collagens and elastin. During plaque formation, it has 

been shown that VSMC increase ECM production and reduce the expression of contractile 

markers such as smooth muscle actin (ACTA2)44. It has been well established that changes in 

ECM due to altered production and presence of specific collagens (CO1A2 and CO3A1) are 

associated with aortic aneurysms. Further augmenting the importance of VSMC and ECM 

physiology in vascular health54. 

Multiple signaling pathways are involved with inducing changes in cellular phenotypes 

and therefore promote CVD pathophysiology55,56. The activation and dysregulation of these 

signaling pathways can be induced by multiple types of risk factors57,58. Due to the abundance 

of risk factors and the rise in global CVD prevalence, there is a need for the development of 

novel therapeutic targets to treat patients47,58.  
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1.4. The Global Prevalence of Cardiovascular Disease is Increasing 

Historically, CVD was most prevalent within the populaces of developed nations 

because of increased nutrient availability47. Recently, there has been a shift of CVD prevalence 

globally with the wider distribution of nutrient rich foods and increased sedentary lifestyles47. 

Additional factors that have been identified that increase the probability of CVD onset include an 

individual’s local environment (urban compared to rural), alcohol consumption, and income47,57. 

Importantly, these factors also impact the probability of an individual developing obesity and 

other metabolic diseases47.  However, it is also important to note that while the occurrence of 

CVD mortalities within the United States has decreased in recent years, CVD remains a leading 

Figure 1.2. Depiction of aorta vessel structure. The physical structure of vessels confers 
their physiological role within the system. For example, the aorta is composed of three 
major regions with unique cell populaces. Tunica extrema: Mainly composed of fibrous 
tissue with an extracellular matrix high in collagen, which helps to provide structural support 
to the other layers during periods of high blood pressure4,23. Tunica media: Consists of 
vascular smooth muscle cells and is the active component in exerting vascular 
constriction23. Tunica intima: Mainly comprised of vascular endothelial cells and largely 
regulates dilative responses due to changes in blood pressure23,39. Created with 
BioRender.com. 
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cause of mortality48. According to data from 2019 (unpublished, NHLBI), the mortality rate for 

CVD-associated events was 214.6 per 100,000 individuals48. While lifestyle is a major factor in 

the likelihood for CVD, non-environmental factors also affect an individual’s predisposition for 

CVD48. Non-environmental factors include hypertension, sex, age, and obesity. 

 

1.4.1. Hypertension is a Risk Factor for Cardiovascular Disease  

Hypertension is a sustained increase in blood pressure in the absence of an external 

stimulant59. Risk factors for the development of hypertension include age, diet, and sedentary 

lifestyle60-62. The incidence of hypertension is increasing within more developed nations in 

correlation to increased rates of metabolic disease58.  

Hypertension is sustained by increased vasoconstriction and reduced vasodilation in 

major vessels, such as the aorta59. With increased constriction, higher blood pressure also 

leads to increased shearing force on the endothelial cells of the tunica intima51. Prolonged 

exposure to increased shearing force compromises the integrity of the vessel wall, leading to 

atherosclerotic plaque establishment63.  

 

1.4.1.1. Hypertension Leads to Atherosclerosis Development 

Atherosclerotic plaques are established due to the increased recruitment of immune 

cells that stimulate changes in endothelial and vascular smooth muscle cell (VSMC) 

physiology34. Immune cell recruitment occurs because of the increased expression of adhesion 

factors by endothelial cells due to chronic exposure to increased shearing force34. The 

increased presence of immune cells also induces maturation of foam cells, resulting in plaque 

formation and expansion64. Furthermore, T cells have also been reported within the 

atherosclerotic plaques43 . While classical VSMCs contribute to the formation of a fibrous cap 

that stabilizes the plaque, phenotype switching of VSMCs are also believed to promote the 

expansion of atherosclerotic plaques44. For example, studies have shown that VSMCs can 
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undergo dedifferentiation to become macrophage-like, foam cells, or fibromyocytes39. Each of 

these cell types promote the expansion of the atherosclerotic plaque through dissention into the 

lumenal space and stabilization of the fibrous cap39. Expansion of atherosclerotic plaques 

causes vessel narrowing, which further increases the shearing force, and thereby increases the 

potential for cardiovascular-associated events (Figure 1.3)51. 

  

 

1.4.1.2. Hypertension Induces Changes in Vascular Morphology 

In addition to plaque development, hypertension has also been shown to modify vessel 

thickness65. Quantification of changes in aortic VSMC mass showed that in male rat models with 

spontaneous hypertension, the tunica media mass was significantly increased compared to 

conttrols66. Additionally, changes in the extracellular matrix of the vasculature have also been 

Figure 1.3. Components of the atherosclerotic plaque. Establishment and expansion of 
atherosclerotic plaques involves the recruitment of macrophage and monocytes to the 
endothelium layer on the lumenal side of the vessel34. Upon invasion of the vessel wall, 
monocytes mature into foam cells, resulting in dissention of the vessel wall into the lumenal 
space19,39. T cell recruitment and activity further add to the observed inflammatory 
phenotype43. To stabilize the vessel wall expansion, VSMCs contribute to the production of 
extracellular matrix components including collagens44. Created with BioRender.com. 
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observed in response to hypertension. Specifically, histological staining shows morphological 

changes in elastin and increased production of collagen67. Interestingly, the thickening of the 

aortic wall due to hypertension appears to be unique to this vessel68.  

 

1.4.2. Sex is a Risk Factor for Cardiovascular Disease 

Cardiovascular disease remains a primary cause of mortality for both males and 

females62. However, there are sex specific differences in the prevalence and form of CVDs62,69. 

For example, one report provided data showing that while male patients exhibited higher rates 

of coronary artery disease, females tended to have a higher prevalence for ischemic heart 

disease70. Another study comparing the prevalence of heart failure between males and post-

menopausal females showed that the female cohort had a higher incidence of hypertension69-71. 

Post-menopausal females also associated with larger statistical impacts for classic CVD risk 

factors than males70. Meanwhile, pre-menopausal females exhibited statistically reduced risk of 

CVD compared to males of the same age62. Current studies have focused on defining sex-

specific risk factors that may also help to identify females who are at a higher risk for CVD 

development. These potential factors include pregnancy-associated hypertension, autoimmune 

disease, and cancer therapies70. 

 

1.4.2.1. Proposed Protective Effects of Estrogen Against Cardiovascular Disease 

Due to the difference in risk factor impact between pre- and post-menopausal females, 

sex specific hormones are thought to be important regulators of vascular health70,72. In 

premenopausal females, the gonadal tissues are the major producers of circulating estrogen 

(estradiol, E2)72. Multiple studies have shown that estrogen signaling increases vascular 

endothelial growth factor (VEGF) and endothelial nitric oxide synthase (eNOS) production72. 

Importantly, both VEGF and eNOS are associated with the promotion of vascular health73,74. It is 

predicted that the dramatic loss of circulating estrogen post-menopause, results in the loss of 
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these beneficial cardiovascular factors, leading to the dramatic shift in risk within female 

populations. 

However, it is critical to note that other cell types including adipose, endothelial cells, 

and VSMC also produce low levels of estrogen even in males and postmenopausal females75. 

While these cell types may be able to produce estrogen for local cellular communication and 

maintenance of physiological function, estrogen levels are not high enough to maintain systemic 

effects62,75. Clinical studies have attempted to supplement post-menopausal females with 

estrogen; however, results suggested a worse prognosis for long-term cardiovascular health62. 

Therefore, while hormone replacement therapies are appealing, much more work is needed to 

better understand the importance of sex hormones in vascular physiology. 

 

1.4.3. Age Is a Risk Factor for Cardiovascular Disease 

For the proper management of blood pressure, the vasculature must be able to adapt via 

modification of contractile and dilative responses23,51. Many studies have shown that increased 

vascular stiffness and constriction occur with aging, thereby reducing vascular 

responsiveness76. Increased vascular stiffness, which occurs prior to hypertension, is largely the 

result of vessel wall thickening and expansion of the ECM76. Aging is also associated with 

changes in sex hormone production and establishment of diabetes and obesity, which are also 

risk factors for CVD62,77. Because many of these risk factors are impacted by each other, it is 

critical to consider the age, sex, and metabolic health within scientific studies. 

 

1.5. Metabolic Disease is a Risk Factor for Cardiovascular Disease 

Metabolic diseases, such as obesity, have long been a leading risk factor for CVD 

establishment48,78. While obesity is defined as the expansion of adipose depots in response to 

imbalanced nutrient consumption, not all adipose depots expand equally (Figure 1.4)79. Often 

disease pathology is dependent on which depot experiences preferential expansion13. As a 
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result, the level of risk for CVD development is also thought to be adipose depot specific. For 

example, the expansion of adipose tissue surrounding the abdominal organs (visceral) and 

heart (epicardial) is associated with increased risk of cardiovascular disease13. Meanwhile, the 

adipose depot surrounding the vasculature (perivascular) has been shown to have either 

beneficial or deleterious effects on vascular health depending on its metabolic state7,8. 

Interestingly, expansion of adipose depots located under the dermis (subcutaneous) is thought 

to be advantageous to maintaining metabolic health in the face of obesity13. 

 

1.5.1. Obesity is a Global Concern for All Ages of Life 

Since the late 1900’s, there has been a global increase in the prevalence of obesity in 

both males and females80,81. More recently, there has also been an increased occurrence of 

childhood obesity in multiple countries. These rates are highly concerning as childhood obesity 

impacts an adolescent’s physical, mental, and social health57,80,82. Often these impacts are 

carried into adulthood and contribute to an increased risk for cardiovascular and metabolic 

disease82.  

Figure 1.4. Obesity results in the 
expansion of adipose depots 
throughout the body. Depiction of 
the anatomical location of select 
adipose depots affected during 
obesity. Perivascular - surrounds the 
vasculature throughout the body7,8. 
Epicardial - encompasses the 
heart13-15. Visceral - surrounds 
abdominal organs13. Subcutaneous - 
located under the dermis layer13. 
Created with BioRender.com. 
Adapted from Huang, E. (2022). 
Adipose Tissue Depots. 
https://app.biorender.com/biorender-
templates/figures/all/t-
62050c4ceb716f00a565d765-
adipose-tissue-depots 
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According to epidemiological studies, the dramatic increase of obesity globally can be 

attributed to complex interactions between an individual and their physical and social 

environments79. Often, these factors influence the amount and type of nutrients consumed and 

the expenditure of stored energy via physical activity79. As previously mentioned, obesity is a 

well-established risk factor for the development of CVD and many other diseases78,83. 

Therefore, it will be critical to identify the underlying mechanisms driving these diseases in order 

to develop effective therapies for patients and at-risk individuals. 

 

1.6. Defining the Types of Adipose Depot Expansion 

To accommodate excess energy, adipocytes employ two different expansion methods 

(Figure 1.5). Hypertrophy is the increase of an individual cell’s size, resulting in increased 

cytoplasmic storage of lipids5. Hyperplasia is the increase of total number of mature adipocytes 

within an adipose tissue, thereby limiting individual adipocyte size while expanding tissue 

volume5. The current paradigm holds that the efficiency of an adipose tissue to initiate 

hyperplastic expansion determines its metabolic impact24. For this reason, there is growing 

interest in understanding how and when these different mechanisms are employed across 

various adipose depots. While there are multiple processes that occur in concert during adipose 

tissue expansion, the primary focus will be on adipocyte physiology24. 
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1.6.1. Hypertrophy: The Initial Method of Adipose Tissue Expansion 

Hypertrophy is thought to be the first adaptive response to accommodate excess energy 

within the system5. As with all cell and tissue types, their function is dependent on the 

replacement rate of old cells with newer cells. For this reason, existing mature adipocytes are 

the first responders that are well equipped to sequester circulating glucose and free fatty acids 

(FFA) as cytoplasmic lipid droplets84. This is accomplished via expanding adipocyte lipid droplet 

and total size (Figure 1.5)3. However, each adipocyte has a threshold for storage capacity, that 

when reached, is associated with decreased metabolic health84. As an adaptation mechanism, 

expansion of adipose tissues is thought to also rely on adipogenesis, the differentiation of 

mature adipocytes from preadipocyte progenitor cells, resulting in hyperplastic expansion5,85.  

Figure 1.5. Comparison of hypertrophic and hyperplastic expansion within adipose 
tissue. Adipose tissue adapts to positive energy imbalances by increasing lipid storage 
capacity5. Two mechanisms of expansion are applied: hypertrophic and hyperplastic 
expansion5. Adipocytes are depicted as yellow cells. Adipocyte progenitor cells are depicted 
as grey cells interspersed among the adipocytes24,25. Major characteristics of each phenotype 
are denoted in the bottom of each pane24. Created with BioRender.com. 



 12 

1.6.2. Hyperplasia: An Induced Method of Adipose Tissue Expansion 

Among its cellular residents, adipose tissue hosts adipocyte progenitor cells to replenish 

mature adipocyte populations24. During times of balanced energy in-take and expenditure, 

adipocyte replenishment is a theoretically balanced phenomenon5. However, in times of 

metabolic excess, these progenitor populations can assist with the sequestering of excess FFA 

by differentiating into mature adipocytes5. This form of adipose tissue expansion is termed 

hyperplastic growth (Figure 1.5). The adipocytes resulting from hyperplastic growth are smaller 

compared to the hypertrophic adipocytes as they store reduced quantities of lipid at an 

individual level84. Specifically, hyperplastic expansion is associated with a stable secretion of 

adiponectin84. Adiponectin is an adipokine responsible for anti-inflammatory responses, and 

maintenance of insulin sensitivity86. For these reasons, hyperplastic expansion of adipose tissue 

is thought to be metabolically beneficial. 

 

1.6.3. Differences in Hypertrophic and Hyperplastic Responses Between Adipose Depots 

Each adipose depot contains characteristics that are unique to their anatomical 

location24. This also holds true regarding their capacity for hypertrophic and hyperplastic 

expansion. Studies have shown that expansion of subcutaneous white adipose tissue (WAT) 

positively correlates with increased levels of adiponectin and reduced adipocyte size (Figure 

1.4)84. Meanwhile, visceral WAT is negatively associated with adiponectin levels and reduced 

adipocyte size (Figure 1.4)24,87. A potential explanation for these phenomena is due to the 

difference in the number of resident progenitor cells between the two depots (Figure 1.5)24. For 

example, visceral WAT is thought to contain limited population of adipocyte progenitor cells24. 

Other studies have also provided evidence for unique differentiation potential and presence of 

progenitor populations between these depots87. These studies therefore provide further 

evidence that therapies targeting the differentiation and metabolic activity of specific depots may 

be metabolically beneficial for patients suffering from obesity and at risk of CVD development. 
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1.6.4.  A Need for Effective Therapies for Patients with Obesity 

Initial approaches to treat obesity upheld the dogma that to reduce weight an individual 

simply had to reduce food intake and/or increase energy expenditure79,88. Such approaches 

have been termed “lifestyle” changes and remain critical in combating obesity. However, in 

recent years, additional studies have shown that an individual’s ability to maintain weight loss 

for extended periods of time is complicated by multiple biological factors88. Work has shown that 

genetic variations occur between individuals in the expression of neuroendocrine factors that 

promote nutrient consumption88. For this reason, prolonged adherence to what are often 

dramatic lifestyle changes are ineffective and require medical interventions. Additional evidence 

shows that even in patients who receive medical interventions, the occurrence of weight regain 

remains high4. One theory for this phenomenon is that the body senses the dramatic loss of 

energy stores and increases neuroendocrine signaling to combat the perceived starvation 

threat89.   

 Due to the challenges of maintaining long-term weight loss, it is important to better 

define how communication from endocrine organs, such as adipose tissues, changes in the face 

of obesity. Furthermore, for the identification and investigation of novel therapeutic targets, it will 

be critical to also examine the underlying mechanisms of adipose signaling with the vasculature. 

Development of such therapies would provide supportive treatments for patients with obesity 

who are at a high risk of cardiovascular events. 

 

1.7. Considering the Physiological Differences Between Adipose Depots and Their Role in 

Human Health 

Currently, there are three major classifications of adipose tissues that include white, 

brown, and beige (Figure 1.6). Section 1.5 mainly described the effects of obesity on the 

visceral and subcutaneous WAT depot expansion. These depots are characterized as such 

because they exhibit a white colored phenotype due to the high levels of lipid stored within each 
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adipocyte17. Meanwhile, adipose within the neck region is characterized as brown adipose 

tissue (BAT) (Figure 1.6)3,14. Again, these depots are characterized according to phenotype 

color caused by increased mitochondrial number and reduced amounts of stored lipid90. PVAT 

is characterized as a beige depot due to its propensity of residential adipocytes to undergo 

phenotypic switching between WAT-like and BAT-like characteristics15,16. Phenotype switching 

within beige tissue is largely associated with the metabolic state of the system17,18. 

 

1.7.1. The Heterogeneous Composition of Adipose Tissue 

All adipose tissues are highly dynamic tissues comprised of a diverse population of cell 

types. Examples of the various cell types include adipocytes, fibroblasts, and endothelial cells3. 

Recent single cell RNA-sequencing studies of adipose tissue have provided evidence that these 

Figure 1.6. Anatomical locations of beige, brown, and white adipose tissue and 
adipocytes within the human. Schematic of anatomical locations of the perivascular 
adipose tissue (PVAT, beige), lipid-storage (white) adipose tissue, and thermogenic (brown) 
adipose tissue along with the primary adipocyte population within each depot3,4,14-18. Created 
with Biorender.com. Adapted from Huang, E. (2022). Adipose Tissue Depots. 
https://app.biorender.com/biorender-templates/figures/all/t-62050c4ceb716f00a565d765-
adipose-tissue-depots 
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cells arise from the differentiation of mesenchymal progenitor cells (Figure 1.7)1. Interestingly, 

additional evidence has been found that suggests that the lineage of classical brown adipocytes 

and white and beige adipocytes diverge upon mesenchymal stem cell commitment19. Further 

separation by subsequent differentiation processes gives rise to the unique physiological 

capacities of these adipocytes19,91. For this reason, it is critical to account for the unique 

physiology of these adipocytes when considering their impact on metabolic and vascular health. 

 

 

Figure 1.7. Comparison of differentiation processes for white, beige, and brown 
adipocytes. All adipocytes are derived from a mesenchymal stem cell lineage1. The 
unique adipocyte physiologies and phenotypes arise from the divergence between Myf5+ 
cells, and downstream activation of PRDM16 and EBF2 to preferentially drive 
thermogenic gene expression19-22. Subsequent activation of PGC1α results in the brown 
adipocyte commitment to mature brown adipocytes19. PPARγ and C/EPB expression are 
required for commitment for these adipocytes41,42. Created with BioRender.com. Adapted 
from Huang, E. (2022). Adipocyte Lineage. 
https://app.biorender.com/profile/eunice_huang/templates/620659243208cc00a62c9bff 
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1.7.2. Classical Brown Adipocytes: A Thermogenic Physiology 

Classical brown adipocytes are defined as thermogenic adipocytes derived from a 

myogenic factor 5 positive (Myf5+) mesenchymal stem cell lineage19,20. While mesenchymal 

cells destined to become adipocytes require the activation of peroxisome proliferator-activated 

receptor gamma (PPARγ) and CCAAT/Enhancer Binding Protein (C/EBP), two transcriptional 

regulators are unique to the differentiation process of brown adipocytes (Figure 1.7)19,41,42. The 

first transcriptional regulator to be identified was PRD1-BF1-RIZ1 homologous domain 

containing 16 (PRDM16), a DNA binding transcriptional regulator that induces Ucp1 and other 

characteristic brown adipocyte genes via direct interactions with PPARγ21. The second factor is 

known as early B cell factor 2 (EBF2), and binds to PPARγ, influencing the transcription factor 

to preferentially bind to thermogenic genes22. 

 

1.7.2.1. Classical Brown Adipocytes Exhibit a Distinct Phenotype 

Mature brown adipocytes exhibit a unique phenotype characterized by the presence of 

cytoplasmic multilocular lipid droplets and a high mitochondrial count (Figure 1.6)3. The 

increased presence of mitochondria, and high expression of the mitochondrial uncoupling 

protein 1 (UCP1+), lends these cells their metabolic function as thermogenic adipocytes92. In 

producing heat via non-shivering thermogenesis, a result of futile ATP production, brown 

adipocytes expend the lipid stored within the multilocular droplets3. 

 

1.7.2.2. Approaches for the Activation of Brown Adipocytes  

Thermogenic activity of BAT via the stimulation of brown adipocyte differentiation and 

expenditure of energy stores can be induced via cold stimulation or treatment with chemical 

agonists92,93. Exposure of animals to cold temperatures results in the activation of the β-

adrenergic receptors, a class of G-protein coupled receptors, via norepinephrine94. This 

activation of the β-adrenergic receptor is associated with an increased expression of 
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peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α), a co-activator of 

PPARγ, leading to the preferential transcription of Ucp192. Current research is interested in 

understanding how brown adipocyte populations could be stimulated to expand and increase 

metabolic activity. 

 

1.7.2.3. Potential Therapeutic Implications for BAT Activation 

While the biological mass of BAT, and therefore brown adipocytes, is strikingly less 

compared to WAT mass, studies have shown that there is an inverse association between BAT 

and BMI14. Furthermore, research has suggested that cold and chemical treatment are effective 

at inducing brown adipocyte differentiation both in BAT and WAT94,95. For this reason, there has 

been gaining interest in stimulating brown adipocyte differentiation and activity as a therapy for 

patients suffering from obesity. However, much work is still needed to test the efficacy of 

thermogenic stimulation in humans as many studies have been completed using mouse 

models96. This is an important factor to consider as there are differences between human and 

murine BAT depots. 

 

1.7.3. Classical White Adipocytes: A Lipid Storage Physiology 

As mentioned in Section 1.6.2., classical brown and white adipocyte arise from differing 

progenitor populations also originate from a mesenchymal stem cell lineage (Figure 1.6)19. 

While previously described as being derived from a Myf5- lineage, white adipocyte progenitor 

cells specifically arise from a CD24+ lineage that that is distinct from endothelial and 

hematopoietic cell populations85. Furthermore, unlike the differentiation of brown adipocytes, 

classical white adipocytes depend solely on PPARγ and C/EBP expression to drive 

differentiation19. Therefore, differentiated white adipocytes are identified by the absence of 

thermogenic gene expression, like Ucp1. 
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1.7.3.1. Classical White Adipocytes Exhibit a Distinct Phenotype 

Just as the regulation of gene expression differs between classical white and brown 

adipocytes, so do their phenotypes. Differentiated, classical white adipocytes organize stored 

lipids in a unilocular formation (Figure 1.5)17. Additionally, these adipocytes contain noticeably 

fewer mitochondria compared to brown adipocytes97. It is thought that the reduced mitochondrial 

number is reflective of the lipid storage rather than expenditure nature of white adipocytes. 

Upon differentiation, classical white adipocytes physically increase their size dramatically due to 

their purpose of storing large amounts of lipid87. 

 

1.7.3.2. Potential Therapeutic Implications for WAT Activation 

While classical white adipocytes populate multiple WAT depots throughout the body, 

there are distinct metabolic differences between these depots (Figure 1.4)3,24. Statistical 

analysis has shown associations between the expansion of lower anatomical subcutaneous 

WAT and preserved metabolic health98. Yet, expansion of visceral WAT exhibits detrimental 

effects to an individual’s metabolic health (Figure 1.4)99. The major differences between these 

depots are thought to be the expansion mechanism and tissue-specific secreted factors24.  

From these studies, evidence suggests that targeted expansion of healthy WAT could 

help maintain metabolic health in patients suffering from obesity90. Future studies will need to 

focus on elucidating the mechanisms dictating a depot’s preference for hypertrophic or 

hyperplastic expansion. Identification of such mechanisms could present novel therapeutic 

targets to drive metabolically healthy expansion of mature white adipocytes within WAT depots. 

 

1.7.4. Beige Adipocytes: A Metabolically Dynamic Physiology 

In attempts to understand the lineage and metabolic capacities of adipose tissues, a 

unique type of adipocyte was identified due to its thermogenic activation upon β3-adrenergic 

receptor stimulation100. These inducible brown adipocytes were found in various white and 
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brown adipose tissues20. Lineage tracing of the inducible beige adipocytes within WAT 

suggested that, unlike classical brown adipocytes, they were derived from Myf5- progenitors. 

However, these experiments identified the platelet derived growth factor receptor α (PDGFRα) 

as a lineage specific marker for these beige progenitor cells. Furthermore, induction of these 

beige adipocytes remains dependent on PRDM16 and PGC1α to preferentially express 

thermogenic genes via PPARγ transcriptional activity (Figure 1.6)100. 

 

1.7.4.1. Beige Adipocytes: A Thermogenic Phenotype from Non-Thermogenic Lineages 

Upon β3-adrenergic receptor stimulation, the morphology of the PDGFRα+ progenitor 

population begins to transform into a more classical brown adipocyte morphology100,101. It is 

important to note that in one study, data suggested that the PDGFRα+ progenitors required 

active stimulation to commit to a thermogenic phenotype100. These data further augment that 

beige cells arising from a PDGFRα+ lineage are unique and therefore have a potentially unique 

role in metabolic health. 

 

1.7.4.2. Potential Therapeutic Implications for Beige Adipocytes 

As mentioned in Section 1.6.3.2., gaining the ability to direct WAT toward a metabolically 

healthy phenotype during obesity could have significant implication in the treatment of patients 

with obesity, especially for those at risk of CVD. Identification of beige cells within various WAT 

provides an additional approach to improving the metabolic capacity of the depots. For example, 

being able to induce the expansion of mature beige cells within WAT could help increase 

thermogenic activity and energy expenditure90. However, it is also important to consider that just 

as each WAT is unique, so is their capacity to expand their beige populations20,100. For this 

reason, it is necessary to continue studying the mechanistic differences between depots to 

identify which ones have the best potential in modifying metabolic health.  
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1.8. Perivascular Adipose Tissue: A Distinct Depot at the Interface Between Metabolic and 

Vascular Health 

As discussed in Section 1.5, obesity is a leading risk factor for the development and 

progression of cardiovascular disease78. Adipose tissue is an endocrine organ that secretes 

factors that are capable of eliciting changes in vessel physiology87. Obesity negatively impacts 

vascular physiology by modifying the signaling factors being released from the adipose tissue24. 

While there are numerous adipose depots throughout the human body, one depot has been 

identified as a major regulator of thoracic aorta health. Named after its anatomical location, 

perivascular adipose tissue (PVAT) is similar to other depots in its heterogenous composition102. 

Yet, PVAT is unique due to the highly dynamic nature of its resident adipocyte population in 

response to the system’s metabolic state18. It is through this dynamic nature and proximity to the 

vasculature that PVAT is a strong influencer of vascular health102. 

 

1.8.1. PVAT Adipocytes: A Unique Lineage 

Like the beige adipocytes discussed within Section 1.7.4., the resident PVAT adipocytes 

exhibit a thermogenic morphology of multiple lipid droplets and increased presence of 

mitochondria when observed around the thoracic aorta102. Interestingly, the phenotype of these 

adipocytes is variable, with mature adipocytes appearing more closely related with WAT 

adipocytes. Recent studies attempting to determine the lineage of these highly dynamic 

adipocytes suggest that they arise from a unique progenitor cell line following mesenchymal 

commitment. These progenitors are identified as Pdgfrα+, Sac1+, and Pparγ- deriving from a 

fibroblast lineage in both mice and humans103,104. Furthermore, PRDM16 is required for these 

cells to exhibit thermogenic physiology, mimicking classical brown and beige adipocytes16. 

These studies provide evidence that PVAT adipocytes have a highly dynamic physiology, which 

is likely how these cells secrete such a diverse population of signaling factors capable of 

regulating vascular physiology102.   
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1.8.2. PVAT Secreted Factors that Induce Vascular Constriction 

Due to the proximity of PVAT to the thoracic aorta, it has been shown that this depot is 

well positioned to influence vascular contractility105. Multiple studies have provided support for 

the actions of multiple secreted factors from PVAT that induce vascular constriction. Some of 

the PVAT secreted factors that have been best characterized include angiotensin II and 

norepinephrine106,107. Angiotensin II induces smooth muscle contraction via activation of myosin 

due to increased calcium release into the cytoplasm, resulting in the stimulation of the 

angiotensin I receptor102,106. Similarly, norepinephrine induces smooth muscle contraction via 

activation of the β1-adrenergic receptor, also resulting in calcium release into the cytoplasm 

leading to the contractile activity of myosin fibers107,108. 

 

1.8.3. PVAT Secreted Factors that Induce Vascular Dilation 

Just as PVAT-derived factors have been associated with vasocontractile effects, there is 

a body of work suggesting that under non-inflammatory conditions, secreted factors promote 

vasodilative effects on the vasculature. Of the factors studied, one of particular interest is 

adiponectin. As previously mentioned in Section 1.6., adiponectin is beneficial to metabolic 

health and is associated with metabolically healthy hyperplastic expansion of adipose tissue86. 

Interestingly, there is supporting evidence that secreted adiponectin binds to serotonin receptors 

thereby inhibiting serotonin-mediated contraction of vascular smooth muscle cells109. This 

reduction in serotonin receptor activation reduces the release of intracellular Ca2+ stores, which 

hinders myosin smooth muscle cells contraction110. 

Another mechanism by which PVAT regulates vasodilation is by stimulating nitric oxide 

(NO) release from endothelial cells. This process involves the secretion of angiotensin 1-7 from 

PVAT and inducing a paracrine effect via activation of the Mes G-protein coupled receptor in 

vascular endothelial cells111,112. The released NO diffuses across the VSMC membrane and 

decreases the concentration of free cytoplasmic Ca2+ via activity of the 
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sarcoplasmic(endo)plasmic reticulum Ca2+ ATPase (SERCA)113. This sequestering of Ca2+ 

results in myosin relaxation, thereby inducing vasodilation110. 

Importantly, both adiponectin and angiotensin (1-7) are impacted by changes in 

metabolic health. Obesity has long been associated with decreased levels of circulating 

adiponectin which contributes to the dysregulation of adipose tissue86. Meanwhile, a more 

recent study has identified an inverse correlation between obesity and circulating angiotensin 

(1-7)114. These studies augment the importance of PVAT-derived factors on vascular health and 

indicate that metabolic health impacts the factors being secreted and their physiological effects. 

Therefore, continued investigation into PVAT-secreted factors and their role in vascular health is 

important for the identification of potential novel therapeutic interventions for patients at risk for 

developing CVD. 

 

1.9. Extracellular Vesicles as Signaling Factors 

In recent years, there has been growing interest regarding the role of extracellular 

vesicles (EV) in human health. EV are  assigned to a specific class according  to their size origin 

of biogenesis115. Apoptotic vesicles range from 50nm-5μm in diameter and have been reported 

to contain intact organelles115. Microvesicles are defined as vesicles from 100nm-1μm in 

diameter and are formed by direct budding from the plasma membrane115. As a result, these 

vesicles contain cargo that is reflective of the plasma membrane composition. Meanwhile, 

exosomes are nanosized vesicles that range from 30-150nm in diameter and are formed within 

endosomal compartments called multivesicular bodies (MVBs, Figure 1.8)11,115. Exosomes 

contain cargo from the plasma membrane and cytoplasmic bio-active molecules that are 

predicted to be actively selected for incorporation11. Recent studies have shown that the cargo 

are bio-active components capable of eliciting signaling responses within recipient cells116-118. 

For this reason, studies are focused on understanding how changes in exosome cargo can be 

impacted by or impact disease pathology6,116. 
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1.9.1. Exosomes as Regulators of Vascular Health 

Extracellular vesicles and exosomes have gained attention for their role in disease 

pathology due to the diversity of their bio-active cargo. Earlier studies provided evidence that 

exosomes secreted from endothelial, smooth muscle, and macrophage cells within the 

vasculature had the potential to either mitigate or propagate atherosclerotic plaque 

development119,120. Many of these studies indicated micro-RNA (miRNAs) as the mechanism by 

which exosomes impacted CVD development120. However, it is important for future studies to 

also consider the role of the other bio-active cargo, such as proteins, that are present within 

these exosome populations11. 

 

1.9.2. The Effects of Obesity on Exosome Secretion 

Due to the physiological changes observed throughout the body during obesity, it was 

predicted that the extracellular vesicle populations would also be impacted. Early studies 

examining the number of circulating exosomes in human plasma showed that obesity was 

positively correlated with exosome number117. Additional analyses also showed that exosome 

concentration was positively associated with fat tissue mass117,121. However, due to the 

classification of the EVs in these studies, it is unclear as to the impact of obesity specifically on 

the exosome population. Further, number of particles has often been reported in terms of 

number/volume without normalizing for differences in body weight between subjects with and 

without obesity121,122. For this reason, it is unclear whether these changes in number were due 

to increase cell numbers or increased rates of EV production and secretion. 

 

1.9.3. The Effects of Obesity on Exosome Cargo 

Exosome cargo is thought to be reflective of the state of the parent cell; if the conditions 

within the cell change, so does the exosome cargo. Cellular conditions during obesity have 

been shown to impact not only the physiology of multiple cell types, but also exosome 
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composition117. One study utilizing in vitro techniques, showed that induced hypertrophy altered 

exosome miRNA cargo, that in turn altered the expression of genes associated with insulin 

resistance in cardiac cells123. Interestingly, another study suggested that long term obesity in 

mice induces exosome release from WAT adipocytes that contain oxidatively stressed 

mitochondria. This study suggests that delivery of these exosomes to cardiac cells helps to 

protect from metabolic damage116. While these studies therefore imply that exosome cargo is 

impacted by metabolic changes, further work is required to expand our understanding of 

metabolic impacts on protein cargo. 

 

1.9.4. A Potential Role for PVAT-Derived Exosomes in Regulating Aorta Vasoreactivity 

Until recently, there was a lack of study focusing on the effects of PVAT-derived 

exosomes on vascular health. So far, one study has provided evidence that PVAT exosomes 

from C57BL/6J mice limited the activation of foam cells, which are major contributors to 

atherosclerotic plaque development124. As PVAT is also known to regulate vasocontractile 

responses, it is probable that PVAT-derived exosomes exhibit diverse effects on other cell types 

within the vascular microenvironment. It will be critical for future studies to not only define the 

effects of PVAT-EVs, but to also determine the underlying mechanism driving changes in 

exosome cargo. 

 

1.10. Exosome Biogenesis and Release: A Rab Family Mediated Process 

To identify potential mechanisms driving altered cargo packaging into exosomes, it is 

critical to first understand exosome biogenesis and release. Exosomes are formed and secreted 

via the following steps: endosome formation, multivesicular body development, cargo sorting 

and packaging, multivesicular body trafficking, and exosome release via membrane 

fusion6,11,125. Each of these steps are believed to be regulated by a family of small GTPase 

proteins belonging to the Rab family (Figure 1.8)10. 
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Rab proteins are expressed by eukaryotic organisms, and more than 50 of these 

proteins have been identified10. Rab proteins are largely associated with intracellular trafficking 

of vesicle compartments6. While these proteins share high sequence similarity, each Rab 

protein performs a unique role10. Multiple Rab family members have been identified as 

contributors in the biogenesis and secretion of exosomes6,10,11. Therefore, these Rab proteins 

may prove to be effective targets in regulating exosome mediated signaling. 

 

1.10.1. Endosome Formation is Mediated by Rab5 

The first step in exosome formation is dependent on the formation of endosomal 

compartments. Endosomes were first identified as the foundation of exosome biogenesis via 

tracking of transferrin receptors from the plasma membrane to extracellular vesicles. A 

foundational study utilized WT and mutant forms of Rab5 to show the protein’s importance in 

Figure 1.8. Rab proteins as mediators of exosome biogenesis. Depiction of the Rab 
proteins known to regulate various parts of exosome biogenesis. The primary role for Rab5, 
Rab31, Rab27a/b, Rab11, and Rab35 are noted below their respective IDs6,9-12. Created with 
BioRender.com. 
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endosome formation (Figure 1.8)126. These conclusions have been upheld through support of 

later studies and suggest that Rab5 mediates early endosome fusion with smaller cytoplasmic 

vesicles, contributing the to the formation and function of the endosome127. 

 

1.10.2. ESCRT-Dependent Multivesicular Body Development and Cargo Sorting 

The second step of exosome biogenesis is the transition of the early endosomal 

compartment into a multivesicular body (MVB)11. These endosomal compartments are termed 

MVB as they undergo endocytic events, creating vesicles from their own membranes. These 

smaller vesicles are termed intralumenal vesicles (ILV), and are reclassified as exosomes upon 

secretion from the cell125.  

Alongside ILV formation, active processes dictate the incorporation and packaging of 

bio-active molecules including proteins, lipids, and nucleic acids. It is thought that the primary 

sorting of cargo is determined via endosomal sorting complex required for transport (ESCRT)-

dependent mechanisms (Figure 1.8)125. This mechanism functions by incorporating 

ubiquitinated proteins into the forming ILVs6. This is a multi-step process involving the 

recruitment of sequential ESCRT 0-III complexes and interactions with vacuolar protein sorting-

associated proteins (VPS)11. The sorting processes of the ESCRT complexes also mediates the 

budding of the ILVs into the cytoplasmic space of the MVBs11.  

 

1.10.3. Multivesicular Body Trafficking is Mediated by Multiple Rab Proteins 

The act of ILV secretion redesignates the nanovesicles as exosomes. For secretion to 

occur, the MVB must be trafficked from the cytoplasm to the plasma membrane6. Multiple Rab 

proteins have been identified as mediators of this process including RAB27A, RAB27B, RAB11 

and RAB35 (Figure 1.8)10. While these proteins support MVB relocation, each plays a unique 

role and therefore are all important for exosome secretion.  

In the seminal paper by Ostrowski et al., the group showed that RAB27A was uniquely 
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responsible for regulating the size of the MVBs along with their efficiency of associating with the 

membrane9. Meanwhile, RAB27B altered plasma membrane association by limiting MVB 

trafficking from the perinuclear region. Interestingly, this study provided evidence that RAB27A 

knockdown had no effects on standard exosome protein markers9. Since then, RAB27A and 

RAB27B have been confirmed regulators of exosome secretion from other cell types128-130. 

Expression data from the NCBI Gene database further show that RAB27A is widely expressed 

in human tissues including fat, heart, and stomach131,132. 

Additionally, while RAB11 and RAB35 have also been identified as regulators of 

exosome secretion, the underlying mechanisms remain under investigation10. Both are 

associated with the recycling of endosomal compartments to the plasma membrane as cellular 

mechanisms for disposal125. In one publication, both Rabs are depicted as regulating ILV 

release from an ESCRT-independent pathway10. Interestingly, in a recently published paper, 

RAB31 was identified as regulating ILV formation in the absence of ESCRT complex activity12. 

Therefore, it is possible that RAB11 and RAB35 are regulators for the secretion of a unique 

exosome subpopulation. 

 

1.10.4. SNARE Proteins Mediate Exosome Secretion 

Membrane fusion is an essential function within cells and is largely regulated by soluble 

N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE)6. SNAREs are helical 

proteins that produce heterocomplexes and are tethered to their respective membranes via 

transmembrane spanning domains40. SNARE complexes from opposing membranes intertwine, 

inducing conformational changes, and bring the two membranes together (Figure 1.9)40. These 

receptors therefore work in concert to overcome the charge repulsion of two membranes and 

mediate their fusion40. For this reason, SNARE complexes are extremely important for 

mediating ILV release into the extracellular space. 
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1.11. Selection of Rab27a to Study Exosome Dysregulation in the Vascular Microenvironment 

In alignment with the overarching focus of the Liaw laboratory, we set out to define 

whether the dysregulation of exosome signaling impacts vascular microenvironment physiology. 

Defining the importance of exosome signaling has the potential to improve our understanding of 

the importance of these vesicles in vascular health. To disrupt exosome secretion within an in 

vivo model, we selected Rab27a as a target for endonuclease mutagenesis within the C57BL/6J 

mouse strain.  

Rab27a was selected for mutagenesis for multiple reasons. Due to its well characterized 

role in regulating MVB translocation to the plasma membrane, Rab27a was a reasonable target 

for disrupting the secretion of exosomes. Rab27a has long been the only Rab protein 

associated with a human disease known as type II Griscelli syndrome, marked by a 

hypopigmentation and immune system phenotypes133-135. Type II Griscelli syndrome is a rare 

Figure 1.9. SNARE proteins drive membrane fusion by overcoming repulsive forces 
exerted by opposing membranes. This schematic outlines the general process for 
membrane fusion between multivesicular bodies and the plasma membrane6. SNARE 
proteins facilitate this process by binding with other SNARE proteins on opposing 
membranes and forming coiled complexes40. This interaction draws the two membranes 
together and induces fusion40. Created with BioRender.com. Adapted from “Ca2+-triggered 
Vesicle Fusion and Exocytosis of Neurotransmitters.” (2020). 
https://app.biorender.com/biorender-templates/figures/all/t-5fcfe6cd9065d900a614f857-ca2-
triggered-vesicle-fusion-and-exocytosis-of-neurotransmit. 
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disease that is not currently associated with cardiovascular phenotypes133,134. The Liaw lab also 

published a manuscript providing evidence that RAB27A knockdown in human PVAT APCs 

resulted in reduced adipocyte differentiation and lipid accumulation136. Finally, Rab27a is 

present not only in humans and mice, but also in all organisms belonging to the metazoan 

kingdom35. This highly conserved expression of Rab27a suggests this gene has an important 

and conserved function between the two species.  

 

1.11.1. RAB27A and Rab27a have Conserved Transcript Sequences 

Although orthologs of Rab27a have been identified in humans and mice, we sought to 

understand the level of conservation between the two species. The BLAST alignment was 

completed using mRNA transcript sequences of RAB27A (RefSeq NM_183235) and Rab27a 

(RefSeq NM_001301230) that were obtained using the UCSC Genome Browser (Figure 

1.10A)38,45. Results from this alignment showed that there was an 88% sequence similarity 

between the two gene transcripts (Figure 1.10B).  

Figure 1.10. RAB27A and 
Rab27a have conserved 
transcript sequences. A) The 
RAB27A mRNA transcript (variant 
3, Query) is derived from the 
human genome version Dec. 
2013 (GRCh38/hg38)35. The 
Rab27a mRNA transcript (variant 
1, Subject) is derived from the 
mouse genome version Jun. 2020 
(GRCm39/mm39)35. Dots indicate 
conserved nucleotides between 
the sequences. Presence of a 
letter in the Subject sequence 
indicates a divergence in 
nucleotide alignment45. B) 
Summary of sequence similarity 
compared to the human transcript 
sequence. 
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1.11.2. Human and Mouse RAB27A have Highly Conserved Amino Acid Sequences 

Both the human RAB27A (UniProt ID: P51159) and mouse RAB27A (UniProt ID: Q9ERI2) 

have reported peptide lengths of 221 amino acids33. Alignment results of the RAB27A peptide 

sequences from the two species show that there is a 95.93% similarity (Figure 1.11A)33.  

Furthermore, the identified binding sites are also conserved between the two sequences 

(Figure 1.11B). This similarity suggests that the function and activity of these proteins are 

conserved, despite RAB27A being located on chromosome 15 and Rab27a being located on 

chromosome 9137,138. 

 

1.11.3. Comparing the Tissue Expression Profiles of RAB27A and Rab27a 

In addition to the conserved gene and protein sequence of Rab27a between humans 

and mice, expression data between adipose and cardiovascular tissues is publicly available. 

The Jackson Laboratory’s Gene Expression Database (GXD) provides a very inclusive review of 

Rab27a expression within mouse tissues and confirms expression within the cardiovascular 

Figure 1.11. Amino acid sequence alignment and similarity for human and mouse 
RAB27A. A) Results of a peptide sequence alignment of human and mouse RAB27A 
utilizing Align via UniProt33. (*) indicates a fully conserved amino acid. Similarity is further 
highlighted by highlighted region. (:) indicates variable amino acid with high conserved 
properties. (.), indicates variable amino acid with low conserved properties. Black outlines 
show conservation of protein binding sites. B) Alignment showed that the mouse amino acid 
sequence shares 95.93% similarity with the human sequence. 
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system and adipose among many others139. Utilizing the Human Protein Atlas, we found 

evidence of RAB27A expression within adipose and the cardiovascular system140. Therefore, we 

hypothesized that loss of Rab27a would elicit conserved physiological effects within the 

vascular microenvironment between humans and mice. 

 

1.12. Characterization of Previously Established Rab27a Null Mouse Strains 

Furthermore, prior mouse models containing mutations within Rab27a suggested that 

this gene can be reliably targeted. The first known mouse strain to carry a Rab27a mutation was 

identified at The Jackson Laboratory in 1979138. Arising from a spontaneous mutation on a 

C3H/HeSN background, these mice exhibited a gray (ashen) coat color and were named the 

ashen strain (Rab27aashen). Using this strain, the research group was able to trace the mutation 

to chromosome 9138. Later studies went on to show that unlike other ashen colored mice, this 

strain was due to a point mutation in Rab27a and results in reduced vesicle trafficking141. While 

we have been provided access to data concerning glucose sensitivity in the Rab27aashen mice, 

these mice are not readily available from The Jackson Laboratory (Soucy et al., 2023 under 

revision). 

Since this original strain was identified, others have been established through genetic 

modification techniques. For example, one strain was created on a C57BL/6 background using 

TALEN endonuclease targeting to mutate Rab27a exon 2142. A later study also utilized a 

Rab27a null strain that was purchased from Cyagen Biosciences Company143. However, due to 

a lack of characterization and genetic drift information between strains we deemed it necessary 

to establish novel Rab27a murine models on a true C57BL/6J background with specific 

targeting to exon 4. 
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1.13. Project Goal: Determine Whether Loss of Rab27a Alters Vascular Physiology via the 

Dysregulation of Exosome Secretion 

Based on this existing body of work, we hypothesized that Rab27a regulates vascular 

health through its role as a mediator of exosome signaling. To test our hypothesis, we have 

established a novel global Rab27a null strain on a C57BL/6J background. Within the 

succeeding chapters, we provide evidence that the global loss of Rab27a affects thoracic aorta 

contractile and dilative responses uniquely according to diet, age, sex, and genotype. With 

these studies, we provide foundational evidence to the importance of Rab27a in the regulation 

of thoracic aorta health. 
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CHAPTER 2: EXERIMENTAL METHODS 

2.1. In Vivo Methods 

All methods described under Section 2.1 pertain to in vivo experiments utilized within 

this study. Each method was approved by the Institutional Animal Care and Use Committee. 

  

2.1.1. Commercially Available Strains  

Multiple commercially available mouse strains were utilized throughout this work for 

strain development, breeding, backcrossing, positive control for Cre-directed genetic 

recombination, and to diversify genetic backgrounds. The specific uses of each strain listed in 

Table 2.1 will be described in detail within the Results.  

 

Table 2.1. Mouse strains from commercial sources. 

Species Source Description Sex Stock # 
Mouse Jackson Laboratory C57BL/6J M/F #00064 
Mouse Jackson Laboratory B6.Cg-Edil3Tg(Sox2-cre)1Amc/J M #008454 
Mouse Taconic Swiss Webster F SW-F 

 

2.1.2. Single-Guide RNA Design for CRISPR-Cas9 Targeting of Rab27a Introns 3 and 4 

Genomic sequence of Rab27a intron 3 and intron 4 regions, roughly 1,000 nucleotides 

flanking exon 4, were used to identify sequences to direct CRISPR-Cas9 activity using 

CRISPOR144. The program identified multiple options for protospacer adjacent motifs (PAM) 

sites and leading seed sequences. Sequences were selected by prioritizing sequences with the 

strongest Mreno-Mateos Efficiency Score that had potential for use as restriction digest sites. As 

a result, sequence 5’gRNA-Rab27a#2-93(+) was selected to target intron 3 and 3’gRNA-

Rab27a#1-83(+) was selected to target intron 4 (Table 2.2). 
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Table 2.2. sgRNA sequences and predicted efficiencies for targeting of Rab27a introns 3 and 4. 

Guide RNA 
sequence PAM, 

5’->3’ 

MIT 
Specificity 

Score 

Out-of-
Frame 
Score 

Moreno-
Mateos 

Efficiency 
Score 

Off-
Target 

(Total #) 

Off-
Target 

(Exons, 
#) 

Off-
Target 
(Chr:9, 

#) 

Off-Target 
Distribution 

RE 
Site 

5’gRNA-Rab27a#1-
96(+) 

TCTCATGTATAGT
AAGGCGGTGG 

96 51 59 35       1 2 0-0-0-1-34 
0-0-0-0-0 N/A 

5’gRNA-Rab27a#2-
93(+) 

ATGCCTGCTTTTA
CGGTACAGGG 

93 54 `62 74 2 7 0-0-1-9-64 
0-0-0-0-0 

PAM 
site 

can be 
mutate
d into 
PciI 

3’gRNA-Rab27a#1-
83(+) 

GCCTGGTGGAAC
ATCTGGTCGGG 

83 75 69 109     13 
10 

(E+crh:9-
3) 

0-0-1-9-99 
0-0-1-2-2 

PAM 
site 

can be 
mutate
d into 
SalI 

3’gRNA-Rab27a#2-
87(-) 

CCGGAACCCACA
CAACTATTAGG 

87 63 55 100 5 5 0-0-2-7-91 
0-0-0-2-2 

PAM 
site 

can be 
mutate
d into 
AvrII 

3’gRNA-Rab27a#3-
90(-) 

CCGGAACCCACA
CAACTATTAGG 

90 69 43 72 8 
2 

(E+crh:9-
1) 

0-0-0-4-68 
0-0-0-0-1 N/A 

 

2.1.3. Validation of Single-Guide RNA for CRISPR-Cas9 Targeting of Rab27a Introns 3 and 4 

Efficacy of CRISPR-Cas9 targeting using these primers was tested in vitro prior to 

microinjection. This was completed by incubating 3μL of 10x Cas9 buffer (New England 

Biolabs), 1μL of a Cas9 enzyme (1μΜ stock, New England Biolabs), 20ng of the desired 

sgRNA, and RNA-free H2O (volume required to bring reaction volume to 30μL once target DNA 

is added. The mixture is allowed to incubate at room temperature for 10 minutes. After which, 

150-180ng of the pure wildtype Rab27a nucleotide sequences was added and incubated at 

37oC for 60 minutes. Finally, the Cas9 enzyme was inactivated by incubation at 70oC for 10 

minutes. 

Products were separated utilizing a 2% agarose gel to determine whether the target 

DNA was sufficiently cut by the endonuclease. Gels were made using 6g of Agarose I (VWR, 

#0710, CAS 9012-36-6) dissolved into 300mL of 1x Tris-acetate-EDTA buffer (TAE 2M Tris-
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base, 1M glacial acetic acid, 0.05M EDTA). Gels were then stained with SYBR™ Green Safe 

DNA Gel Stain (Invitrogen, Cat# S33102) and molded. To determine size, a 1Kb Plus DNA 

Ladder (3.5μL, Invitrogen, Cat# 10787026) was loaded into the first lane of the gel. For each 

sample, 10μl was loaded into subsequent lanes. Electric currents were passed through the gels 

submerged in 1x TAE. Gels were then imaged utilizing Fujifilm imager (LAS-4000). Imaging of 

the gel showed that roughly 50% of the target DNA was cut by both sgRNA (Figure 2.1). 

According to the standards set by the MaineHealth Institute for Research Mouse Genome 

Modification Core, this targeting efficiency was acceptable to utilize for microinjection.  

 

 

Figure 2.1. In vitro confirmation of sgRNA targeting efficacy. Target DNA (150-180 
ng) of 1501 base pairs (bp) in length was incubated with the 5’ and 3’ sgRNA (30 ng) and 
Cas9 (1μM) at 37oC for 1 hr. The entire enzymatic reaction was run on a 1.5% TAE-
agarose gel to determine whether cleavage occurred. Expected bands for cleaved 5’DNA 
are 1016 and 317 bp while cleaved 3’DNA would exhibit bands at 1105 and 396 bp. 
Although faint, both the 317 pb and 396 bp bands are present. With targeting efficacy 
~50% or greater these guides were acceptable for microinjection. 
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2.1.4. Establishment of the Novel Rab27a Global and Conditional Null Strains  

C57BL/6J embryos collected from the breeding of purchased C57BL/6J male and female 

mice (The Jackson Laboratory) were utilized for strain establishment (Table 2.1). Rab27a null 

mice were the result of nonhomologous end joining post genomic modification via CRISPR-

Cas9 targeting of introns flanking exon 4 of Rab27a (Figure 2.2). Meanwhile, Rab27afl/fl mice 

were the result of homologous loxP site insertions flanking exon 4 of Rab27a through CRISPR-

Cas9 targeting (Figure 2.2). All mutant alleles were segregated by backcrossing to wildtype 

(WT) C57BL/6J mice for 3 generations and verified by direct genomic sequencing (Table 2.3). 

 

 

 

Table 2.3. Novel genetically modified mouse strains. 

Species Strain Name Source Background Strain ID 

Mouse Rab27a global null Liaw 
laboratory C57BL/6J C57BL/6J-Rab27aem10Llw 

Mouse Rab27a conditional 
null 

Liaw 
laboratory C57BL/6J C57BL/6J-Rab27aem24Llw 

 

Figure 2.2. Resulting Rab27a alleles from CRISPR-Cas9 mutagenesis. The endogenous 
Rab27a WT gene with mapped exons of the longest transcript (top), Rab27a global null 
allele (middle) with the deletion of exon 4, and Rab27afl/fl allele (bottom) are presented. Gray 
boxes = non-coding exons, blue boxes = coding exons, orange triangles = loxP sites. Gene 
structure is from the GRCm38/mm10 mouse genome alignment38.  
Created with BioRender.com. 
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2.1.5. Rab27a Global Null Genotyping 

Murine genomic DNA was isolated from tissue samples using an in-house alkaline lysis 

reagent (25mM NaOH, 0.2mM disodium EDTA, pH 12.0), boiled in a heat block for 30 minutes, 

and then neutralized with equal volume of 40mM Tris-HCl reagent (pH 5). Isolated DNA was 

used for genotyping via polymerase chain reaction (PCR) targeting exon 4 of Rab27a. The PCR 

reaction consisted of Apex Taq RED Master Mix, 2x, 1.5mM MgCl2 (Cat #42-138B), nuclease 

free water, primers from IDT (Table 2.4), Forward primer (global null) and Reverse primer 

(global null), and template genomic DNA. The cycling conditions included a denaturing time of 

30 seconds at 94°C, an annealing time of 20 seconds at 60°C, and an extension time of 30 

seconds at 72°C for 34 cycles utilizing primers listed in Table 2.4. PCR products were 

separated, and sizes were determined as previously described (Section 2.1.3). A WT product 

was expected to be 850 bp (Figure 2.3A). A Rab27a null product was expected to be 165 bp 

(Figure 2.3B). 

 

2.1.6. Confirmation of loxP Site Insertion 

Murine genomic DNA was isolated from tissue samples as described in Section 2.1.2. 

The cycling conditions included a denaturing time of 20 seconds at 94°C, an annealing time of 

10 seconds at 55°C, and an extension time of 120 seconds at 68°C for 35 cycles utilizing 

primers listed in Table 2.4. The resulting PCR amplicon from a Rab27afl/fl mouse is 2185 bp. To 

confirm the insertion of functional loxP sites, the amplicon was then digested using restriction 

enzyme PciI (New England Biolabs) according to manufacturer recommendations. PCR 

products were separated, and sizes were determined as previously described (Section 2.1.3). If 

functional loxP sites were successfully inserted two products of 1693 bp and 492 bp would 

result (Figure 2.3C).  
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2.1.7. Rab27a Conditional Null Genotyping 

Murine genomic DNA was isolated from tissue samples as described in Section 2.1.2. 

The PCR reaction consisted of Apex Taq RED Master Mix, 2x, 1.5mM MgCl2 (Cat #42-138B), 

nuclease free water, primers from IDT, and template DNA. The cycling conditions for the floxed 

allele included a denaturing time of 30 seconds at 94°C, an annealing time of 15 seconds at 

60°C, and an extension time of 30 seconds at 72°C for 34 cycles utilizing primers listed in Table 

2.4.  Conditional Rab27a null mice would produce an amplicon 334 bp in length (Figure 2.3D). 

The cycling conditions for the presence of Cre sequence for all strains include a denaturing time 

of 10 seconds at 94oC, an annealing time of 20seconds at 60oC, and an extension time of 20 

seconds for 68oC using primes listed in Table 2.4. Presence of Cre would produce an amplicon 

299 bp long. 

 

 

Figure 2.3. Genotyping strategy for the novel Rab27a global and conditional null 
strains. Schematic showing PCR products as green bars for A) WT, B) Rab27a null, C) loxP 
site confirmation, and D) Rab27a conditional null alleles. Product sizes are noted below their 
respective bars. Gene structure is from the GRCm38/mm10 mouse genome alignment38. 
Created with BioRender.com. 
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Table 2.4. Primer sequences for novel Rab27a global and conditional null strains. 

Description Sequence 
Forward primer (global null) 5’- GTAGCTAACTGAAAGCAGCCTTG -3’ 

Reverse primer (global null) 5’- AGTGACCTTTCTATCTTCTGTCTC -3’ 
Left arm forward loxP primer 5’ - GACAGGAGTGCCCATGTATAAAG - 3’ 

Right arm reverse loxP primer 5’ - TTCCCTCCAGGTAATATGGG - 3’ 
Forward primer (conditional floxed 

allele) 5’- GAAATTCTGAGACCAGCGGGC -3’ 

Reverse primer (conditional floxed 
allele) 5’- AGTGAACTTTCTATCTTCTGTCTC -3’ 

Forward primer (Cre) 5’- TTCCCGCAGAACCTGAAGATG -3’ 
Reverse primer (Cre) 5’- CCCCAGAAATGCCAGATTACG -3’ 

 

 

2.1.8. Maintenance of Rab27a Global and Conditional Null Strains 

Heterozygous Rab27a null males and females were bread to produce genetically mixed 

litters. Breeder mice were fed a breeder diet (Teklad, #2919) and provided water ad libitum. 

From those litters, Rab27a null males were mated with Rab27a null females to produce Rab27a 

null litters. WT littermates were bread together to product WT offspring. Mice were group 

housed in an Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC)-accredited mouse barrier facility and fed a chow diet (Teklad, #2918) and water ad 

libitum with a 12:12 light-dark cycle.  

 

2.1.9. 60% High Fat Diet Feeding 

Rab27a null and WT male mice at 7 weeks of age were moved from group to single 

housing. All mice were provided chow diet (Teklad, #2918) and water ad libitum and 

supplemented with a habitat structure. Random selection was applied to determine which 

subjects received a 60% high fat diet (HFD) (Research Diets, #D12492) or sucrose-matched 

control diet (SCD) (Research Diets, #D12450J) for 12 weeks. See Table 2.6 for additional 

nutrition information for these diets. Animals were permitted food and drink ad libitum for the 

duration of the experiment. Food and cages were replaced and cleaned weekly by animal 
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technicians. Mice were weighed weekly, and body composition was determined at weeks 1, 6, 

and 12 of the diet. Post 12 weeks, mice were utilized for tissue collections and wire myograph 

studies (Figure 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Study design for evaluating the effects of global Rab27a loss during a 60% 
high fat diet. Male WT and Rab27a null mice were separated into independent housing at 7 
weeks old (not shown). At 8 weeks of age, mice were randomly selected to receive either a 
60% HFD or SCD for 12 weeks (Week 0-12). Experimental procedures completed at each 
time point are denoted by superscript numbering: A=placed on respective diet, B=body weight 
recorded, C=body composition recorded, D=wire myography, E=sample collection. Group 
sample sizes were WT, HFD (n=4), WT, SCD (n=6), Rab27a null, HFD (n=6), and Rab27a 
null, SCD (n=8). Created with BioRender.com. 
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Table 2.5. Nutritional values for 60% HFD, SCD, chow, and breeder diets. 

 Diet 

Class 
Description Ingredient D12492 

(60% HFD) D12450J (SCD) Teklad #2918 
(Chow Diet) 

Teklad #2919 
(Breeder Diet) 

Protein 
Casein, 

Lactic, 30 
Mesh 

200 g 200 g   

Protein Cystine, L 3.00 g 3.00 g   

Carbohydrate Starch (Corn)  506.2 g   

Carbohydrate Lodex, 10 125 g 125 g   

Carbohydrate Sucrose (fine 
granulated) 72.8 g 72.8 g   

Carbohydrate Unkown - - Est. 2-5% Est. 2-5% 

Fiber Solka Floc 
(FCC200) 50.0 g 50.0 g   

Fat Soybean oil 
(USP) 25.0 g 25.0 g   

Fat Lard 245 g 20.0 g   

Mineral - 50.0 g 50.0 g   

Vitamin Choline 
bitartrate 2.00 g 2.00 g   

Vitamin - 1.00 g 1.00 g   

Total  773.85 g 1055.05 g   

      

  Caloric Information 

 Protein 20% Kcal 20% Kcal   

 Fat 60% Kcal 10% Kcal 26.2% Kcal 9% Kcal 

 Carbohydrate 20% Kcal 70% Kcal   

 Energy 
density 5.21 Kcal/g 3.82 Kcal/g   
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2.1.10. Body Weight Recording 

Mouse body weights were recorded at predetermined timepoints according to individual 

study design. Myography mice were weighed using a ScoutPro scale and diet mice were 

weighed using an OHAUS CS series scale. 

 

2.1.11. Body Composition Analysis of Mice From the 60% High Fat Diet Study 

Post weighing, mice were individually placed into assay containers and analyzed for fat, 

free body fluid, and lean body mass (Minispec LF50, Bruker). These results were used in 

combination with the total body weight to determine % fat and % lean body composition for each 

mouse. Before each run, a daily machine check and calibration was completed to ensure 

accuracy of measurements.  

 

2.1.12. Tissue Collection 

Mice utilized for tissue collection were anesthetized with isofluorane (Patterson Vet, Cat 

#07-893-1389) and euthanized via cervical dislocation. Tissues were collected for either 

freezing at -80oC or fixation with 10% formalin overnight 4oC. Fixed samples were then 

processed for paraffin embedding, sectioning, and routine histology or immunostaining. Aorta 

and PVAT samples were collected from the remaining tissue after myograph mounting. The top 

half of the segment (PVAT and aorta intact) was fixed. For the lower half of the segment, the 

PVAT and aorta were frozen separately. For iWAT and BAT, one lobe of each was selected for 

either fixing or freezing. The lymph nodes were removed from male iWAT tissues during 

collection. Surrounding WAT was cleared from the BAT lobes prior to processing. 

 

2.2. Primary Human Cell Culture 

All human PVAT samples were collected under the MaineHealth Institute for Research. 

Cells were maintained in 6cm cell culture dishes. Human primary vascular smooth muscle cells 
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(ATCC, Cat# PCS-100-012) were maintained in complete SmGM2 media (Lonza, Cat# cc-

3182). Human primary endothelial cells (Lonza, Cat# c-2535) were maintained in complete 

EGM2 media (Lonza, Cat# cc-3162). Media was changed every 3 days. All cell lines were 

passaged upon reaching confluency via lifting with 0.25% Trypsin-EDTA (Gibco, Cat# 25200-

056). Cell lines were cultured in a humidified incubator with 5% CO2 and 37oC. 

 

2.3. Wire Myography 

2.3.1. Chow Diet Experiments 

Murine thoracic aortae were excised at 2mm in length, below the ascending aortic arch, 

and mounted into the wire myograph organ bath (Danish Myography Technologies A420 and 

620M, Denmark). Aortae were bathed in physiological saline solution (PSS, 0.13M NaCl, 4.7mM 

KCl, 1.18mM KH2PO4, 1.17mM MgSO47H2O, 5.5mM glucose, 0.026mM EDTA, and 1.6mM 

CaCl2) at 37oC and oxygenated (95% O2 + 5% CO2). PSS was replaced and equilibration under 

basal conditions with a 5 millinewton (mN) force was completed for 20 minutes145. Aorta were 

subsequently treated with increasing concentrations of phenylephrine from 2nM-10μM (Sigma-

Aldrich, Cat# P6126) and the maximum contractile force (mN) for each dose was recorded to 

determine contractile reactivity. Vessels were washed 4 times with fresh PSS buffer and allowed 

to reach basal force. If basal force was not achieved 20 minutes post wash, additional washes 

were performed. Vascular relaxation was measured by pre-contracting vessels to 50-80% of 

peak contraction (EC50) with phenylephrine and then treating with increasing doses of 

acetylcholine from 2nM-10μM (Sigma-Aldrich, A2661). The minimum contractile force (mN) was 

recorded for each dose. Again, vessels were brought back to basal force by rinsing as 

described above. Lastly, vessel integrity was tested by dosing aortae with 100mM potassium 

chloride (KCl) and maximum contractile force (mN) was recorded at 8 minutes post addition. 
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2.3.2. 60% High Fat Diet Experiments 

Upon completion of 12-week 60% HFD feeding, 2mm segments of the thoracic aortae 

were excised from below the ascending arch. Segments were mounted into the wire myograph 

organ bath (Danish Myography Technologies 620M, Denmark) in PSS at 37oC and oxygenated. 

PSS was replaced and equilibration under basal conditions with a 5mN force was completed for 

20 minutes. Segments were then normalized to a force equivalent to blood physiological 

shearing force (13.3 kPa) to account for difference between aortae luminal area and tensile 

strength146. Post normalization, chambers were electronically zeroed. All vessels were treated 

with a single 100mM dose of KCl as an initiating stimulant. Maximum contractile force (mN) was 

recorded at 8 minutes post addition. The aortae were then treated with phenylephrine (Phe) and 

acetylcholine (ACh) as describe above. Vessel integrity was also measured again by a final 

dose of 100mM KCl with maximum contractile force (mN) measured 8 minutes post addition. 

 

2.3.3. Statistical Analysis 

Data were exported from the LabChart 8 Pro DataPad into excel. All curves were 

normalized to staring forces of 0 mN based on the recorded force at the time of the initiating KCl 

or Phe dose. Contractile responses are normalized to the baseline corrected peak KCl force and 

reported as % Maximum Contraction (Relative KCl)146. Dilative responses are normalized to the 

50-80% maximal Phe contractile force are reported as % Pre-Contraction. Viability Analysis: 

Background corrected KCl forces were plotted within an XY sheet according to age and 

genotype and analyzed for outliers via a ROUT (Q=1%) test. Any detected outlier was removed 

from all downstream analyses. Data was then transferred to a Grouped sheet according to 

experimental designation and significance was evaluated via ordinary two-way ANOVA with a 

Tukey’s multiple comparisons test. Phe and ACh Contractile Response: Dose responses for 

each mouse were transposed into XY sheets within GraphPad Prism (Version 9) as replicate 

columns according to experimental group. The Phe dose concentrations were plotted in Log10 
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scale. Outlier doses for each mouse was identified utilizing a non-linear regression, log(agonist) 

vs. response - Variable slope (four parameters) test (Q=1%). For each data set, if seven or 

more doses were detected as outliers, the mouse was removed from the final analysis. If less 

than seven doses were detected as outliers, all points are included for future analysis. These 

points are viewed as biological variations in agonist response. Significance between group 

responses was determined between two groups at a time, with the variable slope test 

mentioned above with an Extra sum-of-squares F Test. EC50 Analysis: Individual curves were 

analyzed via Variable slope (four parameters) test (Q=1%) to calculate an EC50 dose for each 

mouse. These doses were then transposed into a Grouped sheet according to genotype and 

age to evaluate significance via ordinary two-way ANOVA with a Tuckey’s multiple comparisons 

test. For all analyses, significance is defined as a P<0.05. 

 

2.4. Immunoblot 

2.4.1. Protein Isolation and SDS-PAGE 

Total protein was isolated from frozen tissues with mechanical grinding in the presence 

of radioimmunoprecipitation assay (RIPA, 50mM Tris HCl, 5mM EDTA diNa, 150 mM NaCl, 1% 

IGEPAL CA-630, 0.1% SDS, 1mM EGTA, 0.5% Na Deoxycholate) buffer supplemented with 

protease inhibitor (CST, #5872). Post grinding, samples were sonicated (Branson Sonifier 250, 

Branson Ultrasonics) for 10 pulses with 30% power and 25% duty cycle. Samples were 

incubated on ice for 20 minutes. Sample concentrations were determined by bicinchronic acid 

(BCA) protein assay with optical density quantified by absorbance with 760 nm wavelength 

(Epoch) in triplicate. The averaged sample absorbances were normalized to a standard bovine 

serum albumin (BSA, Calbiochem, Cat #9048-46-8) curve that achieved a r2³0.98. BCA 

standard concentrations included 2-fold serial dilutions spanning 0.156-10 mg/mL. Once 

concentration was calculated, Laemmli buffer (0.4M SDS, 1mM bromophenol blue, 47% v/v 

glycerol, 12% v/v Tris (0.5M, pH6.8), 21% v/v H2O) was added and boiled at 95oC for 5 minutes. 
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Samples were loaded into 12% SDS-PAGE gel (BioRad, Cat #1610175) with equivalent 

amounts of protein per lane. Specific amounts are noted in the respective figure legends. 

Loading volumes were normalized using RIPA buffer. Pre-stained protein ladder (7μL, 

Prometheus, Cat #83-660) was loaded into lane one for protein size identification. Gels were 

run with a 90 millivolts (mV) current for 10 minutes to ensure efficient entry into the stacking gel. 

The electric current was then increased to 120mV for 20 minutes to allow for sufficient 

separation of proteins. Transfer materials and ethanol (Sigma-Alrich, Cat #DSP-NJ-158) 

activated PVDF membranes (BioRad, Cat #1704275) were equilibrated in transfer buffer 

(BioRad, Cat #10026938) for 10 minutes. Proteins were transferred to the membrane utilizing a 

BioRad Trans-Blot Turbo system using the BioRad 2x mini gel protocol, adjusted to run with a 

constant amperage (1.5 mA) for 30 minutes. Total protein transferred was evaluated with 

Ponceau S staining and imaged using a digital camera. Blots were rinsed with PBS 

supplemented with a few drops of sodium hydroxide (0.1M) to remove the stain, then blocked 

with 5% milk in PBS-T (PBS with 0.01% Tween-20) at room temperature (RT). Membranes 

were incubated with the selected primary antibody in 5% milk in PBS-T, rocking for designated 

times at 4oC. Membranes were washed and incubated with IgG-HRP secondary in 5% milk in 

PBS-T at RT for 1 hour. Blots were imaged utilizing Immobilon Forte Western HRP Substrate 

(Millipore, WBLUF0500) and the Azure C600. Antibody information is in Table 2.7. 

 

2.4.2. Quantification 

Membrane and Ponceau S images were opened in FIJI, converted to 8-bit images, and 

inverted. Rectangular regions of interest (ROIs) of equivalent areas were placed to encompass 

sample lanes in the Ponceau S image and the pixel density (Raw Integrated Density) value was 

recorded for each lane. The same process was used for the membrane images around the band 

of interest. Equivalent ROIs just above the bands were quantified for pixel density to determine 

the background intensity for each lane. Band intensity was corrected for background noise and 
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normalized to total protein transfer via Ponceau S stain. Bands were normalized to the average 

intensity for the male group. Significance was determined via Welch’s t-test. 

 

2.5. Immunofluorescence 

2.5.1. Staining 

Paraffin embedded tissues were sectioned at 5μm, dried at RT overnight. The following 

morning slides were heated (Globe Scientific Inc.,Cat #1358W) for 45 minutes at 60oC. Samples 

were incubated in AmeriClear (CardinalHealth, Cat #C4200-1) for 15 minutes at RT three times 

and subsequently treated with dehydrating alcohol (VWR, Cat #10158-870) twice at 100%, 

95%, 90%, and 75% (v/v) for 2 minutes. Antigen retrieval was completed using sodium citrate 

(0.1M) for 25 minutes utilizing a steamer. After cooling on wet ice, slides were blocked for 

overnight in blocking solution (PBS with 1% bovine serum albumin (BSA) (Calbiochem, Cat 

#9048-46-8), 5% goat serum (Jackson ImmunoResearch, Cat #005-000-121), and 0.5% Tween-

20 (Sigma-Aldrich, Cat #P1379-1L)) at RT. Slides were washed three times for 15 minutes, 

shaking at RT with 1x tris-buffered saline (TBS, 50mM Tris-Cl, pH 7.6, and 150mM NaCl). 

Samples were incubated at 4oC overnight with primary antibody or appropriate IgG control at 

matching final concentrations in PBS + 2% BSA. Post incubation, slides were washed three 

times for 15 minutes shaking at RT in TBS-T (TBS with 0.1% Tween-20). Samples were 

subsequently incubated at RT for 1 hour with appropriate Alexa-Fluor conjugated secondary 

antibodies in PBS + 2% BSA. Sections were washed and treated with TrueVIEW 

Autofluorescence Quenching Kit (Vector Laboratories, SP-8400). Slides were washed and liquid 

mounted with DAPI mounting media (Vector Laboratories, H-2000). Sections were imaged with 

a Leica TCS SP8 laser scanning confocal microscope with a 63x/1.40 NA oil objective and the 

Leica SX software suit. Representative images were captured utilizing a single z-plane. Probe 

color balance was normalized across all images to respective IgG controls utilizing FIJI. DAPI 

color balance was adjusted to relative intensity across images. 
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2.5.2. Quantification 

All images were opened using FIJI with each fluorescent channel displayed separately. 

Total DAPI were quantified for each field of view utilizing the CellCounter plugin. Pixel intensity 

was quantified according to Raw Integrated Intensity values. For aorta images, masks were 

applied to ensure PVAT within those fields of view were not contributing to raw quantifications. 

IgG and primary staining intensities were normalized to total number of DAPI counted for each 

image. Then, the DAPI/background normalized IgG stain intensity was subtracted from the 

matching DAPI normalized stain intensities. All values were then normalized to the 8-week-old 

WT sample value for each stain respectively. 

 

Table 2.6. Antibody descriptions. IB = Immunoblot, IF = immunofluorescence 

Target antigen Source Catalog # Concentration 
(IB) 

Concentration 
(IF) Lot   

RAB27A Cell Signaling  69295 0.07 μg/mL 0.39 μg/mL 1 

PLIN1 Cell Signaling  9349 0.15 μg/mL N/A 5 

ACTA2 Cell Signaling  19245 0.1 μg/mL 0.014 μg/mL 3 

PECAM1 Cell Signaling  3528 0.5 μg/mL N/A 4 

MYH6 ThermoFisher 22281-1-
AP N/A 1.6 μg/nL 00101202 

Rabbit IgG Cell Signaling  3900 N/A matched 50 

HRP anti-rabbit Cell Signaling  7074 0.066 μg/mL N/A 
 28 

HRP-anti-mouse Cell Signaling  7076 0.15 μg/mL N/A 32 
Alexa-Fluor 488 anti-

rabbit Invitrogen A11008 N/A 2 μg/mL 2256822 
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2.6. Mass Spectrometry 

All samples submitted for mass spectrometry were prepared for data acquisition and 

analysis by the MaineHealth Institute for Research Proteomic and Lipidomic Core Facility. The 

protocols for data acquisition and analysis were provided by the Core in accordance with their 

operational procedures. 

 

2.6.1. Data Acquisition: Tissues 

A minimum of 20mg of iWAT and BAT was utilized from three mice from each 

experimental group based on age and genotype. Due to limited tissue, PVAT and thoracic aorta 

samples were pooled according to experimental group for a minimum 8mg tissue from the same 

mice that the iWAT and BAT samples were isolated from. Tissue samples were suspended in 

400μL 8M urea/ 50mM Tris-HCl (pH 8) with phosphatase and protease inhibitors (Roche), then 

sonicated (Branson Sonifier 250, Branson Ultrasonics) three times for 30% power, 25% duty 

cycle, for 10 second pulses, and rested on ice as described15,147. Lysates were reduced for 30 

minutes with 8mM dithiothreitol (DTT) and alkylated for 30 minutes with 20mM iodoacetamide at 

RT. The 8M urea solution was diluted with 50mM Tris-HCl (pH 8), bringing the solution below 

1.5M urea. Samples were digested overnight with 20μg sequencing grade trypsin (Promega, 

MS grade). Approximately 30μg of each sample was freed of salts and buffers via C18 spin 

columns (ThermoFisher, 89870) and evaporated on a centrifugal evaporator. Tryptic peptides 

were re-suspended in 5% formic acid in 3% acetonitrile in LC-MS grade water. Tryptic digests 

were run on a high resolution Sciex Triple time-of-flight (ToF) 5600 mass spectrometer 

connected to a Dionex Ultimate (RSLC_3000) chromatography system. Each sample was 

loaded onto an analytical reverse-phase C18 nanocolumn packed with Reprocil Pur C18, 1.9μm 

and resolved by an increasing acetonitrile gradient over 100 minutes at a flow rate of 

220nL/minute. The mass spectrometer was operated using data dependent analysis (DDA) to 

create a spectral ion library. A Sequential Window Acquisition of all THeoretical spectra 
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(SWATH) was implemented for relative quantitation, as previously described15,148. All data 

acquired in DDA mode used a high-resolution MS scan prior to MS/MS analysis using collision 

induced dissociation. For SWATH acquisition, a ToF MS scan with an accumulation time of 96 

milliseconds was followed by 100 variable-width scan windows from 350 to 1500 m/z. 

Accumulation time was 89.9 milliseconds, cycle time 9.1 seconds. Identical chromatography 

parameters were used for SWATH and DDA analysis. 

 

2.6.2. Exosome Sample Preparation  

Exosome suspensions were diluted 10-fold with ice-cold RIPA buffer (Millipore Sigma) and 

the solutions subject to probe-tip sonication (Branson Ultrasonifier 250), at 25% duty cycle and 

30% output power for 10 bursts. Debris in each sample was then pelleted at 4°C and maximal 

velocity on a tabletop centrifuge for 10 minutes. Supernatants were separated and pellets, if 

present, discarded. Protein content was not measured due to the expected low amounts 

expected from exosome samples. Each supernatant was precipitated with a 10-fold excess 

volume of ice-cold ethanol overnight and overlays discarded. Samples were then resuspended 

in 8.0 M urea (MP Biomedicals) and 5 mM tris-(2-carboxyethyl) phosphine (TCEP, Strem 

Chemicals) in 50-100 mM ammonium bicarbonate (ABC, MP Biomedicals). After incubation for 

20 minutes at 55°C, samples were allowed to cool to room temperature and brought to 10 mM 

iodoacetamide (G-Biosciences, St. Louis, MO) from a 0.5 M stock solution prepared in water. 

After incubation in the dark at room temperature for 20 minutes, reactions were quenched with 

the addition of 1µL β-mercaptoethanol (BME, Sigma-Aldrich). Samples were diluted with 50 mM 

ABC containing 1.0 mM CaCl2 to bring urea concentrations below 1.5 M. To each was added a 

2.5 µg trypsin (Sequencing grade, modified, Promega Co, Madison, WI). Digestion was carried 

out overnight at 37°C. 

Digested proteins were evaporated on a centrifugal evaporator (Savant, Thermo Fisher 
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Scientific) and each sample freed from salts and buffers by solid-phase extraction on C18 resin 

using cartridges prepared in-house. Briefly, for each sample a C18 StageTip was prepared as 

originally reported149. To each tip, 4 mg octadecyl-derivatized silica (SiliaSphere PC, C18 

monomeric, 25 µm particles, 90 Å pore size, SiliCycle Inc., Québec City, Canada) was added 

and suspended in LC-MS-grade isopropanol (Honeywell, Morris Plains, NJ). Each cartridge was 

then equilibrated, and samples purified on them according to the StageTip protocol referenced 

above. From each cartridge, the eluted purified peptides were transferred into autosampler vials 

to be used on the LC-MS instrumentation and solvent removed by vacuum centrifugation. Each 

sample was then resuspended in a volume of Sample Load Solvent to yield an approximate 

concentration of 1 µg/µL peptides. Sample Load Solvent was 5% formic acid (Optima grade, 

Thermo Fisher Scientific) and 4% acetonitrile (both water and acetonitrile were LC-MS-grade, 

Honeywell). 

 

2.6.3. Data Acquisition: Exosomes 

All sample separations performed in tandem with mass spectrometric analysis were 

performed on an Eksigent NanoLC 425 nano-UPLC System (Sciex, Framingham, MA) in direct-

injection mode with a 3 µL sample loop. Fractionation was performed on a reverse-phase nano 

HPLC column prepared in-house (ReproSil-Pur C18-AQ, 5 µm particles, 120 Å pore size, Dr. 

Maisch, Ammerbuch, Germany, 50 µM ID × 20 cm length) held at 45°C and a flow rate of 300 

nL/min. Solvents were blended from LC-MS-grade water and acetonitrile (both from Honeywell). 

Mobile phase A was a 2% acetonitrile solution, while mobile phase B was 100% acetonitrile. 

Both contained 0.1% formic acid (Optima grade, Thermo Fisher Scientific) 

For each analysis, approximately 1 µg of peptides was applied to the column 

equilibrated at 4% B and loading continued for 12 minutes. The sample loop was then taken out 

of the flow path and the column washed for 30 seconds at starting conditions. A gradient to 39% 
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B was executed at constant flow rate over 90 minutes followed by a 3-minute gradient to 90% B. 

The column was washed for 5 minutes under these conditions before being returned to starting 

conditions over 2 minutes and re-equilibrated for 10 minutes. 

Mass spectrometric analysis was performed in positive mode on a TripleTOF 5600 

quadrupole time-of-flight (QTOF) mass spectrometer (Sciex, Framingham, MA) running Analyst 

software TF 1.8.1. The LC column eluate was directed to the mass spectrometer source through 

a silica capillary emitter (SilicaTip, 20 µm ID, 10 µm tip ID, New Objective, Littleton, MA) 

maintained at 2400-2600 V. Nitrogen nebulizer gas was held at 4-6 psi with the curtain gas at 

21-25 psi. The source was kept at 150°C. 

Data acquisition performed by information-dependent analysis (IDA) was executed 

under the following conditions: a parent ion scan was acquired over a range of 400-1200 mass 

units using a 250 msec accumulation time. This was followed by MS/MS scans of the 50 most-

intense ions detected in the parent scan, over ranges from 100-1250 mass units. Criteria of a 

2+-5+ charge state and of having intensities greater than a 350 counts-per-second (cps) 

threshold were also required for a candidate ion to be selected for MS/MS. Accumulation times 

for the MS/MS scans were 20 msec. Rolling collision energies were used according to the 

equation recommended by the manufacturer. Collision energy spread was not used. After an ion 

was detected and fragmented, its mass was excluded from subsequent analysis for 15 seconds. 

Data from 4-6 samples run by IDA was combined and proteins identified to form a single 

proteome library used for SWATH results analysis (details below). 

SWATH analysis was also performed on the 5600 instruments. First, a single parent-ion 

scan was acquired over a range of 400-1200 mass units using a 250 msec accumulation time. 

For the remaining experiments, SWATH MS/MS windows of variable widths were generated 

using a variable window calculator tool available online through Sciex 

(https://sciex.com/products/software). The target number of windows was set to 100 and a 

minimum window width of 4 Da. Rolling collision energies were used, as well as fragmentation 
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conditions optimized for ions of a 2+ charge state. SWATH detection parameters were set to a 

mass range of m/z = 100-1250 with accumulation times of 25 msec in the high-sensitivity mode. 

Each sample was run in triplicate to obtain proper statistical parameters. 

 

2.6.4. Data Analysis 

To create a peptide ion library, DDA data were searched against the reviewed mouse 

UniProt database (37,201 proteins) using ProteinPilot software (Version 5.0.2, Sciex) with the 

Paragon algorithm. Peptides used for protein identification met a minimum confidence threshold 

of greater than 99%. Spectral alignment and targeted extraction of SWATH data were 

performed with the SWATH Processing Micro App in PeakView (Version 2.2.0, Sciex) using the 

reference DDA ion library. The data was imported into MarkerView (Version 1.2.1, Sciex), where 

data were most likely ratio normalized. Experimental groups were compared by principle 

component analysis, and compared for significance using the Fisher’s modification of Student’s 

t-test150. 

 

Table. 2.7. Proteomic data availability. 

Description Source / Repository Persistent ID / URL 
Rab27a null vs WT (two ages) proteomic 

data 

PRoteomics 
IDentifications 

Database (PRIDE) 
Pending 

Exosome Isolations from Rab27a null vs WT 
(two ages) proteomic data 

PRoteomics 
IDentifications 

Database (PRIDE) 
Pending 

 

2.7. STRING Analysis of Tissue Samples 

Comparisons of experimental group SWATH results were completed utilizing the publicly 

available STRING bioinformatics analysis program151,152. SWATH protein comparisons lists were 

filtered for fold changes of at least 20% with a significance of P£0.05. Protein comparisons 

meeting these criteria were submitted for STRING analysis under the following parameters: full 
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STRING network, meaning of network edges – evidence, minimum required interaction score – 

0.900, and hiding all disconnected nodes. Results for the Mammalian Phenotype Ontology 

(Monarch) databases were filtered for a strength of 1 and a false discovery rate (FDR) with 

P£0.05. The remaining enrichment terms and directionality of targets within those terms were 

visualized utilizing R and the ggplot2 and ComplexHeatmap packages. 

 

2.8. Histological Staining 

All samples submitted for histological staining were paraffin embedded and prepared by 

the MaineHealth Institute for Research Histopathology Core Facility. The protocols for listed 

under this section were provided by the Core in accordance with their operational procedures. 

 

2.8.1. Hematoxylin and Eosin 

Paraffin blocks containing PVAT/Aorta, BAT, and iWAT tissues were sectioned and 

stained by the MHIR Histopathology Core facility as follows153.  

Deparaffinization-Rehydration: Sections were cut at 5μm thickness and incubated at RT 

in Clear-Rite3 (Epredia, Cat #6915) for 10 minutes, 3 times.  Slides were transferred to incubate 

at RT in 100% ethyl alcohol for 2 minutes, 2 times. Slides were then incubated in 95% ethyl 

alcohol for 1 minute. Slides were rinsed with water for 5 minutes. At each change, every slide 

was dipped in the solution 10-20 times. Between changes, slides were dripped dry. Staining: 

Slides were incubated at RT in Hematoxylin (Richard Alan, Cat #7231) for 5 minutes. Post 

incubation, slides were rinsed clear with water then placed in 5% acetic acid for 1 minute. Post 

washing with water, slides were incubated for 2 minutes in Bluing Agent (Righard Alan, Cat 

#7301). Following a wash, slides were transferred to ethanol for 1 minute. Slides were 

incubated in Eosin Y (Richard Alan, Cat #711) for 2 minutes. Slides were then rinsed in 95% 

ethanol for 30 seconds, two times. Dehydrating: Slides were incubated 3 times in 100% ethanol 

and followed by 3 incubations in clear agent, 1 time for 3 minutes and the rest 2 minutes. 
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Coverslip Mounting: Slides were mounted with a coverslip using Permount Mounting Medium 

(Fisher Chemical, Cat #SP15-100) and allowed to dry for 48 hours. Resulting color stains are 

nuclei = blue, cytoplasm/structures = pink, and erythrocytes, collages, muscle cytoplasm = 

shades of pink. 

  

2.8.2. Mason’s Trichrome 

Paraffin blocks containing PVAT/aorta tissue samples were sectioned and stained by the 

MaineHealth Institute for Research Histopathology Core as follows153.  

Deparaffinization-Rehydration: Sections were cut at 5μm thickness and incubated at RT in 

Clear-Rite3 (Epredia, Cat #6915) for 10 minutes, 3 times.  Slides were incubated at RT in 100% 

ethyl alcohol for 2 minutes, 2 times. Slides were then incubated in 95% ethyl alcohol for 1 

minute and then rinsed with water for 5 minutes. At each change, every slide was dipped in the 

solution 10-20 times. Between changes, slides were allowed to drip dry. Staining: Slides were 

placed in an uncovered coplin jar filled with 40 mL of Bouin’s fixative (NewcomerSupply, Cat 

#1020A) for 30 seconds. Slides were then incubated in heated solution for 20 minutes on the 

bench. Slides were washed until water ran clear. Sections were then incubated for 10 minutes in 

Weigert’s Hematoxylin. Post incubation, slides were washed for 10 minutes under running 

water. Slides were transferred for Biebrich’s Scarlet-Acid Fuchsin solution for 10 minutes and 

subsequently washed with running water. Following washes, slides were incubated for 10 

minutes in phosphotungstic/phosphomolybdic acid solution. Post incubation slides were 

transferred directly to incubate for 10 minutes in Aniline Blue (2.5% Aniline Blue in glacial acetic 

acid) solution. Slides were dunked twice in water followed by a 3-5 minute incubation in 1% 

acetic acid solution. Following a 1 minute wash in water, slides were incubated in 95% ethanol 

for 1 minute. Dehydrating: Slides were incubated 3 times in 100% ethanol and followed by 3 

incubations in clear agent, 1 time for 3 minutes and the rest 2 minutes. Coverslip Mounting: 

Slides were mounted with a coverslip using a Permount Mounting Medium (Fisher Chemical, 
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Cat #SP15-100) and allowed to dry for 48 hours. Resulting color stains are collagen = blue, 

nuclei = black, muscle tissue = red.  

 

2.8.3. Verhoef 

Paraffin blocks containing PVAT/aorta tissue samples were sectioned and stained by our 

Histopathology Core facility as follows153.  

Deparaffinization-Rehydration: Sections were cut at 5μm thickness and incubated at RT in 

Clear-Rite3 (Epredia, Cat #6915) for 10 minutes, 3 times.  Slides were transferred to incubate at 

RT in 100% ethyl alcohol for 2 minutes, 2 times. Slides were then incubated in 95% ethyl 

alcohol for 1 minute. Slides were rinsed with water for 5 minutes. At each change, every slide 

was dipped in the solution 10-20 times. Between changes, slides were allowed to drip dry. 

Staining: Following a rinse with water, slides were incubated in Verhoeff’s elastic stain for 1 

hour. Slides were rinsed well with water 2 times before undergoing stain differentiation (removal 

of non-specific staining) with 2% ferric chloride. Slides were again rinsed with water for 2 

minutes followed by a counter stain of Van Gieson with a 3-5 minute incubation. Stain 

differentiation was completed using 95% ethyl alcohol. Dehydrating: Slides were incubated 3 

times in 100% ethanol and followed by 3 incubations in clear agent, 1 time for 3 minutes and the 

rest 2 minutes. Coverslip Mounting: Slides were mounted with a coverslip using Permount 

Mounting Medium (Fisher Chemical, Cat #SP15-100) and allowed to dry for 48 hours.  Resulting 

color stains are elastin = black, nuclei = blue/black, collagen/mucus = red, other tissues = 

yellow. 

 

2.9. Gross Morphological Analyses 

2.9.1. Lipid Area Quantification 

All images were captured using a Zeiss Axioskop 40 microscope with a Canon EOS 90D 

attachment. PVAT and BAT sections were imaged with an air Plan-NEOFL 40x/0.7 Ph2 
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objective. iWAT sections were imaged with and air Plan-NEOFL 20x/0.5 Ph2 objective. 

Changes in lipid area proportions in fixed PVAT and BAT were determined as previously 

described154. Subcutaneous iWAT was quantified similarly, however due to low contrast in 

tissue borders, tissue area was selected through tracing with a Wacom sketching tablet 

(Wacom, Intuos4) and utilized to create a mask. Damaged areas of tissue were removed from 

the images or replaced with next closest region that was intact. The mask was then used as 

described in the original protocol. For all lipid area quantifications, 10 fields of view were 

analyzed per mouse and averaged together.  

 

2.9.2. Thoracic Aorta Area Quantification 

Thoracic aorta sections stained with H&E were imaged on a Zeiss Axioskop 40 

microscope with a Canon EOS 90D attachment using an air Plan-NEOFL 20x/0.5 Ph2 objective 

in segments and stitched together utilizing Photoshop (Adobe Inc., 2022). Global scale based 

on pixel ratios was set according to a scalebar imaged at equivalent magnification with the 

same objective. Total area was determined by outlining the external wall of the vessel, lumenal 

area was determined by outlining the internal vessel wall, and medial area was determined by 

subtracting the luminal area from the total area. Tracing was completed utilizing FIJI and a 

Wacom sketching pad (Wacom, Intuos4). 

 

2.10. Exosome Isolation 

2.10.1. Lipid Precipitation 

Frozen plasma samples were thawed on wet ice and filtered using a 0.22μm spin column 

(Costar SpinX, Cat #CLS8169) at 10,000 xg for 10 minutes at 4oC (Eppendorf, 5804R) to 

remove cellular debris. The resulting filtrate was moved to a sterile 1.5mL Eppendorf tube and 

incubated with 1μL of thrombin (Qiagen, miCURY Exosome Kit, Cat #76603) for every 100μL of 

sample for 5 minutes at RT. Sample was again centrifuged at 10,000 xg for 5 minutes at 4oC 
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(Eppendorf, 5804R).  Supernatant was transferred to a new tube and mixed with precipitation 

buffer (Qiagen, miCURY Exosome Kit, Cat #76603) at a 1:0.4 v/v ratio. The solution was 

vortexed for 5 seconds according to manufacturer recommendations. All samples were then 

incubated for 1 hour at 4oC without perturbations. Post incubation, samples were centrifuged at 

1,500 xg for 30 minutes at 20oC (Eppendorf, 5804R). Resulting pellets were resuspended in 

sterile PBS and either analyzed immediately or stored at -20oC. 

 

2.10.2. Ultrafiltration and Size Exclusion Chromatography 

Once removed from storage at -80oC, plasma samples were thawed on wet ice and then 

filtered to remove cellular debris using a 0.22μm spin column (Costar SpinX, Cat #CLS8169) at 

10,000 xg for 10 minutes at 4oC (Eppendorf, 5804R). For plasma samples, the effluent volume 

(~100μL) was then diluted into 5mL of sterile filtered 1x PBS. This dilution was filtered through a 

primed 100 kDa concentrator column by centrifuging at 4,000x g for 12 minutes at RT (Avanti J-

15, Beckman Coulter). The concentrated sample (volume<0.5mL) was brought to 0.5mL 

utilizing sterile PBS and loaded onto a prepared gravitational size exclusion column (iZon, ICO-

35) that had been rinsed with a minimum of 8.5mL of sterile PBS per manufacturer instructions. 

This resulting 0.5mL fraction was collected and labeled as 0-0.5 mL Sample Volume. A 1mL 

volume of sterile PBS was added and the resulting fraction was collected and labeled 0-1mL 

Buffer Volume. Another 1mL volume of sterile PBS was added and the resulting fraction was 

labeled 1-2mL Buffer Volume. Next, 0.5mL of sterile PBS was added, and the collected fraction 

was labeled 2-2.5mL Buffer Volume. Once collected, 4 more 0.5mL fractions will be collected 

sequentially using sterile PBS to obtain the following sample fractions - 0-0.5mL Concentrated 

Particle Volume (CPV), 0.5-1mL CPV, 1-1.5mL CPV, 1.5-2mL CPV, and 2-2.5mL CPV. 

Fractions 2-2.5mL Buffer Volume through 1.5-2mL CPV were then pooled and concentrated 

using another primed 100kDa concentrating column spun as described above (Figure 2.5). The 

final concentrate was brought to a 50μL volume and stored at -80oC overnight or until day of 
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analysis. The remaining fractions were also frozen for use as negative controls or quality control 

checks if needed. Columns were then washed with 8.5mL of 0.5M NaOH (Sigma-Aldrich) in 

PBS, followed by 17mL of sterile filtered PBS prior to isolating the next sample. If being stored, 

the column was washed and stored in 0.05% sodium azide (Sigma-Aldrich, Cat #58032-25G) in 

PBS. Preparation, cleaning, and storage of the columns was in accordance with manufacturer 

instructions.  

 

2.11. Exosome Analysis 

2.11.1. qNano Gold, iZon 

System Operation: After the machine was turned on and the iZon software suite was 

opened, 80μl of sterile diH2O was added to the bottom fluid cell. The electrode was degassed at 

RT for 5 minutes. Water was removed using an absorbent wipe and the NP100 pore (iZon) was 

Figure 2.5. Ultrafiltration and size exclusion chromatography-based exosome isolation 
workflow. 1) Frozen plasma samples were thawed on ice. 2) Samples were filtered through a 
0.22μm filter. Then plasma samples were diluted to 5mL and then 3) concentrated using a spin 
column. 4) The concentrated volume was brought to 0.5mL and loaded onto the prepared size 
exclusion column. The resulting fraction was collected and labeled 0-0.5mL Sample Buffer. 5) 
1mL of PBS was added to the column, collected, and labeled as 0-1mL Buffer Volume. 6) 
Another 1mL of PBS was added, collected, and labeled as 1-2mL Buffer Volume. Five 0.5mL 
volumes of PBS were sequentially added and collected as 7) 2-2.5mL Buffer Volume, 8) 0-
0.5mL CPV, 9)0.5-1mL CPV, 10) 1-1.5mL CPV, 11) and 1.5-2mL CPV. 12) Fractions from 
steps 7-10 are pooled, concentrated to ~50μL and 13) stored at -80oC until analysis. Created 
with BioRender.com. 
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attached to the prongs on the bottom fluid cells. Prong distance (stretch) was calibrated using 

calipers and stretched to 46mm. The upper fluid cell and cap was then assembled. To prime the 

pore, 80μl of the iZon wetting solution (iZon, TRPS Reagent Kit, #RK3) was loaded into the 

lower fluid cell and 45μL was dispensed into the upper fluid cell. The pressure nozzle was 

connected, and maximum vacuum was applied for 4 minutes while clicking the cap 4 times. 

Maximum pressure was applied for 4 minutes, again while clicking the cap 4 times. Pressure 

was removed, followed by emptying of the upper fluid cell. After removing the upper fluid cell, 

the lower fluid cell was washed with 0.22μm filtered PBS. Fresh 80μL of PBS was then loaded 

and the upper fluid cell reassembled. A maximum vacuum as applied, while clicking the shield 3 

times, and allowed to sit for 4 minutes. The vacuum was removed and 35μL of PBS was added 

to the upper fluid cell and increase the machine voltage was increased to 0.24mV. If the pore 

was primed correctly, the resulting amperage would fall between 30-60nA. If no change in 

amperage was observed, the wetting procedure was repeated. Once primed, the voltage until 

an amperage of 120nA was achieved. A maximum pressure and vacuum were sequentially 

applied for 4 minutes each. Then the pressure nozzle and PBS was removed and reposed with 

45μL of 100 nm calibration particles (iZon, CPC100) at a 1:1000 dilution in PBS. The stretch of 

the pore and voltage were adjusted to ensure the particles registered at an amplitude of 0.25mA 

and a flow rate of 200-2,000 particles/minute. Once the machine was calibrated to the particles, 

analysis of samples was accomplished by loading 45μL volumes of diluted samples in PBS. A 

minimum of 500 particles per sample was required for proper analysis. 

 

2.11.2. Dual Laser ZetaView, Particle Metrix 

System Operation: Analysis of exosome size and concentration was completed using a 

ZetaView system (Particle Metrix) equipped with a dual laser (480nm and 580nm) system. The 

system was controlled via the ZetaView Analysis software. Prior to turning on the system, fresh 

milliQ water was placed within the bottle attached to Pump 1 for the machine to limit bacterial 
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growth and presence of contaminating particles. Machine initialization was through a program 

automatic process consisting of 1) flushing the fluid cell with the fresh milliQ water, 2) inspection 

of cell quality with a minimum rating of “good” being required before progressing. 3) Synthetic 

polystyrene beads with a 100nm diameter (Applied Microspheres, Cat #75009-03) were diluted 

at 1:250,000 into 3mL of milliQ water. A 2mL volume of the dilution was loaded into the cell via 

1mL sterile syringes. The machine then performed camera 4) auto-alignment and 5) auto-focus 

using these particles. If desired, 6) auto-symmetry was also checked in preparation for Zeta 

potential analysis. If Zeta potential was not being analyzed, this step was bypassed. As a 

control, a fresh region of the sample beads (depressing the syringe a few hundred microliters) 

was analyzed for a size and concentration control. Once quantified, the system was rinsed with 

10mL of fresh, sterile filtered PBS. Isolated samples were diluted 1:100-1000 in the sterile 

filtered PBS in 3mL final volumes. Samples were loaded as described above and analyzed 

under the following system settings - Sensitivity=80, Shutter speed=100, Temperature=25oC, 

Video Recording Speed=Medium. The dilution factor was modified accordingly to ensure that a 

minimum of ~25 particles were quantified for each of the 11 fields of view. For each analysis, 5 

different files were saved: a video recording of each 11 fields of view, a pdf. analysis report, an 

Excel (Microsoft Office) sheet containing raw data for size and concentration/field of view, an 

Excel (Microsoft Office) sheet containing raw data for histogram creation, and the raw analysis 

file formatted for the ZetaView software. 

 

Statistical Analysis: The median diameter (X50) for each sample was recorded 

according to experimental group in a Grouped sheet format in GraphPad Prism (Version 9) 

when analyzing across genotype and age according to sex. The median of each experimental 

group was plotted with the interquartile range. Media was used for analysis to avoid potential 

skewing due to data that did not adhere to a Gaussian distribution. Significance was determined 

via an ordinary two-way ANOVA comparison with a Tukey’s multiple comparison test. 
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Significance was defined as P£0.05. 

The calculated original concentration (particles/mL) of each isolated sample was 

normalized to the body weight of the subject it was taken from. Normalization to individual body 

weight normalized the variability in mass, and therefore amount of tissue capable of producing 

exosomes at time of plasma collection. Normalized concentrations were then reported in a 

Grouped sheet format within Prism software when analyzing between genotype and age 

according to sex. The mean concentration and SEM are displayed, and significance was 

evaluated using an ordinary two-way ANOVA with a Tukey’s multiple comparisons test. 

Significance was defined as P£0.05. 
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CHAPTER 3:  

GLOBAL LOSS OF RAB27A SIGNIFICANTLY ALTERS THORACIC AORTA REACTIVITY 

3.1. Overview 

RAB27A has been identified as a target of interest due to its role in regulating 

communication across cells and tissues10,155. An endosomal trafficking protein, RAB27A 

mediates the trafficking of endosomal compartments to the plasma membrane for the secretion 

of signaling factors, such as exosomes9. Loss of functional RAB27A in humans causes type II 

Griscelli syndrome, which is classically associated with hypopigmentation and dysregulated 

immune responses133,134. Furthermore, changes in RAB27A impact the progression of multiple 

human diseases129,156.  

Recently, we showed that RAB27A is expressed in preadipocytes derived from human 

PVAT, and that suppression of RAB27A expression decreased adipocyte differentiation and 

lipid storage136. Although RAB27A is important in endothelial cell secretion, it has not been well 

studied in its regulation of vascular physiology128. For these reasons, we hypothesized that 

RAB27A expression is necessary for maintaining vascular homeostasis through the regulation 

of exosome signaling.  

The data presented within Chapter 3 are from a manuscript that was submitted to the 

American Heart Association journal of Arteriosclerosis, Thrombosis, and Vascular Biology. The 

manuscript is currently under revision in preparation for resubmission (Soucy et al., 2023, under 

revision).  

 

3.2. Evaluating RAB27A Association with Human Metabolic and Vascular Phenotypes 

Despite the role of RAB27A in multiple human diseases, little has been done to examine 

whether an association exists between its expression and metabolic and vascular health135,156. 

For this reason, we set out to determine whether there is evidence for such connections using 

publicly available human genome wide association studies (GWAS). By using a publicly 
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available database of human GWAS data, we were able to evaluate whether RAB27A variants 

were statistically associated within a global sample population. This is important due to the 

global impact of both CVD and obesity. 

 

3.2.1. Rare RAB27A Variants Associate with Metabolic Phenotypes 

To complete this analysis, the Common Metabolic Disease (CMD) Knowledge Portal was 

queried for phenotypes associated with common and rare RAB27A variants. The CMD 

Knowledge Portal is a database formulated through federal, private, and academic collaborators 

and is overseen by the National Institutes of Health (NIH)157. The database compiles publicly 

available human GWAS studies to streamline a researcher’s process for identifying associations 

between human metabolic phenotypes and gene variants. These studies have been conducted 

from multiple countries and include human subjects across a wide demographic population.  

Using these data sets, no significant association between common RAB27A gene 

variants and human cardiovascular or metabolic phenotypes. However, body mass index (BMI) 

was among one of the phenotypes with the lowest significance values (Figure 3.1A). 

Conversely, rare RAB27A variants were significantly correlated with increased BMI and glucose 

sensitivity28 (Figure 3.1B). These data suggested that specific RAB27A variants may have an 

impact on human metabolic phenotypes. 
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3.2.2. Body Mass Index is Significantly Associated with Two RAB27A Variants 

To understand whether specific RAB27A variants are uniquely associated with these two 

phenotypes, we utilized the CMD knowledge portal to examine the single nucleotide 

polymorphism (SNP) position of all the known variants29. Only two naturally occurring variants 

were significantly associated with BMI and were located within intron 1 of RAB27A (Figure 

3.2A). Meanwhile, no variants were significantly associated with two-hour (2hr) circulating 

glucose levels. However, the variants with the greatest association also aligned within RAB27A 

introns (Figure 3.2B). There were also fewer total variants that showed any association with 

two-hour circulating glucose levels. Therefore, while these data suggest that rare RAB27A 

variants are associated with BMI and glucose tolerance, no single variant appears to be 

significantly associated with glucose sensitivity. 

 

Figure 3.1. Establishing associations between RAB27A and metabolic phenotypes. A) 
The top phenotypes associated with common RAB27A gene variants in humans28. BMI = 
body mass index (p=0.0003), AFxBMI = atrial fibrillation-SNP BMI interaction (p=0.003), and 
CRP = plasma C-reactive protein (p=0.003). B) The two phenotypes significantly associated 
with rare RAB27a gene variants. BMI (p=0.027) and 2-hour glucose levels (p=0.04). 
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3.3. RAB27A is Expressed Within the Human and Mouse Vascular Microenvironment 

Next, we aimed to establish that RAB27A is expressed with the human and mouse 

PVAT and aorta to support that this protein has a functional role within this microenvironment. 

Validation of RAB27A expression was critical for our work, as expression had largely been 

confirmed in the context of RNA expression in WAT and cardiac smooth muscle tissue (Section 

1.). Previously, we identified a functional role for RAB27A in primary adipocyte progenitor cells 

isolated from human PVAT136. While its mRNA is expressed in human white adipose tissue and 

cardiac tissue, RAB27A has not been well studied within the human or mouse vascular 

microenvironment140.  

 

3.3.1. RAB27A is Expressed Within Human PVAT, VSMC, and Vascular Endothelial Cells 

To build a more comprehensive understanding of the various tissues and cell 

populations that express RAB27A within the human vascular microenvironment, we assessed 

Figure 3.2. Establishing 
associations between RAB27A 
SNPs and metabolic phenotypes. 
A) Distribution of single nucleotide 
polymorphisms comprising the 
RAB27A variants associated with 
body mass index29. Significantly 
associated variants are numbered 
and chromosomal position and the 
altered nucleotide is noted in the 
figure key. B) Distribution of single 
nucleotide polymorphisms comprising 
the RAB27A variants associated with 
two-hour glucose levels29. Y-
intercepts denote significance 
threshold set by the Common 
Metabolic Disease Knowledge 
Portal29. Significance threshold for 
individual variant associations is 
P£5E-8. 
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RAB27A expression from two human PVAT samples, and two major vascular cell types - 

smooth muscle cells (VSMC) and endothelial cells (Figure 3.3A)102. PVAT samples were 

isolated from patients undergoing cardiovascular-related surgery. Due to the availability of 

primary vascular endothelial and smooth muscle cells, commercially available cell lines were 

utilized. 

 The first human PVAT sample (lane 1) did not exhibit expression for perilipin-1 (PLIN1) 

but did express smooth muscle actin a (ACTA2)26,27. A band for platelet endothelial cell 

adhesion molecule 1 (PECAM1) was determined to be nonspecific because it was not the 

appropriate molecular weight of PECAM125. It is possible that the PVAT tissue was highly 

vascularized or was isolated with a small portion of aorta that was undetectable during tissue 

processing, which would explain the difference in marker expressions. Differences in RAB27A 

band intensities are also present when comparing between the sample types, with the highest 

expression occurring in the endothelial cells. These results suggest that the different cell types 

within the vascular microenvironment might respond differently to the loss of RAB27A.  

 

3.3.2. RAB27A Is Expressed Within Mouse PVAT, VSMC, and Vascular Endothelial Cells 

Confirmation of RAB27A expression within the mouse vascular microenvironment was 

obtained using immunofluorescence approaches (Figure 3.3B). Similar to the human RAB27A 

results, the mouse endothelial cells also exhibited the greatest intensity of RAB27A compared to 

the PVAT and vascular smooth muscle cells. These data suggest that relative RAB27A 

expression patterns may be comparable between both species. However, more work is needed 

to directly compare RAB27A expression between humans and mice. Because RAB27A is 

present in the major cell types comprising the vascular microenvironment, and potentially 

impacts human adipose-related disease phenotypes, we sought to define its importance in 

vascular physiology through targeted mutation. 
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3.4. Establishment of Novel Rab27a Global and Conditional Null Strains 

The ash/ash strain was the first recorded murine model to have a Rab27a null mutation 

from a spontaneous mutation in a colony of C3H/HeSN mice at The Jackson Laboratory138,141. 

While other strains have since been established, we present a novel strain that uniquely targets 

exon 4 of Rab27a on a true C57BL/6J background142,143. Utilizing CRISPR-Cas9 technology, we 

created novel Rab27a global and conditional null strains via deletion of exon 4, which is the first 

Figure 3.3. RAB27A is expressed in the human and mouse microvascular 
environment. A) RAB27A expression in human PVAT isolated from two human donors 
(lanes 1-2), human VSMC (lane 3, passage 2 and lane 4, passage 7), and human 
endothelial cells (lane 5, passage 4 and lane 6, passage 8). A total of 30μg of protein were 
loaded for each sample. Perilipin 1 (PLIN1) – adipose tissue marker, smooth muscle actin 
alpha (ACTA2) – VSMC marker, and platelet endothelial cell adhesion molecule (PECAM1) 
- endothelial cell marker26,27. A non-specific band was detected in the first human PVAT 
sample, and the upper band in the endothelial cell samples are PECAM1 specific. Two 
membranes were imaged as only two antibodies could be probed for on a single blot due to 
expected band sizes. Therefore, RAB27A and PLIN1 were imaged on membrane 1, and 
ACTA2 and PECAM1 were imaged on membrane 2. A representative region of membrane 
2 is provided to show total protein transfer per lane. All membrane sections were imaged 
on the Azur 600 under normal sensitivity. Exposure length was informed by the automatic 
detection for the intensities of each probe and are as follows; RAB27A=25 seconds, 
ACTA2=5 minutes, PLIN1=5 minutes, and PECAM1=5 minutes. B) Representative 
immunofluorescence images of RAB27a expression in WT mouse PVAT and aorta. DAPI 
staining was captured using UV laser a power=8%, excitation=405nm, absorbance=430-
470nm. Alexa Fluor-488 staining was captured using the laser at power =8%, 
excitation=488nm, absorbance=500-550nm. Scale bar=20μm and is equivalent across 
images. PVAT=perivascular adipose tissue, VSMC=vascular smooth muscle cell, 
EC=endothelial cell, L=lumen. Orange dotted line denotes the boundary between the PVAT 
and aorta. 
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conserved exon among all known Rab27a transcripts. In vitro validation of the designed sgRNA 

was performed to identify selectivity in targeting the flanking regions Rab27a exon 4 sequence 

prior to microinjection (Figure 2.1).  

 

3.4.1. Establishment of the Rab27a Global Null Strain 

Single-cell C57BL/6J embryos were injected with a CRISPR-Cas9 complex targeting 

exon 4 of Rab27a for the insertion of a template strand containing loxP sequences flanking the 

endogenous WT Rab27a exon 4. Zygotes were transferred to oviducts of pseudo-pregnant 

Swiss Webster surrogate mothers and carried to term. A mosaic pup was used as a founder 

and backcrossed to C57BL/6J mice to establish the Rab27a global null strain (Figure 3.4A). 

These backcrosses yielded a pup containing a homozygous deletion of exon 4 via non-

homologous end-joining, leading to the ashen coat color phenotype (C57BL/6J-Rab27aem10Llw, 

Rab27a null), as confirmed through genotyping and sequencing (Figure 3.4B and C)135.  
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3.4.2. Deletion of Exon 4 Results in Loss of RAB27A Expression 

Deletion of Rab27a exon 4 was predicted to cause a frameshift mutation, resulting in 

premature termination of transcription. While we provided proof of successful deletion of 

Rab27a exon 4, it was also critical to provide evidence for the loss of RAB27A expression 

across multiple tissue types. Initial confirmation of RAB27A was completed using immunoblot 

approaches with PVAT, iWAT, BAT, and gWAT collected from Rab27a null and WT controls 

(Figure 3.5A and B). Lung and spleen tissues were also included as positive controls because 

they were predicted to express RAB27A (Figure 3.5C)140. Results showed an absence of 

RAB27A expression in the Rab27a null samples. The heterzygous Rab27a null mice showed a 

decrease in RAB27A expression for all tissues with the exception of iWAT (Figure 3.5A). We 

then confirmed the loss of RAB27A within the vascular microenvironment using 

Figure 3.4. Confirmation of Rab27a null genotype. A) Rab27a null mouse with ashen 
coat color and a WT littermate. B) Representative genotyping of Rab27a null and WT mice 
compared to a C57BL/6J control. C) Genomic DNA sequencing was completed to confirm 
deletion of the Rab27a exon 4 in the suspected Rab27a null mice. Alignments were 
completed using A plasmid Editor (A.P.E.)37. The deletion was 695 bp in total. Red text 
indicates single guide target sequence, green text denotes PAM sites, and blue text 
indicates exon 4 sequence. 
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immunofluorescence approaches. Imaging revealed that Rab27a null mice exhibit a near 

complete loss of RAB27A expression within the PVAT and aorta, including the VSMC and 

endothelial cells (Figure 3.5D). 

  

 

Figure 3.5. Confirmation of RAB27A loss in Rab27a null tissues. Immunoblot results 
for RAB27A expression in A) PVAT and iWAT; B) BAT and gWAT; C) lung and spleen 
tissues from Rab27a (WT) (n=1), Rab27a+/- (Het) (n=1), and Rab27a null (n=4) mice.  A 
total of 45μg was loaded per lane. Blots were incubated with IgG-HRP anti-rabbit at 
1:8,000 dilution. Rab27a null mice showed loss of a RAB27A band compared to WT and 
Het mice. D) Representative images of RAB27A expression in PVAT and aortic VSMC 
and endothelial cells from WT or Rab27a null male mice (n=1/group). DAPI staining was 
captured using UV laser a power=8%, excitation=405nm, and absorbance=430-450nm. 
Alexa Fluor-488 staining was captured using a laser power=8%, excitation=488nm, 
absorbance=500-550nm. Scale bar=20μm and is equivalent across all images. Orange 
dotted line denotes PVAT and aorta tissue boundaries. 
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3.4.3. Establishment of the Rab27a Conditional Null Strain 

A second founder, containing intact loxP sites, was also backcrossed to the C57BL/6J 

strain to establish the conditional Rab27a null strain (C57BL/6J-Rab27aem24Llw, Rab27afl/fl) 

(Figure 3.6A). These Rab27afl/fl mice were crossed with Sox2-Cre (B6.Cg-Edil3Tg(Sox2-cre)1Amc/J, 

The Jackson Laboratory) mice on a C57BL/6J background (Table 2.1) for global deletion of the 

conditional allele. Resulting Rab27afl/fl;Sox2-Cre pups exhibited the expected ashen coat color 

phenotype with the homozygous null genotype (Figure 3.6B and C). To characterize the effects 

of homologous Rab27a mutation on the vascular microenvironment, the Rab27a global null 

strain was further characterized in this study.  

 

Figure 3.6. Rab27afl/fl:Sox-2 Cre mice exhibit an ashen phenotype. A) Restriction digest 
of PCR products from the Rab27a

fl/fl strain showing presence of loxP sites. Samples were 
incubated in the digestion buffer with or without Pcil. Wildtype = WT, Female = female 
parent, Male = male parent, 1 = Offspring of the female and male. B) Image of the 
Rab27a

fl/fl
;Sox2-Cre mouse. Due to the constitutive, global expression of Sox2, these mice 

exhibit an ashen phenotype. C) Genotyping of the litter sown in (B), where pup 93 is the 
genotyping results for the Rab27a

fl/fl
;Sox-2 Cre pup. 
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3.5. Characterization of the Rab27a Null Body Mass and Vascular Microenvironment 

Morphology 

The microvascular environment is a highly dynamic region and is influenced by 

metabolic changes within the body55,158. PVAT responds to metabolic changes via phenotype 

switching, that results in morphological changes such as altered lipid accumulation within the 

tissue5,90. Furthermore, the vasculature modifies medial and lumenal areas to aid the 

stabilization of blood circulation due to changes in metabolic health, vascular injury, and 

aging159,160. An additional study also showed that the metabolic phenotype of PVAT impacts 

vessel recovery16. Because we predict Rab27a to be a regulator of the vascular 

microenvironment physiology, we hypothesized that its loss would lead to a reduction in lipid 

accumulation and cause changes in aorta vessel area. 

 

3.5.1. Global Rab27a Expression is Not Associated with Changes in Body Weight 

To characterize this novel Rab27a null strain, we evaluated the average body weight of 

male and female mice at 8 weeks and 20 weeks of age. Male and female Rab27a null mice 

have similar body weights as WT controls at both ages (Figure 3.7A and B). As a result, there 

is no statistically significant association between global Rab27a expression and body mass for 

Rab27a null males (P=0.53) and females (P=0.85). This is in contrast the to the data from the 

CMD Knowledge portal, that associated rare RAB27A variants with increased BMI (β=0.065, 

P=0.027)28. There was, however, a significant association between age and body weight for 

both Rab27a null and WT mice for males (P<0.0001) and females (P<0.0001). These data 

therefore suggest that the Rab27a null mice gain weight normally on a chow diet.  

Often changes in adipose morphology, such as lipid accumulation, indicate altered 

adipose signaling and metabolic activity16,90,136. Due to the lack of genotype-associated effects 

on mouse body weight after a chow diet, limited changes in adipose tissue morphology were 

also expected. However, recent studies suggest that adipose tissues respond heterogeneously 
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to changes in metabolic states. Therefore, it was possible that PVAT, a relatively small depot, 

exhibited changes in tissue morphology. For this reason, we sought to understand whether 

global loss of Rab27a impacts adipose tissue morphology by quantifying lipid accumulation in 

multiple adipose depots154.  

 

 

3.5.2. Global Rab27a Expression is Not Associated with Changes in Lipid Accumulation Within 

Male Mice 

A subset of the male Rab27a null mice from Section 3.5.1 were randomly selected for 

the quantification of lipid accumulation in multiple adipose types. Here, we report no significant 

changes in the proportion of lipid area in PVAT (Figure 3.8A), BAT (Figure 3.8B), or iWAT 

(Figure 3.8C) tissues from Rab27a null versus WT male mice at either 8 or 20 weeks of age. 

However, the proportion of lipid area in adipose tissue was significantly associated with age for 

Figure 3.7. Global loss of Rab27a does not affect mouse body weight. A) Body 
weights of WT and Rab27a null male mice at 8 or 20 weeks of age (n³ 9/group). B) Body 
weights of WT or Rab27a null female mice at 8 or 20 weeks of age (n=9-10/group). Bars 
represent the mean and SEM. A two-way ANOVA with a multiple comparisons test was 
used to determine significance. ****, P<0.0001. 
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PVAT (P=0.003), BAT (P=0.008), and iWAT (P=0.009). It is also important to note that of the 

three depots examined, PVAT experienced the greatest change in age-associated lipid 

accumulation in males compared to females (Figure 3.8A and Figure 3.9A). These data 

recapitulate trends from other studies showing that PVAT has a highly dynamic phenotype102. 

These findings also corroborate studies in both humans and mice showing that there are sex-

dependent differences in adipose tissue expansion and weigh gain161,162. 

 

3.5.3. Global Rab27a Expression is Not Associated with Changes in Lipid Accumulation Within 

Female Mice 

Differences in weight gain distributions between sexes have been well established161,162. 

For this reason, despite an absence of altered lipid accumulation with Rab27a null male adipose 

tissues, we repeated the analysis using female adipose tissues. Here, as with the male data, we 

found no significant changes in the proportion of lipid area in PVAT (Figure 3.9A), BAT (Figure 

3.9B), or iWAT (Figure 3.9C) from Rab27a null versus WT female mice at either 8 or 20 weeks 

of age. Furthermore, the proportion of lipid area in adipose tissue was not significantly 

associated with age for PVAT (P=0.9), BAT (P=0.67), and iWAT (P=0.89). These finding help to 

Figure 3.8. Comparison of lipid accumulation between male Rab27a null and WT 
adipose depots. A) Quantification of lipid area proportion within A) PVAT, B) BAT, and C) 
iWAT of male Rab27a null and WT mice at both ages (n=7/group). Bars represent the mean 
and SEM. A two-way ANOVA with a multiple comparisons test was used to determine 
significance. *, P<0.05. Only significant comparisons are shown. 
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further corroborate studies in both humans and mice showing that there are sex-dependent 

differences in adipose tissue expansion and weight gain161,162.  

 

3.5.4. Global Rab27a Expression Does Not Affect the Thoracic Aorta Area of Male Mice 

Having shown RAB27A to be expressed within mouse VSMCs and vascular endothelial 

cells, it was possible that global loss of Rab27a would alter thoracic aorta gross morphology. As 

changes in vessel morphology can indicate altered vascular physiology, histological sections of 

thoracic aortae were analyzed for changes in vessel area159,160. Quantification showed that 

global loss of Rab27a did not affect the gross vascular morphology of male aortae in terms of 

aorta total (Figure 3.10A), medial (Figure 3.10B), or lumenal (Figure 3.10C) area. However, 

while genotype was not associated with change in vessel area, aging was significantly 

associated with male aorta total (P=0.0035), medial (P=0.004), and lumenal (P=0.01) area. 

These findings are consistent with a previous study that showed that aorta vessel area 

increased with age in C57BL/6 mice160. 

 

 

Figure 3.9. Comparison of lipid accumulation between female Rab27a null and WT 
adipose depots. Quantification of lipid area proportion within A) PVAT, B) BAT, and C) iWAT 
of female Rab27a null and WT mice at 8 and 20 weeks of age (n=5/group). Bars represent 
the mean and SEM. A two-way ANOVA with a multiple comparisons test was used to 
determine significance. Only significant comparisons are shown. 
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3.5.5. Global Rab27a Expression Is Not Associated with Changes in the Thoracic Aorta Area 

of Female Mice 

To remain consistent with evaluating sex as a biological variable, thoracic aortae of 

female mice were also quantified for changes in vessel area. Consistent with the male results, 

female aortae showed no significant changes in total (Figure 3.11A), medial (Figure 3.11B), or 

lumenal (Figure 3.11C) areas compared to WT controls (Figure 3.11). Furthermore, age was 

not significantly associated with changes in aorta total (P=0.22), medial (P=0.12), or lumenal 

(P=0.67) area. This distinction is important as the previously mentioned study was limited to the 

analysis of male C57BL/6 mice160. Therefore, these data further support that there are 

differences in male and female vascular microenvironment physiology.  

 

 

 

 

 

Figure 3.10. Global loss of Rab27a does not affect male thoracic aorta morphology. 
Thoracic aorta quantification of A) total, B) medial, and C) lumenal areas of male Rab27a 
null and WT mice (n=5/group). Bars represent the mean and SEM. Two-way ANOVA with a 
multiple comparisons test was used to determine significance. *, P<0.05. 
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3.6. Global Loss of Rab27a Alters the Proteomic Signature of the Vascular Microenvironment 

and Other Adipose Tissues 

Due to the lack of Rab27a associated changes in body weight and PVAT and aorta 

morphology, we completed a mass spectrometry study to determine whether the proteomic 

signatures of Rab27a null mice differed from WT controls. For this exploratory study, only 

tissues from 8- and 20-week-old males were utilized. Modest differences in total number of 

altered proteins were predicted as Rab27a is not involved with transcriptional regulation.  

 

3.6.1. Male Rab27a Null PVAT and Aortae Show Unique Patterns of Altered Protein 

Expression 

PVAT and aortae proteomic data showed a relatively symmetrical distribution of 

upregulated and downregulated proteins at both ages when comparing the Rab27a null to WT 

samples. The total number of altered proteins increased with aging, nearly doubling, in the 

PVAT (Figure 3.12A). However, the total number of altered proteins identified within the aortic 

tissues remained more consistent across the experimental age groups (Figure 3.12B). 

Figure 3.11. Global loss of Rab27a does not affect female thoracic aorta morphology. 
Quantification results of aortic measurements from female mice were A) total area, B) medial 
area, and C) lumenal area (n=5/group). Bars represent the mean and SEM. A two-way 
ANOVA with a multiple comparisons test was used to determine significance. Only significant 
comparisons are shown. 
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Interestingly there appears to be an increase in the spread in the distribution of the altered 

proteins, with the older tissues having a greater range of both fold change and significance. 

Some of the most differentially expressed proteins across all the comparisons have roles in 

muscle contraction, extracellular matrix formation, and mitochondria activity163-166. Together, 

these initial comparisons show that loss of Rab27a impacted the proteomic signatures of the 

vascular microenvironment. Furthermore, these data suggest that these changes, induced by 

global loss of Rab27a, are age and tissue dependent within the vascular microenvironment. 

 

 

3.6.2. Male Rab27a Null PVAT and Thoracic Aortae are Enriched for Metabolic and 

Cardiovascular System Phenotypes 

To reduce analysis bias, proteins meeting the thresholding criteria were utilized for 

phenotype enrichment analysis using the Mammalian Phenotype annotations from Mouse 

Genome Informatics via STRING. Enrichment analysis was developed to help identify biological 

functions that have an overrepresented number of associated genes within a large data set167. 

Figure 3.12. PVAT and aortae from Rab27a null mice have altered proteomic profiles 
compared to WT controls. Proteomic profiles of male Rab27a null (n=3) vs WT (n=3) A) 
PVAT and matching B) thoracic aortae at 8 and 20 weeks old, respectively. Distributions of 
each comparison are displayed with volcano plots. Significantly regulated proteins are 
plotted in magenta (P≤0.05). Proteins meeting thresholding criteria were utilized for 
phenotype enrichment analysis. The number of up and downregulated proteins fitting these 
criteria are noted for each comparison. 
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By using STRING, protein lists can be queried for enriched associations with biological 

functions, tissues, and pathways. For this study, enrichment analysis focused on understanding 

what phenotypes were associated with the significantly altered proteins within our proteomic 

dataset. Initial enrichment analysis provided lower hierarchal terms and were highly diverse.  

To better understand the range of general phenotype associations, the lower hierarchal 

terms were binned according to upper hierarchal terms. To display enrichment results, the 

enriched phenotype terms were listed on the y-axis and the number of terms contributing to the 

parent category are on the x-axis (Figure 3.13). With width of each bar displays the relative 

proportion of the total number of lower hierarchal terms associated with the data set. 

Enrichment analysis of the PVAT showed that at both ages, the cardiovascular system 

phenotype had the greatest number of terms associated and contained the greatest proportion 

of terms compared to other enriched phenotypes (Figure 3.13A). Metabolic and homeostasis 

phenotypes were also enriched for the Rab27a null PVAT compared to WT samples, however 

not to the same extent as cardiovascular system or other phenotypes. These results therefore 

suggest that the global loss of Rab27a results in the altered expression of proteins that impact 

the phenotype of the cardiovascular system. 

Enrichment results for the aortic tissues from Rab27a null mice at 8 weeks of age were 

also significantly enriched for cardiovascular system phenotypes compare to WT controls 

(Figure 3.13B). Interestingly, for the aorta of Rab27a null mice at 20 weeks of age, homeostasis 

and metabolism had the greatest enrichment. Cardiovascular system phenotypes were the next 

highly enriched phenotype. These analyses suggest that global loss of Rab27a alters the 

proteomic signature in association with the cardiovascular system and possibly homeostasis 

and metabolism within the vascular microenvironment. 
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3.6.3. Cardiac and Aortic Phenotypes Populate the Parent Cardiovascular System Enrichment 

Category 

As the cardiovascular system is comprised of multiple anatomical features (Section 1.1) 

it was important to understand whether phenotypes associated with the aorta were enriched 

within our data set2. For this analysis, the same set of protein targets were analyzed for 

phenotype enrichment according to lower hierarchal associations for phenotypes associated 

with the cardiovascular system, metabolism, and adipose (Figure 3.14). Phenotypes not 

included under these parent categories were identified as other.  

Results from this analysis were displayed using a lollipop chart to provide information 

regarding the significance of the enrichment, the number of proteins populating each category, 

and the strength of the associations (Figure 3.14). For this analysis, the phenotype terms are 

displayed on the y-axis. The significance of each phenotype is reported as the -log of the false 

Figure 3.13. PVAT and aortae from Rab27a null mice have altered protein signatures 
associated with cardiac, metabolic, and adipose phenotypes. Phenotype enrichment 
analysis of significantly altered proteins from the PVAT and aortic tissue of male Rab27a null 
compared to WT control mice at both ages. Most targets were associated with the 
cardiovascular system, metabolism, and adipose. Bar length indicates the number of 
phenotypic terms associated with these parent category terms. Bar width indicates the 
proportion of total proteins associated with each parent term. Colors are coded as follows: 
cardiovascular system (red); homeostasis and metabolism (purple); adipose-specific (blue); 
other (gray). 
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discovery rate (-log(FDR)) on the x-axis and is displayed by the lollipop stem length. The 

number of genes associated with each term is displayed by the size of the dot on the lollipop. 

Meanwhile, the color of the lollipop indicates the strength of that association. Strength reports 

the ratio of (the number of genes from our data set/the total number of genes that are 

associated with that term) to (the number of randomly selected genes compared/the total 

number of genes that are associated with that term)151,152. Therefore, a high strength association 

indicates low probability of a random association is indicated by a yellow-colored dot151,152. A 

moderate strength association indicates a moderate probability of a random association and is 

indicated by a purple-colored dot151,152. It is important to also note that results were filtered for a 

strength >1 prior to analysis. 

Of the most significantly enriched phenotypes associated with the PVAT from Rab27a 

null vs WT mice at 8 weeks of age, most were associated with cardiac structure and physiology. 

Some of these phenotypes included cardiac hypertrophy, abnormal cardiac muscle relaxation, 

and cardiac interstitial fibrosis (Figure 3.14A). Very similar phenotype associations were found 

when comparing the same tissues from mice of 20 weeks of age (Figure 3.14B). However, it is 

important to also note that there was a reduction in total number of associated phenotypes 

between these experimental group comparisons.  

Meanwhile, when applying this analysis approach to the aortic tissues, enriched 

phenotypes were more closely associated with changes in aorta morphology and physiology. 

Some examples of these associated phenotypes include decreased left ventricle systolic 

pressure, abnormal aorta wall morphology, and abnormal ascending aorta morphology (Figure 

3.14C). These phenotype enrichments were largely preserved in the comparison of aortic 

tissues from mice at 20 weeks of age (Figure 3.14D). With this analysis, there was further 

evidence that the changes in the proteomic signatures within the microvascular environment are 

associated not only with cardiovascular phenotypes, but specifically aorta phenotypes as well. 
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3.6.4. Consideration of the Enriched Metabolic and Adipose Phenotypes in Rab27a Null PVAT 

and Aorta 

The phenotype terms classified under the metabolic category are associated with 

physical and aerobic fitness (Figure 3.14). This is interesting as cardiac health is largely 

associated to an individual’s physical health168. While this is suggestive that the physical health 

of these animals may be impacted by global loss of Rab27a, we have not completed studies 

examining for differences in physical abilities. At this time, maintenance of the global Rab27a 

null colony has not revealed observable differences in these animals’ physical health compared 

to WT controls. 

Furthermore, unlike the other comparisons, the aortae of 20-week-old Rab27a null mice 

show an association with adipose phenotypes included decreased circulating adiponectin levels, 

and adipose lipid droplet size (Figure 3.14D). Despite this suggested association between 

Rab27a expression and lipid accumulation, we did not observe such changes when we 

quantified lipid accumulation in multiple types of adipose tissues (Figure 3.9 and 3.8). As we 

have not examined for levels of circulating adiponectin levels, we cannot confirm this 

association. It is interesting however, due to the importance of adiponectin’s role in the 

maintenance of VSMC physiology (Section 1.8.3)109. 

 

 

Figure 3.14. PVAT and aortic proteins that are significantly altered by global Rab27a 
loss are enriched for cardiac- and aorta-associated phenotypes. Protein targets meeting 
the threshold requirements were analyzed for phenotype enrichments for A,B)PVAT and 
C,D)aortic tissues from Rab27a null and WT mice at 8 and 20 weeks of age, respectively. 
Analyses showed that these proteins were associated largely with cardiac phenotypes in 
addition to metabolic and adipose phenotypes. For each graph, bar length indicates 
significance of enrichment by –log(FDR) and bar color indicates the associated parent 
phenotype term: adipose (blue), cardiac (red), metabolism (purple), and other (gray). Dot 
size represents the number of targets associated with each term. Dot color represents the 
strength of the association. 
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3.6.5. Proteins Contributing to the Enrichment of Cardiovascular Phenotypes Exhibit Three 

Expression Patterns with Aging 

The initial phenotype enrichment analyses were completed independently of the 

direction of expression for proteins meeting the thresholding criteria. Therefore, heatmap were 

generated to determine how the expression of proteins contributing to the enrichment of 

cardiovascular phenotypes were different between the 8- and 20-week-old experimental groups. 

The proteins utilized for these plots were limited to those conserved across both age groups as 

the major focus was to understand how expression changes between Rab27a null and WT mice 

with age.  

Heatmaps showed that the proteins that populated these cardiovascular-associated 

phenotypes largely fit into three expression categories when comparing PVAT and aorta 

Rab27a null to WT tissues: upregulated at both ages, upregulated at 8-weeks-old then 

downregulated at 20-weeks-old, and downregulated at both ages (Figure 3.15). Proteins that 

exhibited conserved upregulation in PVAT, when comparing Rab27a null to WT age groups, are 

known components of the extracellular matrix (CO1A1, CO1A2, CO3A1, and FINC) (Figure 

3.15A)169-171. Meanwhile, proteins that exhibited increased downregulation between ages are 

largely associated with contractile roles (MYH6, MLRA, and TNNTs)172-174. However, ACTA2, 

also a regulator of VMSC contraction, was overexpressed in the PVAT of 8-week-old Rab27a 

null mice and then downregulated at 20 weeks of age175. Comparisons within the aorta also 

showed a consistent downregulation of contractile proteins (MYH6, ACTA2, and MYH11) 

(Figure 3.15B)27,172. It was predicted that these changes were indicative a compensation of the 

extracellular matrix for reduced contractile ability in the aorta. 
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Figure 3.15.  Comparisons of changes in fold change directionality of proteins 
associated with the cardiovascular system phenotype in PVAT and aortic tissue. 
Heatmaps displaying directional changes of proteins conserved between the 8 week and 
20 week timepoints within A) PVAT and B) aortic tissues that populate the 
cardiovascular system phenotype (Figure 4.13). Directionality for changes in expression 
are reported as log(FC). Red indicates an upregulation of expression in Rab27a null 
tissues compared to WT controls. Blue indicates a downregulation of expression in 
Rab27a null tissues compared to WT controls. 
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3.6.5.1. Rab27a Null PVAT and Aortae Showed Normal Elastin and Collagen Morphology 

Many of the phenotypes associated with the proteomic changes in the Rab27a null 

PVAT and aortic tissues were associated with altered aortic elastin morphology, abnormal 

stenosis, and aortic morphology (Figure 3.15). To further examine whether morphological 

changes occurred in the Rab27a null mice, aside from the analyses conducted in Section 3.5, 

paraffin embedded intact PVAT and aortic tissues were subjected to Verhoef and trichrome 

staining. Rab27a null elastin morphology did not visibly differ from WT controls at either time 

point either in elastin intensity or misalignment in the vascular smooth muscle cells (Figure 

3.16). These results were also observed when examining the aortic wall with trichrome staining. 

Furthermore, no differences were qualitatively observed when examining the PVAT samples for 

collagen using the same trichrome staining. The absence of morphological changes in the 

PVAT and aortic tissues of Rab27a null mice, despite the evidence provided by proteomic 

analysis, suggests that different changes are occurring within the vascular microenvironment 

than what can be detected by gross morphological analysis techniques. 
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3.6.5.2. Decreased Expression of ACTA2 and MYH6 are Confirmed via Immunofluorescence 

Microscopy 

Due to the lack of morphological changes within the vascular microenvironment, despite 

the result from our mass spectrometry analysis, we sought to validate the changes in 

expression for select contractile proteins. Utilizing immunofluorescence approaches, we 

confirmed that expression of ACTA2, a contractile marker, was decreased in an 8-week-old 

(41% reduction) and 20-week-old (56% reduction) Rab27a null aorta compared with age-

matched controls (n=1/group). Validation was also completed for MYH6 expression in the 

aortae of an 8-week-old (50% decrease) and a 20-week-old (16.6% increase) Rab27a null 

mouse compared to an age-matched WT control (n=1/group, Figure 3.17A). Validation for the 

Figure 3.16. Verhoef and trichrome staining remain comparable between Rab27a null 
and WT male tissues. Representative images of PVAT and aorta tissue cross sections. 
Top) Verhoef staining for elastin within the aortic wall. Middle) Trichrome staining for collagen 
in the aorta wall. Bottom) Trichrome staining for collagen in PVAT. All images were captured 
using air Plan-NEOFL 40x/0.7 Ph2 objective on a Zeiss Axioskop 40 microscope with a 
Canon EOS 90D attachment. 
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downregulation of MYH6 in PVAT was also confirmed in an 8-week-old (47% decrease) and 20-

week-old (60% decrease) Rab27a null aortae compared to the WT control (n=1/group, Figure 

3.17B). These data suggest that global loss of Rab27a uniquely alters the proteomic signature 

of the vascular microenvironment in a manner associated with cardiovascular and metabolically 

associated phenotypes. 

 

Figure 3.17. Rab27a null males exhibit a reduced expression of contractile 
proteins ACTA2 and MYH6. A) Representative images from immunofluorescence 
staining for ACTA2 and MYH6 in fixed aorta sections (n=1) for WT and Rab27a null mice 
at 8 and 20 weeks of age. B) Representative images from immunofluorescence staining 
to detect MYH6 in fixed PVAT sections (n=1). The first panel in each row is the matched 
primary IgG control for the 8-week-old WT mouse. Scalebar=20μm and is equivalent 
across all images. DAPI staining was captured using UV laser a power=7%, 
excitation=405nm, absorbance=430-450nm. The Alexa Fluor-488 secondary for ACTA2 
and MYH6 staining was captured using a laser power=7%, excitation=488nm, 
absorbance=509-534nm. Single z-plane images were captured using a Leica TCS SP8 
laser scanning confocal microscope with a 63x/1.40 NA oil objective. 
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3.6.6. Rab27a Null iWAT and BAT Have Protein Profiles Different from PVAT and Aorta 

Signatures 

We also completed a mass spectrometry analysis of BAT and iWAT to act as phenotype 

controls for PVAT. Also, this analysis provided additional insight to whether beige, thermogenic, 

and white adipose depots responded similarly to global Rab27a loss. Like PVAT, the BAT 

proteomic profile showed a slight increase in total number of altered proteins with age (Figure 

3.18A and 3.12A). Many of these proteins were also associated with roles in contractility 

(MYH1, MYH4, and MYL1) and the extracellular matrix (CO1A1, CO1A2, and CO5A1) like what 

was observed with the PVAT data164,176,177. Conversely, iWAT’s proteomic profile remained 

relatively unaffected by age, and maintained a relatively narrow distribution in terms of fold 

change of expression (Figure 3.18B). Of the proteins that were on the periphery of the 

distributions, only a few were structural or contractile in function, suggesting that global loss of 

Rab27a uniquely impacts iWAT compared to BAT and PVAT under these metabolic conditions. 

It is possible that under an altered metabolic state, such as diet-induced weight gain, the 

proteomic signatures of iWAT and PVAT may become more similar. 

 

Figure 3.18. Rab27a null BAT and iWAT exhibit proteomic profiles that are unique 
from PVAT and aortic tissues. Proteomic profiles of Rab27a null vs WT male A) BAT and 
B) iWAT at 8- and 20-weeks-old, respectively. Distributions of each comparison are 
displayed by volcano plots. Significantly regulated proteins are plotted in magenta (P≤0.05). 
Only significant proteins with a fold change ≥ 20% (magenta plots in the white quadrants) 
were utilized for phenotypic enrichment analysis. 
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3.6.7. The Cardiovascular System and Metabolism are Not the Top Enriched Phenotypes for 

Rab27a Null BAT and iWAT 

Another observed difference between the BAT (Figure 3.19A) and iWAT (Figure 3.19B) 

signatures was that proteins meeting the thresholding criteria associated with non-cardiac 

muscle and integument phenotypes (Figure 3.19). These data also suggested that the iWAT 

from 20-week-old Rab27a null males were uniquely affected compared to the other adipose 

depots that were examined. Unlike the iWAT from 8-week-old Rab27a null males, the 20-week-

old, Rab27a null iWAT showed the least enrichment for cardiovascular and metabolism 

phenotypes. However, these results are in line with the comparisons made in Figure 3.18 

regarding the differences in the BAT and iWAT proteomic profiles. Therefore, these data 

suggested that the effects of global Rab27a loss are unique to each depot and tissue type. To 

better characterize the effects of Rab27a loss on iWAT and BAT tissue, additional 

characterization studies will need to be completed. 

 

Figure 3.19. BAT and iWAT from Rab27a null mice have a different phenotype 
enrichment from the PVAT and aortae. Phenotype enrichment analysis of significantly 
altered proteins from the PVAT and aortic tissue of Rab27a null compared to WT male mice 
at both ages. Most still associated with the cardiovascular system, metabolism; however, to a 
lesser extent. Bar length indicates the number of phenotypic terms associated with these 
parent category terms. Bar width indicates the proportion of total proteins associated with 
each parent term. Colors are coded as follows: cardiovascular system (red); homeostasis 
and metabolism (purple); adipose-specific (blue); other (gray). 
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3.6.8. Rab27a Null BAT and iWAT Show Reduced Association with Aortic and Cardiac 

Phenotypes 

As with the PVAT and aortic analyses, we sought to define the more specific phenotype 

terms contributing to the population of the parent categories (Figure 3.19). Of the limited 

associated cardiovascular system phenotypes, most still associated with altered aorta 

morphology for Rab27a null BAT and iWAT compared to WT controls (Figure 3.20A, B, and D). 

Meanwhile, the daughter terms populating the designated other phenotypes category are highly 

diverse. Some examples include decreased skeletal muscle size, decreased skin tensile 

strength, and increased circulating carnitine levels. Interestingly, the iWAT from Rab27a null 

mice at 8 weeks of age also show an enrichment of phenotypes associated with adipose 

(Figure 3.20C). These phenotypes include impaired thermogenesis, decreased circulating 

adiponectin, and lipid droplet morphology. While it is interesting that these phenotypes are 

enriched in iWAT and PVAT (Figure 3.14), it is unclear why BAT and PVAT are not showing 

enrichment for adipose phenotypes.  
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3.6.9. Rab27a Null BAT and iWAT Have a Reduced Number of Significantly Altered Proteins 

Associated with Cardiovascular System Phenotypes 

To further understand the differences in proteomic signatures of Rab27a null BAT and 

iWAT in relation to the PVAT and aortic signatures, heatmaps were generated for both 

Figure 3.20. Proteins significantly impacted by global Rab27a loss are enriched for 
cardiac-associated phenotypes. Protein targets meeting the threshold requirements were 
analyzed for phenotype enrichments for A,B) BAT and C,D) iWAT from Rab27a null and WT 
mice at 8 and 20 weeks of age. Results show that these proteins are associated are less 
associated with cardiac phenotypes and metabolic phenotypes. For each graph, bar length 
indicates significance of enrichment by –log(FDR) and bar color indicates the associated 
parent phenotype term: adipose (blue), cardiac (red), metabolism (purple), and other (gray). 
Dot size represents the number of targets associated with each term. Dot color represents 
the strength of the association. 
 



 94 

experimental age groups. Again, only the proteins contributing to the enrichment of the 

cardiovascular system phenotype were examined. All of the significantly altered proteins 

identified in the Rab27a null BAT are down regulated at 8 weeks of age, and then over 

expressed at 20 weeks of age in comparison to WT BAT controls (Figure 3.21A). This is unique 

from the other tissues, which show three major expression patterns described in Section 3.6.1. 

Meanwhile, three expression patterns were also observed within the Rab27a null iWAT data set 

(Figure 3.21B). One pattern that was consistent for all four tissue signatures was the increased 

overexpression of extracellular matrix proteins with aging. When considered together, these 

proteomic data suggest that global loss of Rab27a may be impacting the structure of 

extracellular matrixes in multiple tissues. However, further studies are necessary to confirm this 

possibility. 



 95 

 

3.7. Wire Myograph Studies Revealed Genotype, Age, and Sex Dependent Physiological 

Responses to the Global Loss of Rab27a 

Myography is a well-established method utilized to study vascular and muscular 

reactivity ex vivo (Figure 3.22)145,146. With this technique, excised cross sections of the thoracic 

aorta are mounted to two jaws by threading two wires through the lumenal space. To account 

for lumenal area variability, all aortae were sectioned to equivalent lengths, equilibrated to an 

equivalent starting force, and tested for viability and maximum contractile ability145. The PVAT 

was left on the aorta because our goal was to evaluate the effects of global Rab27a loss on the 

vascular microenvironment.  

Figure 3.21. Comparisons 
in fold change 
directionality of proteins 
associated with the 
cardiovascular system 
phenotype in BAT and 
iWAT. Heatmap display 
directional changes of 
proteins conserved 
between the 8 week and 20 
week timepoints within A) 
BAT and B) iWAT that 
populate the cardiovascular 
system phenotype (Figure 
4.19). Directionality for 
changes in expression are 
reported as log(FC). Red 
indicates an upregulation of 
expression in Rab27a null 
tissues compared to WT 
controls. Blue indicates a 
downregulation of 
expression in Rab27a null 
tissues compared to WT 
controls. 
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One of the two jaws is connected to a force transducer that detects changes in force 

exerted on the wire. Changes in force are recorded in millinewtons (mN) of force. Quantification 

of contractile responses was completed by stimulating vessels utilizing phenylephrine, a known 

agonist of the α1-adrenergic receptor178. While the α1-adrenergic receptor is known to be 

expressed within the aorta, its expression is lower compared to other members of the 

adrenergic receptor family179. To quantify dilative responses, acetylcholine, an agonist of 

nicotinic acetylcholine receptors, was selected180. Acetylcholine mediates smooth muscle 

relaxation through the nicotinic receptors that are expressed by the vascular endothelial cells181. 

While other chemical agonists have been shown to be effective inducers of C57BL/6J aortic 

contraction and dilation, both phenylephrine and acetylcholine are effective by our 

approaches182. 

 

 

 

 

 

Figure 3.22. Wire myography is used to examine changes in contractile and dilative 
responses of the thoracic aorta. Segments of the thoracic aorta are mounted to a force 
transducer by two wires. Vessel contractile and dilative responses are induced using 
chemical agonists. Created with BioRender.com. 
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3.7.1. Rab27a Null Male Mice Exhibit Increased Vascular Contractility at 8 Weeks of Age 

To evaluate whether the global loss of Rab27a impacts cardiovascular physiology, 

thoracic aortae were examined for changes in vasoreactivity. Using wire myography, we 

observed significantly increased vascular contractile and reduced vascular dilative responses 

when comparing the 8-week-old Rab27a null and WT male mice to their genotype-matched, 20-

week-old counterparts (Figure 3.23A and D). This was expected, as vasoreactivity is an 

indicator for vascular stiffness with aging for human and murine vessels23,160. Reactivity studies 

via wire myography revealed 8-week-old male, Rab27a null mice were significantly more 

contractile when stimulated with increasing doses of phenylephrine compared to age-matched 

WT controls (Figure 3.23B). This outcome was not observed in the 20-week-old Rab27a null 

mice when compared to age-matched WT controls (Figure 3.23C). Additionally, only 8-week-old 

Rab27a null male mice exhibited reduced vasodilation when treated with acetylcholine (Figure 

3.32E and F). Since vascular health is dependent upon both contraction and relaxation, these 

data suggest that global loss of Rab27a induces an age associated vasoactive phenotype in 

young adult, male mice2,23. 
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3.7.2. Global loss of Rab27a Uniquely Affects Experimental Group Associations with Vessel 

Sensitivity in Male Mice 

To account for vessel damage or deterioration that can result from the procedure, all 

vessels were subjected to a viability test post contractile and dilative testing (Figure 3.24A). No 

significant difference was found between experimental groups or in association with genotype or 

age. Vessel sensitivity (EC50) to phenylephrine remained mostly unaltered, with the significant 

difference being observed when comparing the EC50 of the 8-week-old WT and 20-week-old 

Rab27a null aortae (Figure 3.24B). A significant association was found between vessel 

sensitivity with age (P=0.007) but not with genotype (P=0.128). Meanwhile, comparisons of 

Figure 3.23. Rab27a null male mice exhibit genotype and age dependent vascular 
reactivity phenotypes. Thoracic aorta segments from male Rab27a null and WT mice at 8 
or 20 weeks old were examined for changes in vasoconstriction and vasodilation. A) 
Comparison of vasoconstriction responses of genotype-matched male aortae between ages 
when treated with increasing doses of phenylephrine. B) Data for 8-week-old and C) 20-
week-old male aortae examining for changes in contractile responses according to genotype 
were separated for comparison. D) Vasodilative responses for male aortae of both genotypes 
across ages are displayed. E) Data for 8-week-old and F) 20-week-old male aortae 
comparisons for vasodilation. Significance was determined via four-parameter non-linear 
regression test. *, P<0.05. ***, P<0.001. ****, P<0.0001. 
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vessel sensitivity (EC50) to acetylcholine showed that the 20-week-old Rab27a null aortae were 

significantly more sensitive to the agonist compared to the WT aortae of both groups (Figure 

3.24C). This is most likely due to the wider distribution in EC50 responses compared to the other 

experimental groups. This distribution in data may be the cause for a significant association 

between vessel sensitivity and genotype (P=0.029) but not age (P=0.1).  

 

3.7.3. Rab27a Null Female Aortae Exhibit Increased Vascular Contractility and Dilation at 20 

Weeks of Age 

Due to known differences in the prevalence of cardiovascular disease and other risk 

factors between human males and females, female mice of matching genotypes and age 

groups were also examined for changes in aortic vasoreactivity62. In contrast to the male 

cohorts, WT females showed reduced vasoconstriction in the older cohort compared to younger 

WT controls (Figure 3.25A). Meanwhile, Rab27a null females showed no significant change in 

vasoconstriction between ages (Figure 3.25A). Therefore, female Rab27a null mice appeared 

to resist the age-related changes in vasoreactivity that were observed in the WT controls. The 8-

Figure 3.24. Male thoracic aorta sensitivity and viability remains consistent with 
aging and global loss of Rab27a between experimental groups. A) Vessel viability was 
tested with a 100 mM KCl dose for all male experimental groups. B) Sensitivity (EC50) of 
male aortae to phenylephrine were calculated for all experimental groups. C) Acetylcholine 
sensitivity for male aortae across all groups was also calculated. Sensitivity was calculated 
to account for difference in contractile or dilative responses to each agonist. Each data point 
displays the calculated result for an individual mouse. Significance was evaluated via two-
way ANOVA analyses with multiple comparisons tests. *, P<0.05. 
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week-old female Rab27a null and WT mice exhibited statistically similar contractile profiles 

(Figure 3.25B). However, the 20-week-old female Rab27a null mice retained contractility 

compared to the age-matched WT controls (Figure 3.25C). No significant difference in 

vasodilative capacity was observed with aging for either genotype in response to acetylcholine 

(Figure 3.25D). In contrast to males, 8-week-old Rab27a null females showed no change in 

vasodilation, while the 20-week-old Rab27a null females exhibited increased vasodilation 

(Figure 3.25E and F).  

 

3.7.4. Global loss of Rab27a Uniquely Affects Experimental Group Associations with Vessel 

Sensitivity in Female Mice 

Like the male aortae, all female aortae were subjected to a viability test after completing 

Figure 3.25. Rab27a null female mice exhibit genotype and age dependent vascular 
physiological responses. Thoracic aorta segments from female Rab27a null and WT 
mice at 8 or 20 weeks of age were examined for changes in vasoconstriction and 
vasodilation response. A) Comparison of vasocontractile responses of genotype-matched 
female aortae between ages when treated with increasing doses of phenylephrine. B) Data 
for 8-week-old and C) 20-week-old female aortae examining for changes in contractile 
responses according to genotype were separated for comparison. D) Vasodilative 
responses for female aortae of both genotypes across ages are displayed. E) Data for 8-
week-old and F) 20-week-old female aortae comparisons for vasodilation. Significance 
was determined via four-parameter non-linear regression test. *, P<0.05. ****, P<0.0001. 
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the contractile and dilative response curves (Figure 3.25A). No significant difference was found 

between experimental groups or in association with genotype or age. Vessel sensitivity (EC50) to 

phenylephrine remained similar between groups and showed no significant association with 

genotype (P=0.9) or age (P=0.057) (Figure 3.26B). Comparisons of vessel sensitivity (EC50) to 

acetylcholine showed a significance association occurring between the experimental groups 

with regards to age (P=0.031), but not genotype (P=0.11) (Figure 3.26C). However, because 

only the 20-week-old Rab27a null females showed a difference in vasodilative responses 

compared to WT controls at the same age, changes in aorta reactivity from Rab27a loss are not 

likely due to altered vessel sensitivity to acetylcholine. 

 

3.8. RAB27A is Differentially Expressed in Male and Female PVAT and iWAT 

It is well established that there are sex-dependent differences in cardiovascular 

response to aging in humans and mice69,77,183. However, to our knowledge, no studies have 

addressed sex-dependent differences in murine aortae due to the loss of Rab27a. Furthermore, 

it is unclear whether RAB27A was differentially expressed between the sexes. Here, we provide 

Figure 3.26. Female thoracic aorta sensitivity and viability were unchanged between 
experimental groups. A) Vessel viability was tested with a 100 mM KCl dose for all female 
experimental groups. B) Sensitivity (EC50) of female aortae to phenylephrine were 
calculated for all experimental groups. C) Acetylcholine sensitivity for male aortae across all 
groups was also calculated. Sensitivity was calculated to account for difference in 
contractile or dilative responses to each agonist. Each data point displays the calculated 
result for an individual mouse. Significance was evaluated via two-way ANOVA analyses 
with multiple comparisons tests. Only significant comparisons are shown. 
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evidence that RAB27A was differentially expressed between the PVAT and iWAT male and 

female mice at 20 weeks of age (Figure 3.27A and C). However, while trending, there was no 

significant difference in RAB27A within the aorta of male and female mice (Figure 3.27B). 

There is also no difference in RAB27A expression between the sexes within BAT (Figure 

3.27D). While mechanism causing this tissue-specific difference in RAB27A expression is 

unclear, it does provide a possible explanation for the differences between the sexes in their 

response to a global loss of Rab27a. 

 

Figure 3.27. Female mice exhibited significantly higher RAB27A expression in PVAT 
and iWAT. Whole tissue lysates for A) PVAT, B) aorta, C) iWAT, and D) BAT were utilized 
for immunoblot analysis for RAB27A expression between WT male and female mice at 20 
weeks of age. PVAT (n=3) and thoracic aorta (n=3) were pooled prior to isolation and 
examined as technical replicates due to limited tissue mass. Quantifications were based off 
the technical replicates. For iWAT and BAT, tissues were not pooled and instead were 
loaded into individual lanes for biological replicates three times to account for technical 
variability. Representative blots are shown. All raw values were normalized to the male 
controls. Statistical significance was tested via Welch’s t-test. *, P<0.05. 
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3.9. The Characterization of Plasma Derived Exosomes from Rab27a Null Mice  

Methodological approaches to studying nano-sized vesicles have been developing 

rapidly in the past few years. Currently there are multiple approaches for sample collection, 

purification, and analysis. While ultracentrifugation is the preferential method for isolation, the 

method is characterized as producing isolates with high purity but low yield184. Our initial 

attempts to isolate exosomes using lipid precipitation techniques resulted in analysis difficulties 

when analyzed using tunable resistive pulse sensing (TRPS) (qNano Gold system, iZon). Due 

to the limited volumes of our samples, we adapted an isolation method utilizing ultrafiltration and 

subsequent size exclusion chromatography for exosome isolation. Sample purity was examined 

by confirming that detected particles met the classification standards according to diameter size. 

Furthermore, albumin, an indicator of sample contamination, was not the most prominent 

protein within these samples when they were evaluated via mass spectrometry. 

 

3.9.1. The Global Loss of Rab27a Did Not Affect Circulating Exosome Size or Number 

As a regulator of exosome secretion, we hypothesized that global loss of Rab27a would 

significantly reduce the concentration of circulating exosomes9. Analysis of our samples via 

nanoparticle tracking analysis (NTA) showed that the isolated exosomes were within the defined 

diameter range (Figure 3.28A). For this reason, the analyzed particles were classified as 

exosomes rather than extracellular vesicles11. However, no significant changes in median 

exosome diameter or mean concentration were identified between any of the experimental 

groups (Figure 3.28A and B). No significant associations with age (P=0.17) or genotype 

(P=0.83) were found in relation to exosome size. Further, no significant associations with aging 

(P=0.06) or genotype (P=0.16) were found in relation to exosome concentration. Because of 

these findings, proteomic analysis was completed in order to determine whether there were 

changes in protein cargo due to Rab27a loss. 
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3.9.2. The Global Loss of Rab27a Affected Exosome Protein Cargo Profiles 

A comparison of profile distributions of identified proteins was completed to characterize 

whether genotype or age affected exosome cargo. Of the four comparisons completed, Rab27a 

null versus WT (8 weeks of age) and WT (8 versus 20 weeks of age) showed the most 

symmetrical distribution with the fewest number of altered proteins (Figure 3.29A and D). 

Meanwhile, comparisons of Rab27a null and WT exosomes from mice at 20 weeks of age 

revealed that most of the altered proteins were upregulated in the Rab27a null exosomes 

compared to the WT group (Figure 3.29D). Additionally, comparison of exosomes from Rab27a 

null 8-week-old versus 20-week-old mice showed that most of the altered proteins were down 

regulated at a younger age (Figure 3.29B). Multiple proteins that were differentially regulated in 

our data have been previously identified in exosomes including thrombospondin-1 (TSP1), 

serotransferrin (TRFE), tenascin (TENA), and serum amyloid A-4 protein (SAA4)185-188. These 

data suggest that while aging alone may change the protein cargo of plasma derived exosomes, 

Figure 3.28. Exosomes isolated from male Rab27a null plasma have genotype and 
age specific changes in proteomic cargo. A) Comparison of exosome median 
diameters between male Rab27a null and WT plasma samples. Bars display the median 
diameter interquartile ranges. B) Comparison of particle concentration as normalized to 
individual body weight. Bars displays the average and SEM. Each plot displays the results 
of a single biological replicate. Significance was evaluated via two-way ANOVA analyses 
with multiple comparisons tests. Only significant comparisons are shown. 
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loss of Rab27a also impacts cargo uniquely depending on age. Future studies will need to be 

completed in order to determine whether these changes in protein cargo are biologically 

significant. 

 

 

3.10. Chapter Discussion 

An endosomal trafficking protein that regulates exosome secretion, RAB27A is classically 

associated with Griscelli syndrome and cancer progression10,129,134. Recent studies have shown 

that exosomes are able to influence cardiovascular health120,121,189. However, none of these 

studies evaluated the role of RAB27A as an underlying regulator for the dysregulation of 

exosome signaling within the cardiovascular microenvironment. Herein, we provide evidence for 

an association between metabolic activity and RAB27A. This association aligns with our 

previous study identifying a role for RAB27A in human PVAT preadipocyte differentiation136.  

Due to the known impact of PVAT signaling on vascular health, our goal was to determine 

whether the loss of RAB27A also impacts vascular health102,105. 

 

Figure 3.29. Exosomes isolated from male Rab27a null plasma have genotype and 
age specific changes in proteomic cargo. Volcano plots were used to display the 
difference in proteomic profiles between experimental groups. Comparison between 
exosome proteomic profiles of Rab27a null versus WT male mice at A) 8 weeks of age 
and B) 20 weeks of age (n=4/group). C) Comparison between exosome proteomic profiles 
of 8-week-old versus 20-week-old Rab27a null mice. D) Comparison between exosome 
proteomic profiles of 8-week-old and age and 20-week-old WT mice.  
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3.10.1. Conclusions 

With this study, we expanded our knowledge of RAB27A expression within the mouse and 

human PVAT and aortic wall using a novel global Rab27a null mouse strain (Figure 3.30). We 

show that the changes in protein signatures due to a global loss of Rab27a are associated with 

metabolic and cardiovascular phenotypes for PVAT and aortic tissues. These metabolic 

phenotype associations align with both the GWAS and altered glucose sensitivity that was 

observed within the original Rab27aashen strain. (Soucy et al., 2023 under revision). However, no 

morphological changes were detected in multiple Rab27a null adipose tissue for either sex at 

two different ages. While Rab27a null males showed increased lipid area with aging, Rab27a 

null females showed no association. These trends align with a previously published study 

showing distinct sex differences in C57BL/6J mouse susceptibility to diet-induced obesity162. 

Functional vascular reactivity studies demonstrated that a global loss of Rab27a changed 

thoracic aorta contractile and dilative responses for both sexes. These physiological effects 

manifest independently of gross morphological changes, suggesting that modifications in 

cellular communication may be responsible. Additionally, while we noted differences in 

vasoreactivity between the males and females for both genotypes, the physiological relevance 

remains to be examined. We predict that these vascular physiology trends may be due to 

differences in basal RAB27A expression across tissues. These findings further highlight the 

importance of including both male and female mice in future cardiovascular disease studies.  

Furthermore, we provide evidence that global loss of Rab27a impacted the protein cargo of 

plasma-derived exosomes. Proteomic analysis revealed that the greatest change in protein 

cargo was within the exosomes of 20-week-old male Rab27a null mice. However, these results 

conflict with the leading paradigm within the field that loss of RAB27A reduces exosome 

secretion155. We predict that compensatory mechanisms are being activated in order to maintain 

this important mode of cellular communication. While exploratory, this work supports our 

hypothesis that Rab27a is important in the regulation of exosome signaling. 
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3.10.2. Study Limitations 

This study was designed with the intention of accounting for age, sex, and genotype as 

biological variables. However, there are experimental limitations that impact the conclusions that 

can be inferred. Future studies addressing the limitations discussed below will help the augment 

the findings discussed within this work. 

 

 

Figure 3.30. A summary of Chapter 3 conclusions. Graphical depiction of major study 
conclusions for both male and female Rab27a null mice in comparison to WT controls. 
Created with BioRender.com 
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3.10.2.1. Sole Use of the Novel Global Rab27a Null Strain 

This study utilizes a global knockout model to study the effects of Rab27a loss on the 

vascular microenvironment. While this model allowed us to determine the significance of global 

Rab27a expression on vascular reactivity, it does not answer whether tissue specific expression 

within PVAT or the aorta impacts vascular tone. Therefore, it is possible that other organs, such 

as iWAT, may be contributing to these reported effects within the vascular microenvironment. It 

is also possible, that the global loss of Rab27a is eliciting a global compensatory mechanism 

that is leading to the dampening of physiological effects. 

 

3.10.2.2. Accounting for Sex as a Biological Variable 

In designing these experiments, we included female experimental groups that were 

examined in parallel with male experimental groups. However, female samples were not utilized 

for each analysis. Therefore, the proteomic results and conclusions are based only upon male 

samples. The male samples were initially selected for analysis and, due to the amount of 

information produced from these samples, we decided to focus on these data to produce an 

effective workflow for future analyses. Subsequently, only male tissues were used to confirm 

directionality changes found from proteomic analysis. Additionally, only plasma-derived 

exosomes from male samples were characterized and subjected to proteomic analysis.  

This is a limitation within this study and will need to be addressed in future studies. With 

the current differences observed between the sexes, it is likely that the female proteomic 

signatures of tissues and exosomes would also exhibit unique proteomic signatures due to 

global Rab27a loss. These studies can be completed as the necessary samples were collected 

from the female experimental groups at the time of myograph experimentation. 
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3.10.3. Future Directions 

With the increasing prevalence of CVD, and a lack of effective therapeutic targets for 

disease treatment, establishing a better understanding of how intercellular and tissue-tissue 

communication impacts disease progression is imperative58. To accomplish this goal, future 

studies must answer whether the results presented are dependent on Rab27a loss in a specific 

organ or cell type; identifying the mechanism by which Rab27a loss alters vascular physiology; 

and defining the mechanism causing the sex-specific response in vasoreactivity.  

 

3.10.3.1. Addressing the Importance of Cell-Specific loss of Rab27a  

To determine whether a specific cellular population can recapitulate the above results, 

we plan to utilize the Rab27a conditional knockout strain to induce recombination in PVAT 

preadipocyte progenitor cells (APCs), vascular smooth muscle cells (VSMCs), and vascular 

endothelial cells (Figure 3.6). Recombination of Rab27a within PVAT APCs will be 

accomplished through breeding of the Rab27afl/fl to the C57BL/6J Myf5-Cre strain. 

Recombination of Rab27a within VSMCs will be also accomplished by breeding the Rab27afl/fl to 

the C57BL/6J SMMHC-CreERT2 strain. Lastly, vascular endothelial cells will be recombined 

through breeding of the Rab27afl/fl to the C57BL/6J DLL1-Cre strain. Analyses, like those 

applied in study discussed above, would be completed to evaluate whether vascular trends a 

recapitulated in the targeted knockout strains. 

 

3.10.3.2. Identifying the Mechanism of How Rab27a Alters Vascular Physiology  

Due to the proteomic changes that we reported above, it is possible that Rab27a null 

exosomes are responsible to changes in vascular tone. Therefore, in vitro experiments will be 

critical to study the molecular changes occurring within WT vascular smooth muscle cells when 

treated with exosomes from Rab27a null PVAT adipocytes and APCs. As controls, Rab27a null 

derived VSMC and vascular endothelial cells will also be cultured with and without exosomes 
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derived from WT, PVAT-APC to account for cell specific effects of Rab27a loss. Additionally, to 

show that the presence of functional RAB27A recapitulates the WT control trends, Rab27a null 

cells can be transfected with a plasmid containing the WT Rab27a gene, like what was done in 

a previous paper190. Further, phenotype associations can be examined based on the varying 

expression of RAB27A post transfection. Based on previous studies, initial pathways that would 

be examined for changes include the eNOS, AMPK, and calcium signaling55,158,191. 

 

3.10.3.3. Elucidating the Mechanism Underlying the Sex Dependent Trends in Vascular 

Physiology 

Due to the impact of estrogen signaling in adipose physiology, it will be important to 

study the effect of Rab27a loss on vascular reactivity in ovariectomized female mice compared 

to sham-ovariectomized females161. This study would include 8-week-old and 20-week-old 

timepoints to evaluate how loss of estrogen impacts vascular reactivity in Rab27a null females. 

As an aging control, female mice could also be kept until at least 12 months of age to study 

whether the natural loss of estrogen due to menopause elicits the same response as the 

younger ovariectomized female mice192. Due to the biological importance of estrogen signaling, 

we predict that there would be differences between the ovariectomized and menopausal female 

experimental groups. 
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CHAPTER 4: 

A GLOBAL LOSS OF RAB27A INCREASES THORACIC AORTA CONTRACTILE 

RESPONSE IN MALE MICE FED A HIGH FAT DIET 

4.1. Overview 

Murine diet-induced obesity models have been widely utilized to study the effects of 

obesity on metabolic health and cardiovascular disease162,193. Some of these studies provide 

evidence that the presence of PVAT during HFD reduces thoracic aorta vasodilative 

abilities158,191. Thereby suggesting that communication between the PVAT and aorta are 

impacted by diet. However, no study had evaluated whether Rab27a expression impacts 

vascular reactivity during HFD. With our newly establish global Rab27a null strain, we began 

studying whether such an association exists. Furthermore, because this Rab27a null strain was 

developed on a C57BL/6J background, the trends observed from this study are comparable to 

prior vascular and diet studies completed using C57BL/6J mice. 

Through our Rab27a null studies completed on a chow diet, we showed that the 

proteomic signatures of PVAT and aortic tissues were enriched for association with 

cardiovascular and metabolic phenotypes (Section 3.6). Despite the absence of altered in lipid 

accumulation within Rab27a null PVAT compared to WT controls, it was possible that adipose 

depots may not be able to respond normally when metabolically challenged with a HFD. This 

theory was also supported by our previous in vitro study linking RAB27A expression with PVAT 

adipocyte differentiation136. Because PVAT-aorta communication is critical for maintaining 

vascular reactivity, we hypothesized that a global loss of Rab27a during a HFD would intensify 

vascular disease physiology. 
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4.2. Characterizing the Effects of Global Rab27a Loss on Body Composition During a 60% 

High Fat Diet 

Having shown that Rab27a null mice gain weight comparably to WT controls on a chow 

diet (Figure 3.7), we decided to also track the weight gain of male Rab27a null mice when fed a 

HFD. This information was necessary to determine whether global Rab27a loss impacted 

mouse weight gain. For this reason, the body weights of Rab27a null were compared to WT 

controls fed the same diets and the Rab27a null mice that were fed a SCD. Percent body fat 

mass was also calculated to confirm that any weight gained during the diets was due to 

increased adipose expansion194. 

 

4.2.1. Global Rab27a Loss Does Not Affect the Weight Gain of Male Mice Fed a 60% High Fat 

Diet 

Male mice were fed either a 60% HFD or SCD for 12-weeks as outlined in Section 

2.1.11. Consistent with previous literature, WT males gained considerable weight over the 12-

week period when fed the 60% HFD compared to a control diet (Figure 4.1A)195. Statistical 

analysis confirmed that the body weights of WT mice fed either the HFD or SCD began to 

significantly differ beginning at week 3 (P=0.01) of feeding. Significant differences in weight 

between the Rab27a null mice fed a HFD or SCD was observed starting at week 2 (P=0.02) on 

the diets. With the dramatic changes in weight between the Rab27a null HFD and SCD groups 

there was a significant association between weight and diet (P<0.0001) and time (P<0.001). 

However, no significant difference was observed at any week when comparing the body weights 

of Rab27a null and WT mice when fed the same diet (Figure 4.1A). However, there was a 

significant association for body weight that was attributed the genotype for both the HFD 

(P<0.0001) and SCD (P=0.005) comparisons that were independent of any statistical 

interactions (P=0.96 for both diets). 
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4.2.2. The Global Loss of Rab27a Expression Does Not Alter Fat Body Mass in Male Mice Fed 

a 60% High Fat Diet 

With the significant changes in weight in the mice fed a HFD compared to SCD we 

wanted to determine whether body composition was also changing similarly between the 

Rab27a null and WT controls. Body composition of mice from all four experimental groups was 

at weeks 0 and 12 of the study. As expected, all mice started the diet with comparable % fat 

body mass between all groups; WT, SCD (mean=12.7, SEM=0.63), WT, HFD (mean=13.1, 

SEM=0.54), Rab27a null, SCD (mean=11.3, SEM=0.65), and Rab27a null, HFD (mean=11.3, 

SEM=0.79) (Figure 4.1B). No significant association was found between % fat body mass and 

diet (P=0.7764) at this time point. However, there was a significant association between % fat 

body mass and genotype (P=0.033), suggesting that there may be differences in body 

composition at 8 weeks of age for Rab27a null mice compared to WT controls. 

By week 12 of the study, the Rab27a null and WT mice fed a HFD had significantly 

increased % fat body masses compared genotype controls on the SCD (Figure 4.1C). 

Furthermore, there were no significant differences between the two genotypes when fed the 

same diet. As a result, there is a significant association of % fat body mass with diet (P<0.001), 

but not genotype (P=0.73). These data suggest that while body composition may differ between 

Rab27a null mice at a younger age when fed a chow diet, the Rab27a null adipose depots are 

capable of expansion during a HFD. 
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4.3. Characterizing the Effects of Global Rab27a Loss on Adipose Tissue and Thoracic Aorta 

Morphology After a 60% High Fat Diet 

Of the adipose depots examined in this work, PVAT is the smallest and has a highly 

dynamic metabolic nature16. This depot’s response to HFD is also unique as its metabolic 

activity becomes less thermogenic and begins to secrete factors that impact thoracic aorta 

tone158,196,197. Due to the low total mass contribution of PVAT to the total % fat body mass, body 

composition analysis would not provide insight to physiological or morphological changes 

occurring within this tissue of Rab27a null mice fed a HFD. For this reason, we evaluated the % 

lipid accumulation in PVAT from the Rab27a null and WT mice that were fed either a HFD or 

SCD. 

To further determine the effects of Rab27a loss on vascular morphology after a HFD, we 

also quantified the thoracic aortae for changes in vessel total, medial, and lumenal area. 

Figure 4.1. Rab27a null males gain weight like WT controls when fed a 60% HFD. A) 
Weight gain trends of Rab27a null and WT male mice fed either a HFD or SCD diet over 12 
weeks. Sample size is displayed within the panel key. Stars denote WT HFD vs SCD 
statistical comparisons for each timepoint. *, P<0.05. **, P<0.01. ***, P<0.001. ****, 
P<0.0001 Pound symbols denote Rab27a null HFD vs SCD statistical comparisons for each 
timepoint. The number of symbols displayed matches the same notation scheme used for 
the WT diet comparisons. B) Comparison of % fat body mass between experimental groups 
at week 0 on the diet. C) Comparison of % fat body mass between experimental groups at 
week 12 on the diet. ****, P<0.001. For all panels, bars display the means and SEM for the 
respective experimental group. Significance was determined via an ordinary 2-way ANOVA 
with a multiple comparisons test. Only significant comparisons are shown. 
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Despite lack of gross morphological changes in Rab27a null mice fed a chose diet, it was 

possible that the aortae might exhibit altered morphology due to diet-induced weight gain. 

Especially as obesity has been shown to cause hypertension and modifications in vessel 

structure56,159,198. 

 

4.3.1. Global Rab27a Loss Does Not Affect PVAT Lipid Accumulation in Male Mice Fed a 60% 

High Fat Diet 

Average % lipid accumulation was quantified in the PVAT of Rab27a null and WT mice 

fed either a HFD or SCD. While no difference was observed when directly comparing 

experimental groups, there was a significant association with diet (P=0.025) (Figure 4.2A). As 

phenotype controls, BAT and iWAT were also quantified and exhibited unique trends in lipid 

accumulation from PVAT. 

Analysis revealed that the BAT from male Rab27a null mice fed a HFD had significantly 

increased % lipid accumulation compared to the Rab27a null SCD controls (Figure 4.2B). The 

same comparison was not significant when comparing lipid accumulation in BAT from the WT 

mice across diets, however the trend remained similar. This was also supported through the 

statistical association between lipid accumulation and diet (P=0.0004). Like BAT, iWAT from 

Rab27a null male fed a HFD showed increased lipid accumulation compared to SCD controls 

(Figure 4.2C). Again, no significant difference was observed between diets for the WT tissues. 

However, diet was significantly associated with lipid accumulation (P=0.0001). These results are 

expected, given the increase in % fat body mass observed in both Rab27a null and WT male 

mice fed a HFD. 
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4.3.2. The Global Rab27a Loss Does Not Alter Thoracic Aorta Gross Morphology of Male Mice 

Fed a 60% High Fat Diet 

Because there were diet associated effects for all three adipose tissues tested above, 

changes in gross thoracic morphology in association with diet and genotype were also 

examined. No significant changes in total vessel area were observed between any of the 

experimental groups and no statistical associations were found for either genotype (P=0.22) or 

diet (P=0.42) (Figure 4.3A). The same results were also observed when comparing medial or 

lumenal areas between experimental groups. Again, no associations between area and 

genotype or age (Figure 4.3B and C). These data show that Rab27a expression does not 

impact aorta morphology in mice fed a 60% HFD. 

 

 

 
 

Figure 4.2. Male Rab27a null adipose tissues exhibit depot-specific differences in lipid 
accumulation after a HFD. Quantification of % lipid accumulation in A) PVAT, B) BAT, and 
C) iWAT from mice belonging to all experimental groups. Tissues were from mice at week 
12 of the respective diet. Each data plot represents the average % lipid accumulation of one 
biological replicate, which is the average % lipid accumulation from 10 fields of view. Bars 
display the mean and SEM. Statistical significance was determined using an ordinary two-
way ANOVA with a multiple comparison test. *, P<0.05. **, P<0.01. ***, P<0.001. Only 
significant comparisons are shown. 
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4.4. The Global Loss of Rab27a Affected Male Thoracic Aorta Vasoreactivity After a 60% 

High Fat Diet 

It has been well established that HFD in humans and mice impact vascular 

physiology56,158,198. In Chapter 3 we provided evidence that the global loss of Rab27a altered 

thoracic aorta vasoreactivity in an age- and sex-dependent manner (Figures 3.12 and 3.14). 

Due to the importance of signaling within the vascular microenvironment for the development of 

CVD, we sought to evaluate whether global Rab27a loss during a HFD significantly contributes 

to increased vascular reactivity18,105,158. 

 

4.4.1. The Global Loss of Rab27a Increased Thoracic Aortic Vasocontractility in Male Mice Fed 

a 60% High Fat Diet 

Wire myography was utilized to evaluate whether a global loss of Rab27a modified 

thoracic aorta physiology in male mice fed a HFD. Data from this study showed that the aortae 

of Rab27a null male mice fed a HFD exhibited increased vasocontractile responses compared 

to all the other experimental groups (Figure 4.4A). Meanwhile, the aortae of WT male mice fed 

Figure 4.3. Rab27a null mice on HFD show no change in aorta morphology. 
Quantification of thoracic aorta A) total, B) medial, and C) lumenal areas from Rab27a null 
and WT male mice that were fed either a HFD or SCD. Tissues were from mice at week 12 of 
the respective diet. Each data plot represents the respective area of one biological replicate. 
Bars display the mean and SEM. Statistical significance was determined using an ordinary 
two-way ANOVA. Only significant comparisons are shown. 
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a HFD exhibited greater contractile responses compared to aortae of Rab27a null male mice fed 

a SCD (Figure 4.4A). However, no significant difference was found when comparing aortic 

contractile responses between WT male mice fed either a HFD or SCD. Importantly, no 

significant difference between the vasocontractile responses of the aortae from Rab27a null and 

WT male mice fed a SCD. 

From this contractility study, it was predicted that the aortae of Rab27a null males fed a 

HFD would exhibit reduced dilative abilities compared to the other experimental groups. 

However, the aortae of WT male mice fed a SCD mice were significantly different compared to 

aortae of Rab27a null mice on either diet (Figure 4.4B). No significant difference between 

aortae responses of WT mice fed a HFD or SCD. These findings are likely due to the high 

variability in the response of aortae to acetylcholine stimulation (Figure 4.4B). 

 

 

 

 

 

Figure 4.4. Aortae of Rab27a null male mice exhibit increased contractility compared 
to aortae of WT controls when fed a HFD. Thoracic aorta segments from male Rab27a null 
and WT mice at Week 12 of their respective diet and examined for changes in 
vasoconstriction and vasodilation. A) Comparison of vasoconstriction responses of aortae 
when treated with increasing doses of phenylephrine. B) Comparison of vasodilative 
responses of aortae when treated with increasing doses of acetylcholine. Significance was 
determined using a four-parameter non-linear regression test. *, P<0.05. **, P<0.01. ****, 
P<0.0001. 
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4.4.2. The Global Loss of Rab27a Does Not Alter Vessel Sensitivity in Mice Fed a 60% High 

Fat Diet 

To confirm that contractile differences were not the result of altered vessel viability, we 

compared maximum contractile responses when treated with a single dose of KCl. Analysis 

showed that Rab27a loss during HFD had no effect on aortae viability (Figure 4.5A). There 

were also no associations between vessel viability and either genotype (P=0.26) or diet 

(P=0.62).  Furthermore, vessel sensitivity to both chemical agonists was examined to evaluate 

whether changes vasoreactivity were due to an inability to respond to the agonists. No 

significant changes in the EC50 of phenylephrine was found between any groups and no 

associations with genotype (P=0.45) or diet (P=0.38). Sensitivity to acetylcholine showed similar 

results for intergroup comparisons along with no associations with genotype (P=0.37) or diet 

(P=0.35). These data there for suggest that global loss of Rab27a increases thoracic aorta 

contractility during a HFD, which is a phenotype associated with the development and 

progression of CVD197. 

 

 

Figure 4.5. Aortae of Rab27a null male mice viability remained unaltered compared to 
the aortae of WT mice after a HFD. A) Vessel viability was tested with a 100 mM KCl dose 
for all experimental groups. B) Sensitivity (EC50) of male aortae to phenylephrine were 
calculated for all experimental groups. C) Acetylcholine sensitivity for male aortae across all 
groups was also calculated. Sensitivity was calculated to account for difference in contractile 
or dilative responses to each agonist. Each data point displays the calculated result for an 
individual mouse. Significance was determined using an ordinary two-way ANOVA with a 
multiple comparisons test. Only significant comparisons are shown. 
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4.5. Chapter Discussion 

With the increasing prevalence of obesity and high prevalence of CVD, it is imperative 

improve to our understanding of biological mechanisms connecting these medical 

conditions13,48,82. Despite the on-going attempts to identify effective therapeutic targets to treat 

obesity, none have been successful in sustaining weight loss for extended periods of time within 

large patient populations79. Furthering our knowledge of the obesity and cardiovascular disease 

interface has the potential of identifying novel therapeutic targets that could applied to prevent 

cardiovascular disease establishment in patients with obesity. In Chapter 3, we established that 

rare RAB27A variants are associated with BMI and glucose handling, and that global loss of 

Rab27a impacted vascular reactivity in an age and sex dependent manner (Figures 3.1, 3.12, 

and 3.14)28. For this purpose, we studied whether Rab27a plays a role in regulating vascular 

physiology of the male mouse after a 60% HFD.  

 

4.5.1. Conclusions 

We have implemented a diet-induced weight gain study to evaluate the importance of 

Rab27a in regulating vascular activity during a HFD. With this work, we applied anthropometric, 

histological, and physiological response studies to lay the foundational work showing that 

Rab27a impacts vascular reactivity during times of metabolic challenge (Figure 4.6).  

As with the chow diet study, changes in the weight gain of Rab27a null and WT mice 

that were fed either a HFD or SCD were quantified. As previously reported, the WT male mice 

that were fed a HFD gained weight significantly compared to the WT controls fed a SCD. No 

significant difference in weight between Rab27a null and WT mice that were fed the same diet 

was found at any time point. However, when comparing the variation between the Rab27a null 

and WT male mice fed a HFD, there was a genotype association (P<0.001), suggesting that 

loss of Rab27a may be impacting the overall weight gain trends (Figure 4.1). When statistically 

comparing the body composition of the Rab27a null and WT mice, genotype was significantly 
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associated at week 0 of the diet. Further, no significant association was found in connection with 

genotype when analyzing for changes in % lipid accumulation within PVAT, BAT, or iWAT. 

These data therefore support that global Rab27a expression does not affect weight gain or the 

lipid storage capabilities of adipose depots of male mice after a HFD. 

However, there is evidence that global loss of Rab27a impacts vascular reactivity. After 

12 weeks on a HFD diet, Rab27a null aortae show increased contractility when stimulated with 

increasing doses of phenylephrine compared to all other experimental groups. However, while 

contractile of the WT diet groups were not significantly different, the WT, HFD and Rab27a null, 

SCD responses were. Additionally, these changes in contractile responses occurred in the 

absence of gross morphological changes. 

These Rab27a null diet results are distinct from those of chow fed mice, as the 20-week-

old aortae showed no changes in vasocontractility, which is the age of the mice upon 

completion of the diet. Furthermore, previous studies also showed that the PVAT of animals fed 

a HFD significantly limits aorta dilation191,199. Another study also showed that obesity in mice 

inhibited the anticontractile effects of PVAT on the thoracic aorta55. This study is therefore the 

first to show that global loss of Rab27a increases the thoracic aorta contractile response after a 

60%, even when limited to a 12-week diet. 
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4.5.2. Limitations 

While this study was intentionally designed to account for the effects of genotype and 

diet, there are experimental limitations that impacted the conclusions that we made. Future 

experiments are necessary to either expand up or provide additional information to augment the 

findings discussed in the above sections. Some of the major limitations and potential solutions 

are described as follows. 

 

 

 

Figure 4.6 Summary of Chapter 4 conclusions. Graphical depiction of major study 
conclusions for male Rab27a null mice fed a HFD or SCD in comparison to WT controls. 
Created with BioRender.com 
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4.5.2.1. C57BL/6J Background Variability with Weight Gain 

Throughout this study, we utilized the novel global Rab27a null strain that was created 

on a C57BL/6J background. This strain was intentionally selected as much of the HFD, and 

cardiovascular work completed by the Liaw laboratory, has also used the C57BL/6J 

background. Literature has also favored the used of the C57BL/6J strain for diet-induced obesity 

and metabolic disease studies due to their propensity for weight gain and for the males to 

develop insulin resistance193,194. However, it is also important to consider that there are many 

other strains that have been shown to respond to diets uniquely200. For this reason, the 

conclusions reached within this paper must take the genetic background of the mice into 

account. Unfortunately, it is not reasonable to establish a global Rab27a null strain for all the 

strains utilized for metabolic and cardiovascular studies. Therefore, it will be important to 

expand the sample size for each group to account for weigh gain variability. 

 

4.5.2.2. Sole Use of the Global Rab27a Null Strain 

Also noted as a limitation for the study completed in Chapter 3, conclusions to the 

effects of Rab27a loss on vascular tone is limited to the context of global expression. Due to the 

wide expression of Rab27a throughout the body, no conclusion can currently be made on 

whether a specific cell type or tissue is primarily responsible for these phenomena. To address 

this current limitation, the Rab27a conditional null strain will be utilized for targeted 

recombination. Based upon results from this study, it will be important to target Rab27a loss 

within the major cell types within the vascular microenvironment (refer to Section 3.10.3.1). 

 

4.5.2.3. The Impact of Insulin Sensitivity on Vascular Reactivity 

Communication between the PVAT and aorta is dependent on the depot’s metabolic 

phenotype and changes in communication impact vascular tone55,158. It has been shown that 

when fed a HFD, C57BL/6J mice develop insulin and leptin resistance after 9 and 10 
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weeks162,193,201. This information is important as insulin sensitivity is also associated with vessel 

physiology202. Therefore, it is possible that changes in insulin sensitivity of the mice fed a HFD is 

impacting aortic reactivity.  

Future work will need to complete insulin and glucose sensitivity tests to determine 

whether Rab27a null mice exhibit changes compared to WT and diet controls. While the diet-

induced weight gain may be impacting insulin sensitivity in the Rab27a null mice, it may not be 

responsible for the significant difference in contractile responses between the aortae of Rab27a 

null and WT mice fed a HFD. Furthermore, no significant differences in dilative responses were 

observed between these groups, further suggesting the effect may be specific to contractile 

responses.  

If male mice prove to exhibit changes in insulin sensitivity, then the female Rab27a null 

and WT mice might be used as insulin and glucose sensitive controls during HFD. This could be 

possible as the Rab27aashen females showed no significant changes in glucose sensitivity with 

aging (Soucy et al., 2023 under revision) and C57BL/6J retain glucose and insulin sensitivity 

longer when fed a HFD162. Furthermore, C57BL/6J females have are also known to not develop 

insulin resistance during a HFD195. Therefore, it is expected that the Rab27a null females would 

exhibit similar trends.  

 

4.5.3. Future Directions 

The prevalence of metabolic disease and associated comorbidities are on the rise 

globally82. For this reason, it is critical to increase our understanding of how obesity impacts 

vascular health. While the current study provides evidence that Rab27a expression impacts 

thoracic aorta contractile abilities after a HFD, many more questions remain that could be 

addressed through future studies. 
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4.5.3.1. Increasing Statistical Power by Expanding Sample Size 

Data and statistical analyses presented within this study consisted of four experimental 

groups with sample sizes ranging from 4-8 mice per group. Statistical analyses revealed that 

experimental groups of these sizes do show significant differences in body weight and 

composition, lipid accumulation, and vasoreactivity. However, expanding the sample size to 

n=10/group would be statistically stronger based upon our study completed in Chapter 3 of this 

document. Having an increased sample size per group will also help to overcome the 

occurrence of thoracic aortae that are unresponsive to chemical agonists or determined to be 

statistical outliers. 

 

4.5.3.2. Extending the Diet Study Duration to Determine the Long-Term Effects of Rab27a 

Loss on Male Mice Fed a 60% High Fat Diet 

In the earlier study, we attempted to account for age as a biological variable by 

quantifying the vessel area of thoracic aorta from mice at 8 and 20 weeks of age and saw no 

significant differences. Here, we again show that at 20 weeks of age, diet also has no effect on 

vessel area. However, the lack morphological changes may be the result of examining young 

adult mice and concluding the diets at 12 weeks. Previous studies showed that changes in 

vessel morphology begin around 16-20 weeks of a HFD within the rat mesenteric arteries56. 

Furthermore, because of the age-dependent effects on thoracic aorta reactivity observed during 

the chow diet, it is also possible that expanding the HFD diet duration would help us to better 

understand the effects of global Rab27a loss during HFD due to aging. Meanwhile changes in 

vessel physiology were not observed in C57BL/6J mice until week 18 on a HFD from other 

studies191,199.  
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4.5.3.3. Evaluating the Importance of Sex as a Biological Variable 

There is increasing evidence that sex is an important biological variable that must be 

considered when studying metabolic and cardiovascular62,69. Studies have shown that while 

male and female mice of most strains gain weight when fed a HFD, females tend to accumulate 

weight at a slower rate162. Also, the distribution of fat mass, due to the expansion of different 

adipose depots, is unique between males and females161,162. It is suggested that differences in 

body composition and depot expansion can be impacted by estrogen expression203. 

Together with the evidence provided in Chapter 3, it is probable that there are sex 

dependent effects of global Rab27a loss during HFD. To improve the relevance of this study, 

Rab27a null and WT female mice need to also be examined in the same manner as their male 

counterparts. Should the results support these predictions, it would also be important to expand 

the study to examine the effects of global Rab27a loss during HFD on ovariectomized 

females72,161. Such a study would help to determine whether the loss of estrogen during 

development results in male associated vascular reactivity trends192. 

 

4.5.3.4. Utilize Proteomic Analysis to Identify Possible Mechanisms Driving Altered Aortic 

Physiology in Rab27a Null Mice Fed a 60% High Fat Diet 

Obesity has been shown to impact the metabolic state of adipose tissues and adipocytes 

through multiple proteomic studies. Some data has also suggested that there are also proteomic 

signature differences between metabolically healthy and metabolically diseased patients with 

obesity. However, no study has examined how global loss of Rab27a during a HFD impacts the 

proteomic profile of the vascular microenvironment.  

With this study, we provide evidence that Rab27a null males exhibit increase thoracic 

aorta contractility when fed a HFD. Utilizing frozen tissue samples from these mice, a proteomic 

analysis of multiple adipose depots and thoracic aortae is possible. We have already shown that 

global loss of Rab27a in chow fed mice alters the expression of proteins associated with 
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metabolic and cardiovascular phenotypes. Therefore, it is predicted that global Rab27a loss 

during a HFD would also affect the proteome of the vascular microenvironment. Completion of 

this study will provide insight will help to identify the signaling pathways that are regulated by 

Rab27a during HFD. 

 

4.5.3.5. Characterizing the Effects of Global Rab27a Loss After a 60% High Fat Diet on 

Circulating Exosome Populations  

Complementary to the proposed tissue proteomic study described above, examining the 

circulating exosome populations from these experimental groups is another important study. In 

Chapter 3, we provided evidence that global loss of Rab27a in male mice on a standard diet 

show moderate changes in protein cargo without changes in size or concentration (Figure 

3.27). As obesity has already been shown to alter exosome cargo, we predict that loss of 

Rab27a during a HFD would result in additional changes to exosome cargo117,204. This study 

would therefore have the potential to identify specific protein cargo associated with vascular 

contractile physiology. Identification of such a protein would be an enticing candidate as a 

therapeutic target for CVD. 
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CHAPTER 5: GLOBAL DISCUSSION 
 
5.1. Overview  

The primary goal of this work was to establish whether Rab27a is a mediator of thoracic 

aorta reactivity. Rab27a has a known role as a regulator of cellular communication via 

extracellular vesicle secretion9. Communication between the PVAT and aorta are a critical 

component of vascular health102. Further, an original study from our lab suggested that RAB27A 

expression impacts PVAT APC differentiation and lipid storage capabilities136. Together, these 

works suggested that Rab27a may play a regulatory role in thoracic aorta physiology via PVAT-

aorta signaling.  

To best study the impact of Rab27a loss on vascular physiology, a novel global Rab27a 

null mouse strain on a C57BL/6J background was established through the Mouse Genome 

Modification Core at the MaineHealth Institute of Research. This strain allowed us to complete 

molecular, proteomic, morphological, and physiological experiments to evaluate whether global 

loss of Rab27a impacted the vascular microenvironment. Furthermore, with the growing 

prevalence of obesity, we were also able to apply this model to a pilot investigation into the 

impact of global Rab27a in mice with diet-induced weight gain79. 

 

5.1.1. Global Loss of Rab27a Alters Thoracic Aorta Reactivity Uniquely in Male and Female 

Mice 

Within Chapter 3, we lay foundational work characterizing a vascular phenotype within 

male and female Rab27a null mice at 8 and 20 weeks of age. To our knowledge, connecting 

Rab27a expression to vascular reactivity is a novel contribution to this field. Previous studies on 

Rab27a knockout mice and humans diagnosed with type II Griscelli syndrome have not been 

reported to exhibit cardiovascular phenotypes134,141,205. However, initial studies were focused on 

understanding the dysregulation of immune responses, which is a primary phenotype 

associated with Griscelli syndrome134,135.   
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Using wire myography, we showed that Rab27a null males exhibit increased 

vasocontractile and reduced vasodilative responses at 8 weeks of age compared to age-

matched WT controls. Because our data show increased contractility with aging between WT 

mice at 8- and 20-weeks-old, we conjecture that these data indicate an aging effect in the aorta 

of male mice at 8 weeks of age. However, this trend is not observed when comparing the data 

of the male Rab27a null and WT cohorts at 20 weeks of age. Interestingly, while no changes in 

vasoreactivity was observed in male mice at 20 weeks of age, the female Rab27a null mice did. 

At 20 weeks of age, female Rab27a null mice displayed increased vasoconstriction and 

vasodilation compared to age-matched WT controls. According to the female data, we postulate 

that the global loss of Rab27a in female mice may be protective against the effects of aging, as 

WT trends show decreased contractility and no effect on vasodilation when comparing WT 

females at 8 and 20 weeks of age. However, it is again critical to recognize that additional work 

is necessary to determine whether these changes in vasoreactivity are biologically significant to 

the health of these animals. 

Supporting evidence of altered vascular physiology was obtained through mass 

spectrometry analysis of PVAT and aortic tissues from the male Rab27a null and WT mice at 8 

and 20 weeks of age. Analysis of significantly altered proteins showed that the Rab27a null 

PVAT and aortic tissue were enriched for phenotypes associated with the cardiovascular 

system in addition to metabolic and homeostasis phenotypes. Immunofluorescence was used 

as a validation method with representative male tissues to confirm the directionality changes of 

ACTA2 and MYH6. The reduced expression of contractile and increased ECM markers 

suggests that the VSMC phenotypes may be impacted by loss of global Rab27a expression44,54. 

Interestingly, no gross morphological changes were detected either in the PVAT or aortae, 

suggesting that more subtle changes are occurring within these tissues. Therefore, additional 

studies are required to test this prediction. 

As a proposed mechanism inducing these changes within the vascular 
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microenvironment, we provide evidence that the population of exosomes circulating throughout 

Rab27a null male mice have altered protein cargo compared to their WT controls. These 

changes occur in the absence of altered vesicle diameter and concentration, suggesting that 

global loss of Rab27a is impacting exosome-mediated communication. However, additional 

mechanistic studies are necessary to understand whether these altered proteins are capable of 

inducing changes in aorta vascular reactivity. 

These data support the need for continued study of how Rab27a impacts vascular 

physiology. Additionally, the association of rare RAB27A variants with human metabolic 

phenotypes, and the presence of RAB27A in the vascular microenvironment, provide evidence 

of a conserved importance between the two species28. Therefore, it is possible that a better 

understanding of the role Rab27a in vascular health could help to identify a novel therapeutic 

target for cardiovascular disease patients. 

 

5.1.2. Global Loss of Rab27a Increased the Thoracic Aorta Contractile Response of Male Mice 

After a 60% High Fat Diet 

Having established a vascular phenotype with the global Rab27a null mice under 

baseline metabolic conditions, we aimed to determine whether these mice exhibited a unique 

phenotype when after being fed a 60% HFD for 12 weeks. Wire myograph data showed that 

global loss of Rab27a during a HFD significantly increased thoracic contractility without altering 

dilation abilities. Again, these changes occur without significant genotype-associated differences 

in vascular or adipose tissue morphology. The combined effect of global Rab27a loss and HFD 

in male elicited a very different vascular physiological response compared to the chow diet 

cohort where no significant in contractility was observed at 20 weeks of age. These data 

therefore suggest that diet and genotype need to be examined together to better understand the 

importance of Rab27a expression in vascular health. These results should therefore be 

considered when evaluating the effects of targeted Rab27a loss in future studies, as a metabolic 
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challenge may be required to fully characterize novel mouse strains.  

It is possible that global loss of Rab27a during a HFD limits intercellular and inter-organ 

communication. A recent study showed that exosomes from adipose tissue can confer cardiac 

protective effects116. Other studies have also produced evidence that altered exosome cargo 

contribute to atherosclerotic plaque development121,189. Although analysis of proteomic 

signatures and circulating extracellular vesicles have yet to be completed, these initial findings 

support that Rab27a is a modulator of vascular health during diet-induced weight gain. 

 

5.2. Important Considerations for Future Studies 

Due to the growing concern of reproducibility and conclusion disparities between 

studies, it is important to recognize and discuss such disparities within this work. Of particular 

importance are differences in the role of Rab27a in regulating lipid accumulation within adipose 

tissue and the dysregulation of exosome secretion9,136. While there is no reason to question the 

reproducibility of these studies, identifying potential explanations for how these disparities arose 

could help with the design and interpretation of future studies. 

 

5.2.1. Accounting for the Differences in the Effects of Rab27a Loss Between Human Primary 

Cell and Murine In Vivo Studies 

The premise for the studies discussed above was based on findings that showed loss of 

RAB27A expression in human PVAT APCs reduced their differentiation and lipid storage 

capacity136. We predicted that the global loss of Rab27a in mice would recapitulate these 

findings. However, no changes in in % lipid accumulation within the PVAT, BAT, and iWAT of 

Rab27a null vs WT mice was observed. Similarly, no significant difference was observed in % 

lipid accumulation between Rab27a null and WT mice when fed a HFD for 12 weeks. These 

studies therefore require consideration regarding the underlying factors which may be 

contributing to these inconsistencies. 
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5.2.1.1. Differences Between Human and Mouse Adipose Depots 

C57BL/6J mice have been a favored murine strain for studying the effects of diet-

induced obesity and metabolic disease comorbidities206. However, it is important to recognize 

that there are inter-species differences between human and mouse adipose depots. For 

example, while both species have subcutaneous and interorgan adipose depots, the anatomical 

location are unique to each species207. Because of these differences in anatomical locations, 

recent studies have been working to identify which murine depots best match those found in 

humans207,208. However, even when isolated from matching anatomical regions, differences in 

adipocyte lineage compositions are found between humans and mice96. Furthermore, due to the 

invasive nature of acquiring human adipose depots, including PVAT, there is limited work in 

characterizing inter-species differences209. Therefore, there may be unique properties of human 

PVAT that lend to differences in the effects of Rab27a on adipocyte. Future studies in this field 

are required to increase the relevance of mouse-based research models for cardiovascular and 

metabolic diseases. 

 

5.2.1.2. Differences Between Human and Mouse PVAT  

The presence of PVAT surrounding the vasculature is highly conserved between 

humans and mice102. Prior studies have also indicated that human and mouse PVAT impact 

vascular contractile and dilative responses18,210. Recent studies showed that rodent PVAT 

exhibits distinct metabolic phenotypes depending on its anatomical location8,211. Due to the 

invasive procedures required to obtain human PVAT and vascular samples, most studies 

examining the vasoreactivity effects of PVAT have been completed in rodent models136,196,212,213.  

There are, however, studies showing that there are differences between the WAT of 

humans and mice. Of particular relevance to this work is that visceral WAT is thought to have 

higher browning potential in humans, while subcutaneous WAT has greater browning potential 

in mice96. It is also important to note that while most adipose depots are conserved between the 



 133 

two species, mice do have unique depots and pads compared to humans207. For this reason, 

there are likely species-dependent differences between the human and rodent that are currently 

unknown209.  

 

5.2.1.3. Differences of Cellular Responses Between In Vivo and In Vitro Methods 

The application of both in vivo and in vitro experimental approaches has been critical to 

allow for the study of biological phenomena and their underlying mechanisms. For example, the 

identification of genes that regulate adipocyte differentiation was accomplished using in vitro 

techniques91,214. However, other studies have shown that utilizing in vitro analyses alone do not 

provide the full complexity of biological interactions that illicit cellular response that occur in 

vivo21,85. Therefore, the limitations of both experimental approaches are proposed reasons for 

why no change in % lipid accumulation was observed in PVAT, BAT, or iWAT histological 

sections within this study. 

As an endocrine tissue, PVAT is a dynamic depot composed of multiple cell types 

capable of communicating with each other215,216. In vitro culture of human PVAT APCs 

eliminates the diversity of cellular communication found within the tissue24. Loss of these 

dynamic signaling pathways potentially impacts their ability to adapt to the loss of RAB27A 

expression. Therefore, while the application of adipogenic media is widely used to induce 

adipocyte differentiation and de novo lipogenesis, without stimuli from other cell types they may 

not be able to differentiate as when in their native niche212. 

 Another important consideration is the duration of Rab27a loss within the experimental 

model. The original study that provided evidence for the importance of RAB27A in the 

differentiation and lipid accumulation of PVAT APCs utilized in vitro methods136. Therefore, it is 

assumed that these PVAT APCs were derived from a human that expressed RAB27A 

throughout development. Meanwhile, Rab27a is absent during the development and life of the 

Rab27a null mice utilized in this study. As a regulator of intercellular signaling and immune 
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system response, there is potential for a compensatory mechanism within this novel Rab27a 

null strain9,135. 

 

5.2.2. An Absence of Rab27a-Induced Changes in Exosome Size and Concentration 

The role of RAB27A in regulating exosome secretion is connected to an original 

research article utilizing HeLa cells9. Since then, additional experiments have been completed 

with knockdown of Rab27a in other human and murine studies providing further 

evidence129,143,156. Another study also provided evidence that bone marrow endothelial cells from 

a different Rab27a null strain exhibited reduced exosome secretion in vitro217. Conversely, the 

data we provided suggested that global loss of Rab27a does not impact the size or number of 

circulating exosomes. While these results do not align with previously published trends, the 

particles isolated and analyzed from the Rab27a null and WT mouse plasma samples adhere to 

the defined diameter range of 30-150 nm11,115. Based on the size of these analyzed particles, we 

predict that these discrepancies may be the result of differences in experimental approaches 

and the use of in vivo versus in vitro models.  

 

5.2.2.1. Different Extracellular Vesicle Isolation Approaches 

Another possible explanation for differences in our results from previous studies are the 

applied isolation procedures. While ultracentrifugation has been set as the preferred method for 

the isolation of extracellular vesicles, this method results in high purity samples with low 

yields184. Due to limited sample sizes, commercially available lipid precipitation kits are often 

used to improve yield at the cost of sacrificing purity depending on the sample type184. This 

study utilized ultrafiltration and size exclusion chromatography to isolate exosomes from mouse 

plasma. Therefore, it is possible that these different isolation procedures contribute to the 

differences between exosome studies. 
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5.2.2.2. Different Approaches to Normalization of Extracellular Vesicle Concentrations 

One potential difference between these previous studies and ours is the application of 

normalization methods. For example, in our study, exosome concentrations were normalized to 

the body weight of the mouse that the samples were collected from. As almost every cell type is 

capable of secreting extracellular vesicles, normalizing to body weight would help to account for 

differences in cellular mass capable of contributing to the circulating exosome and extracellular 

vesicle populations121,122. Normalization methods for in vitro experiments, such as cell number 

and quantified tissue area, were applied in other studies122,143,218. Because most in vitro studies 

isolate extracellular vesicles from conditioned media, cell number and growth rates are 

important factors that should be accounted for218,219. Therefore, the difference in normalization 

methods between in vivo and in vitro approaches may also help to explain some of the 

disparities between studies.  

 

5.3. Potential Compensatory Mechanisms for Global Rab27a Loss 

Rab27a belongs to a larger family of proteins that are associated with endosomal formation 

and trafficking220. While most share conserved structures, Rab proteins exhibit a wide range of 

unique functions10,221. The biological function of a Rab protein is determined by sequence 

variability in the Switch II binding domain: the binding site for effector proteins (Figure 

5.1)31,32,36,220,222. Due to their similar yet distinct roles, it is possible that Rab family members 

may be able to serve as compensatory mechanisms6,10,11. We conjecture that a global loss of 

Rab27a within an animal model may elicit a compensatory mechanism due to the age-

associated changes in both protein expression and thoracic aorta vasoreactivity observed within 

our study. Of the proteins constituting the Rab family, three possibilities stand out as potential 

compensatory mechanisms: RAB27B, RAB35, and RAB11A10. Defining whether these Rabs 

experience altered expression patterns during RAB27A loss would increase our understanding 

of the dynamic natures of these endosomal trafficking proteins. 
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5.3.1. RAB27B Regulates Endosome Speed and Docking to Plasma Membrane 

RAB27B has been shown to impact exosome secretion through limiting late endosome 

fusion with the plasma membrane9. According to the original study, that was completed in HeLa 

cells, there was a distinct perinuclear colocalization pattern of MVBs during RAB27B 

knockdown9. Interestingly, an additional study provided evidence that overexpression of 

RAB27B is connected to increased extracellular vesicle secretion and changes in protein 

cargo223. Another study also provided evidence that RAB27B is expressed in humans and mice, 

suggesting a conserved biological function between species220. RAB27B is also predicted to be 

the most like RAB27A based upon sequence similarity, further suggesting the two have similar 

biological roles220,221. Due to sensitivity thresholds for mass spectrometry analysis, RAB27B and 

RAB27A were not quantifiable within our current proteomic study. Similarly, compilation of 

publicly available tissue expression data (accessed through the Common Metabolic Disease 

Portal) also suggests that RAB27B has relatively low expression in adipose tissue and the 

cardiovascular system157,224. It is currently unknown whether our novel global Rab27a null mice 

Figure 5.1. Rab proteins are structurally similar. Protein structures were obtained from 
the Protein Data Bank (wwpdb.org)30. RAB27A structure (3BC1, blue) when bound to its 
effector Spl2a (red)31. RAB27B structure (2ZET, blue) when bound to its effector Slac2 
(green)32. RAB11A structure (6IXV, yellow) when bound to its effector SH3BP5 (yellow)32. 
RAB35 structure (6IF2, blue) when bound to its effector protein RUSC2 (red)36. Created 
with BioRender.com. 
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exhibit increased RAB27B expression to maintain extracellular vesicle-mediated 

communication. However, the effects of altered RAB27B expression on exosome secretion and 

protein cargo may help explain the unchanged concentration of circulating exosome populations 

and their altered cargo observed in this study9,223. 

 

5.3.2. RAB35 Regulates Protein Recycling to the Plasma Membrane via Endosome Trafficking 

The primary role of RAB35 is regulating protein recycling to the plasma membrane via 

endosomal trafficking10. Other work also suggested a role for RAB35 in exosome secretion10,11. 

In addition to being expressed in both mice and humans, expression has also been recorded 

within adipose and cardiovascular tissues based on data from the Common Metabolic Disease 

Knowledge Portal220,225. Additionally, RAB35 is predicted to be the next closest related Rab to 

RAB27A of the three mentioned in Section 5.3221. However, RAB35 does not show as strong 

associations with cardiovascular phenotypes when compared to RAB11A and RAB27A225. A 

study also exists that provides evidence of a role for RAB35 in glucose transporter 4 (GLUT4) 

transport within adipocytes226. Therefore, despite the lack of high expression within adipose and 

cardiovascular tissue, there is evidence that RAB35 has potential as a compensatory 

mechanism for global loss of Rab27a.  

 

5.3.3. RAB11A Regulates Exosome Secretion via Endosomal Recycling  

RAB11A has been established as a regulator of the endosomal recycling pathway, that 

is also associated with extracellular vesicle secretion10. A recent study has also provided 

evidence that RAB11A expression is critical for maintaining vascular endothelial barriers via VE-

cadherin recycling227. Like both RAB27A and RAB27B, RAB11A is expressed within humans 

and mice220. Interestingly, unlike the RAB27 family members, homozygous knockout of RAB11A 

results in an embryonic lethal phenotype228. Additionally, Rab11a and Rab27a are located on 

the same chromosome within mice and humans135,138,229,230. According to the Common 
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Metabolic Disease Knowledge Portal, human RAB11A is expressed within adipose tissue and 

the cardiovascular system231. The RAB11A gene page from the Common Metabolic Disease 

Knowledge Portal also suggests that rare RAB11A variants are associated with increased odds 

for myocardial infarctions and decreased diastolic blood pressure231. This is interesting because, 

of the three Rabs suggested as possible compensatory mechanisms, RAB11A is the least 

similar to RAB27A221. Together, this information suggests that RAB11A may be a potential 

compensatory mechanism during global Rab27a loss. 

 

5.4. A Need for Conditional Rab27a Loss Within the Vascular Microenvironment 

To expand this current project, it will be necessary to utilize our novel Rab27afl/fl strain to 

induce recombination, and therefore loss, of Rab27a within specific cell types. Such work will 

help to identify the unique cell populations that can regulate thoracic aorta contractility and to 

better study the underlying mechanisms. Cell types that are of particular interest include PVAT 

APCs, VSMCs, and vascular endothelial cells105,217,232. While each of these cell types are known 

contributors of vascular reactivity, the importance of Rab27a in these cells for the maintenance 

of vascular physiology is poorly understood105,183,232,233. 

 

5.4.1. Targeting Rab27a Loss Within PVAT APCs  

While PVAT is composed of multiple cell types, studies provide evidence that PVAT adipocytes 

exhibit different phenotypes depending on their anatomical location102. Classified as beige 

adipocytes, PVAT adipocytes of the thoracic aortic region have been shown to arise from 

Pdgfrα+ lineages103. However, additional studies have also shown the PVAT adipocytes also 

express the myogenic 5 positive (Myf5+)210,234. For this reason, inducing Rab27a loss in Myf5+ 

cells may allow us to study the importance of Rab27a expression within PVAT APCs in 

regulating thoracic aorta reactivity. 
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5.4.1.1. Establishing the Rab27afl/fl;tdTomato;Myf5Cre Mouse Strain 

To establish this model, we selected to breed the B6.129S4-Myf5tm3(cre)Sor/J strain (The 

Jackson Laboratory, #007893) with our novel Rab27afl/fl mice with the assistance of the Mouse 

Genome Modification Core within the MaineHealth Institute for Research235,236. Although derived 

from 129 embryonic cells, the strain was backcrossed to a C57BL/6J background and therefore 

allowed us to match genetic backgrounds with our Rab27afl/fl strain236. The Myf5Cre strain had 

been previously crossed with the ROSA26-tdTomato strain (B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J, The Jackson Laboratory, #007914) to track Cre expression within tissues237.  

Genotyping of initial litters confirmed the presence of tri-genic offspring (Figure 5.2). Due to the 

rederivation process and necessary breeding scheme, characterization of these tissues is just 

beginning. With the genotyping confirmed, it will be important to begin confirming specific loss of 

RAB27A expression within PVAT, BAT, and skeletal muscle because all are known to express 

Myf5235.  
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5.4.1.2. Use of the Rab27afl/fl;tdTomato;Myf5Cre May Limit the Activation of Compensatory 

Mechanisms 

With the Rab27a null strain, there is a potential that compensatory mechanisms are 

occurring238. This is a possible explanation for why male Rab27a null mice exhibit altered 

thoracic aorta contractility at 8 weeks of age, but not 20 weeks of age. The presence of a 

compensatory mechanism would also help to explain why a reduction in adipocyte 

differentiation and lipid storage capacity is observed with in vitro model and not in vivo models. 

Therefore, by limiting Rab27a loss to specific cellular lineages, there is the potential that we will 

limit the activation of global compensatory mechanisms. If this is true, then we would expect to 

observe consistent expression of close Rab family members and effector proteins. To our 

current knowledge, no specific compensation mechanism for Rab27a has been identified; 

however, it is critical to consider that such a mechanism exists. 

 

Figure 5.2. Establishment of the 
Rab27afl/fl;tdTomato;Myf5Cre strain. 
Gel images of a representative 
genotyping if the tri-genic 
Rab27afl/fl;tdTomato;Myf5Cre mouse 
strain. A) Rab27a PCR products with 
WT exhibiting product length of 299 bp 
while presence of loxP sites increases 
product size to 334 bp. B) PCR 
products separated according to size 
for the presence of the tdTomato 
sequence. Presence of the tdTomato 
product results in a band size of 602 bp 
without recombination and 281 bp with 
recombination. C) PCR products 
separated for size determining the 
presence of the Cre sequence. 
Presence of Cre sequence should 
result in PCR product of 299 bp. 
Genomic DNA was isolated from 
IACUC approved tissues.  Genotyping 
was completed by Abby Kaija, 
Research Assistant (Liaw laboratory, 
MHIR).  
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5.4.2. Targeting Rab27a Loss in Vascular Smooth Muscle Cells  

We have provided evidence that RAB27A is expressed within the VSMCs of the human 

and mouse thoracic aorta. Through proteomic immunofluorescence approaches, we provide 

evidence that global loss of Rab27a impacts the expression of multiple contractile proteins. 

Combined with the altered thoracic aorta reactivity observed using wire myography, it is 

plausible that loss of Rab27a within VSMCs is responsible for the altered vessel contractile and 

dilative responses. 

 

5.4.2.1. Establishment of the Rab27afl/fl;tdTomato;SMMHCCreERT2 Strain 

To target recombination of Rab27a we bred our novel Rab27afl/fl strain with the B6.FVB-

Tg(Myh11-icre/ERT2)1Soff/J (SMMHCCreERT2, The Jackson Laboratory, #019079) under the 

guidance of our Mouse Genome Modification Core Facility239. The SMMHCCreERT2 strain was 

generously donated by Dr. Stephan Offermanns (Max-Planck Institute for Heart and Lung). This 

ERT2-inducible SMMHCCreERT2 strain has been utilized to induce recombination within smooth 

muscle tissues239. For this reason, recombination of Rab27a within our Rab27afl/fl strain should 

occur within VSMCs, which compose the aorta vessel wall, without disrupting expression in the 

other tissues of the vascular microenvironment239. To assist with confirming tissue-specific 

expression of the Cre upon tamoxifen injection, the Mouse Genome Modification Core interbred 

the Rab27afl/fl;SMMHCCreERT2 mice with the ROSA26-tdTomato strain (B6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J,The Jackson Laboratory, # 007914) to create a tri-

genic strain (Figure 5.3)237. 
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5.4.2.2. Study Limitations Due to the SMMHCCreERT2 Strain 

One limitation with this strain is that the SMMHCCreERT2 is Y-chromosome linked239. 

Therefore, only Rab27afl/fl male mice will be able to undergo recombination upon tamoxifen 

injection. This is a limitation for our future studies that utilize this tri-genic strain, as we have 

shown that male and female mice exhibit unique vascular phenotypes. It will be important to 

consider alternative approaches to direct Rab27a loss within the vascular smooth muscle cells 

of female mice in future studies. 

 

Figure 5.3. Establishment of the Rab27afl/fl;tdTomato;SMMHC CreERT2. Gel images of 
a representative genotyping of the tri-genic Rab27afl/fl;tdTomato;SMMHC Cre-ERT2 mouse 
strain. Genomic DNA was isolated from IACUC approved tissues. A) Rab27a PCR 
products with WT exhibiting product length of 299 bp while presence of loxP sites 
increases product size to 334 bp. B) PCR products separated according to size for the 
presence of the tdTomato sequence. Presence of the tdTomato product results in a band 
size of 602 bp without recombination and 281 bp with combination. C) PCR products 
separated for size determining the presence of the Cre-ERT2 sequence. Presence of Cre-
ERT2 produces a product of 455 bp. WT = C57BL/6J control, 366 = female parent and 370 
= male parent of matching (Rab27afl/fl;tdTomato+/-;SMMHC Cre-ERT2+/+) genotypes. Red 
box identifies offspring with desired matching genotype as parents. Genotyping was 
completed by Abby Kaija, Research Assistant (Liaw laboratory, MHIR).  
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5.4.2.3.  Potential for Compensatory Mechanisms within the 

Rab27afl/fl;tdTomato;SMMHCCreERT2  

A major benefit to utilizing the inducible SMMHCCreERT2 is that the male mice will be able 

to develop with basal Rab27a expression239. Therefore, we hope to limit the activation of 

compensatory responses until recombination is induced. By taking this experimental approach, 

our goal is to determine whether trends of thoracic aorta morphology and reactivity are different 

than those of the global Rab27a null male mice. Furthermore, will also be able to test whether 

the age at which loss of Rab27a occurs also impacts vascular function by inducing Cre 

expression at earlier and later stages in life. 

 

5.4.3. Targeting Rab27a Loss in the Vascular Endothelial Cells Using a Rab27afl/fl;-Cdh5Cre 

Mouse Strain 

Cadherins are a class of proteins associated with cellular adherence and maintenance of 

cellular barriers. While there are multiple types of cadherins, Cadherin-5 is specific for vascular 

endothelial cells240. The Liaw lab currently has access to a Cadherin-5Cre strain (Cdh5Cre, B6. 

FVB-Tg(Cdh5-cre)7Mlia/J, The Jackson Laboratory #006317) and therefore could begin 

interbreeding these strains25. These Cdh5Cre mice are not reported to show phenotypic 

abnormalities for male or female mice25. 

 

5.4.3.1. Potential Limitation of the Rab27afl/fl;-Cdh5Cre Strain 

As with the global Rab27a null strain, it will be important to recognize that loss of 

Rab27a will occur during embryonic development and will be sustained throughout the animals’ 

lives. Therefore, we should again be mindful of potential compensatory mechanisms and how 

they may impact changes in morphological or reactivity studies. At the same time, by directing 

loss of Rab27a to the vascular endothelium, there should be a reduced risk of global activation 

of compensatory mechanisms. In designing experiments, it will be important to isolate and 
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examine primary endothelial cultures for differences in Rab family expression to examine for 

possible compensatory mechanisms10,11. 

 

5.5. A Growing Need for Comparative Studies Examining Sex as a Biological Variable 

As the scientific inquiry regarding the importance of Rab27a in vascular health is 

developed, it will be essential to continue examining the impact of sex as a biological variable. 

In addition to the data that we have provided within the above studies, an abundance of 

evidence suggests that there are important differences in disease pathologies between males 

and females62,69,77,162. Therefore, to fully characterize the mechanisms driving cardiovascular 

and metabolic disease, studies must identify the mechanistic differences between the sexes. 

However, as discussed with the transgenic strains above, there are instances when tools 

for studying only one sex are available. When these limitations occur, it will be critical for the 

researchers to address them and adapt their conclusions accordingly. Also, it is important to 

recognize both sexes are not equally affected by all diseases, and therefore the study 

populations should be designed to represent those population as best as possible48,69. However, 

due to the prevalence of cardiovascular and metabolic diseases, it remains imperative that both 

sexes are further studied48. 

 

5.6. Establishing the Human Connection: Translational Focus for Future Studies  

The goal of this work was to determine whether Rab27a is a regulator of vascular 

physiology. To study the impact of Rab27a loss on adipose and vascular physiology in vivo, we 

established a novel Rab27a null strain on a C57BL/6J background. While we were able to 

provide evidence that global loss of Rab27a impacted vascular reactivity in male and female 

mice, much work is required to determine whether Rab27a expression impacts human vascular 

health. 

Our hope for this work is that it can be used as a reference for future studies evaluating 
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the importance of Rab27a in human vascular health. We are excited about the potential 

opportunities to examine whether targeted knockdown of Rab27a in primary human VSMCs 

alters the expression of contractile proteins. Or perhaps, examining whether targeted 

knockdown of Rab27a in primary adipocytes also results in the dysregulation of exosome cargo 

that are associated with metabolic or cardiovascular phenotypes. In developing a translational 

focus for future studies, we will be better able to understand the role of the small GTPase 

proteins in the regulation of human disease220. Such knowledge has the potential to help identify 

novel therapeutic targets for those at risk of or suffering from cardiovascular disease. 
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