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Dr. Michael Hill, Thesis Supervisor 

ABSTRACT 

The mechanical properties of arteries are determined, in large part, by the 

extracellular matrix (ECM) composition and organization.  Vessel stiffness and elasticity, 

vascular smooth muscle cell (SMCs) location, and stability are all influenced by the ECM 

proteins.  The proteins that make up the ECM include elastin, collagen, and a number of 

glycoproteins: fibronectin, tenascin, vitronectin, and laminin.  All of these proteins 

provide the vessel with mechanical support and functional strength.  Elastic layers have 

been observed in throughout the vessel wall, specifically in the adventitia, external elastic 

lamina (EEL), and internal elastic lamina (IEL).  The two elastic laminas act to constrain 

and presumably protect vascular SMCs from excessive mechanical forces.  Each section 

of elastin has a distinct arrangement which hypothetically provide the vessel with a specific 

type of support.   

The ECM protein elastin is the most hydrophobic of all known ECM proteins, 

which stems from its composition.  This composition also provides a high degree of 

cross-linking, which leads to the most important property elastin confers on the vessel, 

elasticity.  In the ECM, elastic fibers are assembled on microfibrils and these longitudinal 

fibers are especially common in tissues that undergo repetitive distention or passive 

lengthening movements.  For example, skeletal muscle and mesenteric arteries are known 
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to contain elastin fibers in the adventitia.  Elastin also exists in the IEL which separates 

the SMCs and endothelial cells but still allows for communication between the two.  

Holes (fenestrae) are common throughout the IEL in small arteries and arterioles of 

cerebral, mesenteric, and skeletal muscle vessels.  This IEL assists vessel mechanics by 

contributing elasticity in response to shear stresses.  However, with all that is understood 

about elastin content and ECM influence in vascular signaling in microvessels, the 3D 

structure of elastin distribution is currently not known. 

Preliminary experiments in which adventitial elastin protein was degraded with 

the enzyme elastase, revealed a significant and irreversible lengthening of cannulated and 

pressurized cremasteric arterioles.  These treated vessels still hold pressure, are 

myogenically active, and respond to vasoactive agents, suggesting that SMC and 

endothelial function were not impaired.  Therefore we hypothesized that adventitial 

elastin is responsible for bearing longitudinal stress in blood vessels that would be 

exposed to longitudinal stretch.   

This hypothesis was examined through the use of 3D confocal microscopy in 

isolated arterioles from cremaster skeletal muscle and small arteries from cerebral and 

mesenteric tissues.  The isolated blood vessels (diameters= 180-220 µm) from Sprague 

Dawley rats were cannulated, pressurized, and fixed.  Three different non-selective Alexa 

Hydrazides (350, 488, and 633) were initially studied for their ability to stain ECM, EEL, 

and IEL proteins/structure.  Cell nuclei were stained with fluorescent nuclear indicators 

to allow cellular orientation and position within the wall to be observed.  The staining 

pattern of the Alexa dyes were compared and Alexa 633 Hydrazide consistently and 

reproducibly labeled an extensive network of longitudinal adventitial  fibers, shorter, 
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more branched fibers in the EEL, and the IEL.  The fibers stained with Alexa 633 were 

also found to co-label with a fluorescent elastin antibody confirming that these fibers 

were elastin.  Treatment with elastase in cremaster arterioles cleaved these longitudinal 

fibers and a significant and irreversible lengthening of the isolated arteriolar segment was 

observed.  These longitudinal fibers were seen in the adventitia of cremaster and 

mesenteric vessels while a complete absence of fluorescently labeled adventitial fibers 

was noted in the cerebral artery.  Fluorescence images confirmed the presence of the IEL 

in each of the three vessel types, although a structural heterogeneity within the IEL was 

observed.   

Through focus image stacks of the arteriolar wall were acquired using 3D 

confocal microscopy.  To our knowledge, these are the first data to provide a detailed 3D 

structure of elastin in arterioles from small arterioles.  The arterioles collected from two 

mechanically active tissue environments, that are known to undergo frequent stretching, 

cremaster and mesentery, exhibited an ECM containing a population of longitudinal 

fibers, as well as an EEL containing shorter, circumferential fibers, and a fenestrated, but 

otherwise continuous IEL.  The small cerebral arteries were selected as an example of a 

tissue with a stable and protected environment (i.e. within the skull).  Consistent with our 

hypothesis, the cerebral vessel did not exhibit any adventitial elastin content associated 

with an EEL and in contrast to cremaster vessels, cerebral vessels showed no lengthening 

when treated with elastase. 

Collectively, these results suggest that the elastin fibers in the adventitia of 

cremaster and mesenteric arterioles are responsible for bearing forces exerted along the 

longitudinal axis of the vessel, giving the vessel increased longitudinal support in the 
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presence of stretch.  Furthermore, the absence of adventitial elastin in cerebral vessels 

suggests that the differences in adventitial elastin content may be related to the 

mechanical environment in which the vessels functionally exist.   

In related studies, the developed ECM imaging approaches were also applied to 

aged vessels using an aging model, the Fischer 344 strain of rat.  The results collected 

from aged rats exhibited noticeable differences in the elastin structure in mesenteric and 

cremaster vessels between young and old animals.   The images produced in this 

preliminary study from microvessels could provide evidence showing the changes in 

elastin which could result in increased stiffness in aged blood vessels. 

In conclusion, the fluorescence labeling techniques developed in the course of the 

research project should provide a valuable tool for investigation of the vessel wall ECM 

in a number of pathological states, such as diabetes mellitus and hypertension.  The 

protocol has been shown to reveal microstructural details of the ECM structure in small 

blood vessels.  Comparing the physiological state of the vascular wall with those of the 

pathological state could provide a basis for deeper understanding the changes that occur 

during vascular disease.   
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CHAPTER 1 

INTRODUCTION 

 

 The principal function of the human circulatory system is to provide nutrients to 

cells and remove waste products produced throughout the body.  The circulation is a 

closed system consisting of a heart acting as a pump and the blood vessels as the loop of 

the system that transports the oxygenated blood to organs and various tissue beds 

throughout the body.  Post capillary blood vessels assist with returning the de-oxygenated 

blood containing metabolic byproducts to the heart to start the process over again.  The 

vessels transporting blood are arteries, veins, and capillaries. 

Across the arterial tree there are subtypes of blood vessels; each specialized to 

perform its specific function.  Arteries are designed to transport blood from the heart to 

organs and different tissue beds and are therefore structured differently than the other 

vessel types.  As the arteries continually branch into smaller vessels to help with blood 

distribution, a subtype of arteries are designated arterioles.  For the current study, 

arterioles are defined as the feed artery, which enters muscle tissue or organs, and all 

arterial vessels that branch off the feed artery.  Arterioles are typically under 220 µm in 

passive lumen diameter.  Arterioles are also structured differently from the larger arteries 

(van den Akker et al., 2010). 
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Figure 1.1: Cross section of a small artery.  Endothelial cells line the lumen.  Smooth muscle cells wrap around the 

vessel and are responsible for vessel constriction or dilation. 

Source:  (Purves et al., 1995) 

 

As shown in Figure 1.1, arterioles are a conduit system for delivery of blood and 

well suited to perform their purpose.  The major difference in the vascular wall 

composition of an artery and an arteriole is that an arteriole has only one or two layers of 

vascular smooth muscle cells.  By convention, arterioles have been broken down into 

three layers: intima, media, and adventitia.  In the intima, endothelial cells, typically 

oriented parallel to the direction of blood flow are in contact with the blood and line the 
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inside of the basement membrane.  The basement membrane is composed principally of 

collagen type-IV and laminins (Ng and Ikeda, 2011).  The internal elastic lamina (IEL) 

separates the intima and medial layers  (Sims et al., 1993).  In small arterioles, the medial 

layer consists of a single layer of vascular smooth muscle cells (SMCs), which are 

oriented perpendicular to blood flow and wrap circumferentially around the vessel.  

Larger arterioles may contain multiple layers of smooth muscle cells (Shiraishi et al., 

1990).  The smooth muscle cells in the media are responsible for the ability of the blood 

vessel to constrict and dilate in response to chemical or mechanical signals.  On the 

outside of the smooth muscle cell layer is the adventitial layer, mainly composed of 

extracellular matrix (ECM) proteins.  The medial and adventitial layers are separated by 

another elastic layer named the external elastic lamina (EEL) (Briones et al., 2003).  The 

ECM is made up primarily of a number of proteins, proteoglycans, and glycoproteins.  

The structure and function of the adventitial proteins, such as elastin, can significantly 

influence the mechanical properties of the vascular wall and influence functional 

characteristics of the cardiovascular system. 

While experiments pertaining to the functional significance of the ECM of 

arterioles are increasing in number, historically the main focus has been on the structural 

support that the ECM provides.  Proteins of the ECM, such as collagen and elastin, are 

two of the most important fibrillar components that offer strength and flexibility for the 

vessel wall (Wagenseil and Mecham, 2009).  Elastin in particular is believed to be a 

major determinate of the mechanical properties of arterioles, specifically vascular 

elasticity and stiffness (Borisov et al., 2000).  Since arterioles are constantly undergoing 

changes in pressure, the importance of the protein scaffold composition in the ECM 
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cannot be overstated.  However, the contribution of the ECM to vessel function is more 

than just structural support.   

A number of proteins in the ECM are in contact with SMCs through membrane 

spanning receptors called integrins (Alenghat and Ingber, 2002; van den Akker et al., 

2010).  These possible connections would allow for the mechanical forces to be 

transmitted both directions, indicating the importance of ECM proteins to vessel function.  

Non-fibrillar elastin in the IEL also influences the vascular processes of remodeling and 

angiogenesis (Bakker et al., 2008).   

 

1.1 Anatomy of the Cardiovascular System 

 There are three major types of blood vessels: arteries, veins, and capillaries.  

Arteries are responsible for controlling resistance throughout the blood system.  Veins are 

capacitance vessels which can hold or transport large amounts of oxygen depleted blood 

back to the heart.  Capillaries, which are very small in diameter, allow for passage of 

single blood cells between the arterial and venous networks during which nutrients and 

waste are exchanged in the tissue.  The small arteries and arterioles are capable of 

controlling pressure and therefore, blood flow, independent of any central control (Davis 

and Hill, 1999).  Veins are mostly responsible for transporting the deoxygenated blood 

back to the heart, but are also capable of holding significant quantities of blood.  While 

variations in the structure of blood vessels from different networks exist, each vessel type 

is well designed to perform its purpose.   
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The arterial network begins at the aorta leaving the heart and continuously 

branching throughout the vasculature into smaller blood vessels.  When these small, 

branched arteries finally enter an organ or tissue bed, they are termed feed arteries or 

arterioles (Segal et al., 1999).  Control of blood flow to organs and tissue beds is vital to 

overall survival since not all organs and tissue beds require maximal blood flow at all 

times.  As illustrated in Figure 1.2, the arterial network, in particular, specializes in 

pressure control.  Although this recording is from a hamster cheek pouch, the pressure 

profile is similar to that observed in the circulation of rat skeletal muscle (Bohlen et al., 

1977).  The largest change in overall blood pressure is observed in the small arteries and 

arterioles of the arterial network even though at any given time the venous network 

contains 70% of the blood in circulation (Davis et al., 1986; Gelman, 2008).  For this 

reason, small arteries and arterioles are considered to be large contributors to the 

resistance of the network.   

 

Figure 1.2: Pressure drops through skeletal muscle in the hamster cheek pouch circulation.  The largest change in 

pressure is seen in the arterial network and specifically in small arteries and arterioles.  MAP, mean arterial pressure, 

from femoral artery; VP, venous pressure, from external maxillary vein. 

Source: (Davis et al., 1986) 
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The hemodynamic properties of blood vessels explain the importance of the 

resistance network.  Any given pressure drop (∆P) is directly related to flow rate (Q) and 

the resistance (R) to blood flow:        (Dodds et al., 1996). Resistance is also 

shown to be inversely proportional to radius of the vessel to the fourth power (r
4
) using a 

variation of Poiseuille’s equation characterizing pressure drop through a long cylindrical 

pipe:   
   

  
, where η is viscosity of blood and L is length of the vessel (Fedosov et al., 

2010).  As the vessels branch and become smaller, their slight decreases in radius lead to 

significant increases in resistance, thus giving the small arteries and arterioles the name 

of the resistance network (Christensen and Mulvany, 2001).  These small arteries and 

arterioles allow for control of blood flow to any specific tissue at a given time.  

This pressure control in the arteries and arterioles largely stems from the 

contractile nature of vascular SMCs.  Where large arteries are more passive in nature, 

their changes in diameter are largely controlled by neural inputs (Pickering et al., 2008).  

The control of pressure in small arteries and arterioles is more dependent on SMC 

function and an intrinsic property of these vessels described in the next section (Coats, 

2003).  The activity of the SMC is largely responsible for this dramatic change in 

vascular pressure recorded in the small vessels.  The upstream pressure from larger 

arteries to the following, smaller arteries move the blood through the arterial network.  

The movement of blood is also assisted though neurotransmitters, such as phenylephrine 

and acetylcholine, circulating in the blood stream. 
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1.2 Myogenic Response 

Arterioles, as part of the resistance network, contain either one or two layers of 

smooth muscle cells that have the capability to constrict and completely close the blood 

vessel to blood flow or dilate and allow for maximal blood flow (Berne, 2004).  This 

regulation of blood flow is controlled by a number of factors including an intrinsic 

property of these vessels named the myogenic response.  Briefly, when intraluminal 

pressure is increased in arterioles, a slight distention occurs, which is immediately 

followed by constriction and a new level of myogenic tone (Davis and Hill, 1999).  

Similarly, decreases in intraluminal pressure produce a similar but opposite effect with an 

overall dilation of the vessel (Johnson, 1981).  This phenomenon is also observed, to a 

lesser degree, in arteries, veins, venules, and lymphatics (Davis and Hill, 1999).   

 

 

1.2.1 History of the Myogenic Response 

The first description of the myogenic response was provided by Sir William 

Bayliss in 1902, while measuring changes in volume of the dog hind limb in response to 

brief aortic occlusions.  He recorded significant increases in volume when the occlusion 

was released.  Bayliss decided that this was not due to an accumulation of metabolites 

because of the short time lapse but in fact due to an intrinsic mechanism.  He supported 

this contention with studies in isolated arteries, which constricted after sudden distention 

(Bayliss, 1902).  Due to contemporaries of Bayliss’ favoring a metabolic mechanism for 

his findings including the publications of Anrep (von Anrep, 1912), research on the 
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myogenic response stayed relatively unchanged until the late 1940’s.  Folkow (1949) 

then confirmed and extended Bayliss’ findings providing firm evidence to support a 

pressure-based mechanism for local vasoregulation.   

 

1.2.2 Definition of the Myogenic Response 

Descriptions of the myogenic response often vary between research groups 

because levels of myogenic tone differ in blood vessels depending on the size and tissue 

from which the vessel is isolated.  For this report, the myogenic behavior of arterioles 

will be considered as a transient distension that is followed by active myogenic 

constriction to a new level of tone when intraluminal pressure is increased (Figure 1.3).  

Often the level of steady state constriction achieves a diameter significantly less than the 

initial baseline.  When intraluminal pressure is reduced, the myogenic response acts in 

the opposite manner of pressure increase.  An initial passive collapse is followed by 

vessel dilation to a larger diameter than before the downward pressure step (Davis and 

Hill, 1999).  The vessel would be considered to be under myogenic tone if these 

conditions are met.  A tracing of diameter in a functional coronary arteriole exhibiting 

myogenic tone as intraluminal pressure is acutely increased is shown in Figure 1.4A.  The 

following recording of Figure 1.4B, in similar arterioles from the coronary circulation 

shows that myogenic constriction is independent of endothelium activity (Kuo et al., 

1990). 
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Figure 1.3: Myogenic behavior in arterioles.  Shown is an example tracing of diameter change in response to a 2 min 

pressure step. 

Source: (Davis and Hill, 1999) 

 

Figure 1.4: Coronary arterioles constrict in response to pressure increases when under myogenic tone (A).  This 

response is independent of endothelial cell functionality (B); d, Average luminal diameter. 

Source: (Kuo et al., 1990) 

The myogenic response acts to protect vessels downstream from sudden increases 

in arterial pressure.  This holds especially true in vessels feeding tissue beds and 

encapsulated organs, such as the brain, heart, and kidneys.  Sudden changes in pressure in 

Subepicardial Arterioles (d=69.1±3.6 µm, n=14) 

              Endothelium Intact 

              Endothelium Denuded 

              Passive (Nitroprusside) 
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the blood vessels carrying blood to these organs could lead to development of edema 

having significant, negative consequences.  The myogenic response is an important 

autoregulation mechanism contributing to the regulation of blood pressure, capillary 

pressure, and peripheral resistance.  Although all blood vessels maintain some level of 

myogenic tone in-vivo, the myogenic response is strongest in the microcirculation, where 

the changes in resistance are the greatest (Shepherd and Riedel, 1982; Chilian et al., 

1993).  Resting levels of myogenic tone in three vessels from the cremaster muscle 

arterial networks are shown in Figure 1.5.  The larger artery, pudic-epigastric (internal 

diameter = 217 µm) does in fact maintain levels of tone, however the levels of resting 

myogenic tone are significantly stronger in the smaller vessels, external spermatic artery 

and cremasteric arteriole (both had internal diameter = 126 µm).   

 

Figure 1.5: Resting tone of rat cremaster vessels. PEA, Pudic-epigastric artery; ESA, External spermatic artery; 1A, 

First order cremasteric arteriole. 

Source: (Sylvester et al., 2000) 
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1.2.3 Mechanisms Underlying the Myogenic Response 

  

The myogenic response is a complex vasoregulatory mechanism designed to react 

to changes in intraluminal pressure (Davis and Hill, 1999).  Experiments into the 

intracellular mechanisms first started impacting the current theories in the late 1960’s.  

Uchida and Bohr (1969) first stated that the myogenic response stemmed from SMC 

membrane depolarization and increased Ca
2+

 permeability.  Increases in [Ca
2+

]i levels 

have been shown to be fundamental to the development and maintenance of myogenic 

tone.  The current prevailing theory still implicates membrane depolarization of vascular 

SMCs.  SMC membrane depolarization could occur through modulation of ion channels, 

molecular signaling cascades, and modulation of levels of reactive oxygen species 

(ROS).  However, the pathways that mechanical forces could take to influence myogenic 

activity have been suggested (Figure 1.6).  In order to initiate a contractile response to an 

increase in intraluminal pressure, SMCs activate non-selective cation channels, which are 

thought to lead to SMC membrane depolarization.  This in turn opens voltage gated 

calcium ion channels, which increases intracellular calcium levels and ultimately 

activates vessel constriction (Jackson, 2000).   
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Figure 1.6: Pathways for the influence of mechanical forces, pressure or stretch, to affect the myogenic response. 

Source: (Davis and Hill, 1999) 

Activation of mechanosensitive ion channels is one of the many pathways 

implicated in causing membrane depolarization.  Mechanosensitive ion channels, also 

known as stretch activated calcium channels, have been identified in virtually all cell 

types in numerous animals (Davis et al., 1992; Ahmed et al., 2004).  One particular 

aspect of interest with these channels is how the mechanical forces impact the behavior of 

the vascular cells.  One possible pathway for transmission of these forces throughout the 

vessel wall is through membrane spanning proteins called integrins.  In a study by 

Mogford (1997), isolated skeletal muscle arterioles from rats, displaying spontaneous 

myogenic tone, were shown to result in vasoconstriction when exposed to an integrin 

binding peptide.  Vasoconstriction was inhibited by blocking both α5 and β3 integrins 

separately.    Furthermore, in a 2008 study, Sun et al. used atomic force microscopy to 

examine focal adhesions between various ECM proteins and isolated, vascular SMCs.  

Fibronectin caused strong focal adhesions through the α5β3 integrin and when the 
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fibronectin coated bead was pulled away from the cell, the SMC reacted with a 

“myogenic-like, force generating response” (Sun et al., 2008).  

 

 

1.3 Extracellular Matrix 

 The extracellular matrix (ECM) is known to provide structural support and protect 

the functional properties of arterioles (Badylak et al., 2009).  Proteins found in the ECM, 

such as collagen, elastin, and glycoproteins are also seen throughout the vessel wall.  In 

reference to Figure 1.1, non-fibrillar proteins compose the basement membrane and 

internal elastic lamina (IEL) respectively, while individual protein fibers make up the 

external elastic lamina (EEL) and ECM.  The IEL appears as a continuous sheet-like 

structure that wraps circumferentially around the vessel.  There are however holes, or 

fenestrae, in the IEL whose purpose is thought to allow for pathways of myoendothelial 

gap junctions between SMCs and endothelial cells (Garland et al., 2010).  The EEL is 

another elastic layer separating the SMCs from the ECM.  This elastic layer is mainly 

composed of protein fibers, rather than having a sheet-like structure like the IEL.  Finally, 

the composition and organization of individual proteins in the ECM in large part 

determines the mechanical properties of the vascular wall and assist with vessel recoil 

after contraction or dilation (Wagenseil and Mecham, 2009).  ECM proteins give the 

arterioles a highly flexible vascular wall which loses little energy during the constriction 

and dilation cycle (Mithieux and Weiss, 2005).  While cellular mechanisms, such as the 

myogenic response, have been focused on during increases in pressure, the ECM also 
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assists with vessel stability.  In arterioles, the elastic protein elastin is responsible for 

bearing stress at low pressures, up to 40 mmHg (Briones et al., 2003).  The ECM 

provides a limit of distention at higher levels of pressure by transferring the load to 

collagen bundles, which prevents rupture of the vessel (Burton, 1954; Fomovsky et al., 

2010).  This protection of the vessel wall following an increase in pressure is shown in 

Figure 1.7.  The passive response is characterized by a rapid distension following an 

increase in pressure but reaches a plateau, where the vessel is prevented from further 

distending and possible vessel rupture.  This plateau is dependent on the vascular wall 

and ECM proteins more heavily than actual cellular responses. 

 

Figure 1.7: Example tracing of the passive distention qualities of the arteriolar wall.  Increases in pressure cause an 

increase in diameter until a maximum distention is reached.  

The ECM is coupled with the vascular cells through mechanosensing connections 

called integrins (Martinez-Lemus et al., 2005).  The ability of vascular SMCs and 

endothelial cells to sense mechanical forces and turn them into signals for specific 
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cellular responses is known as mechanotransduction (Huang et al., 2004).  Integrins are 

membrane spanning α- and β-, heterodimeric proteins that act as the mechanosensing 

mechanism through which the ECM communicates with SMCs, endothelial cells, and the 

cytoskeleton.  These integrins have extracellular segments that bind with the ECM and 

short cytoplasmic tails that bind to focal adhesion proteins (Vuori, 1998).  As pressure in 

the vessel increases, the vessel distends and places strain on both SMCs and proteins in 

the ECM.  As shown in Figure 1.8, this strain is relayed via cell-matrix and cell-cell 

integrin connections, which ultimately elicits a response from SMCs (Martinez-Lemus et 

al., 2005).  For example, fibronectin has been shown to potentiate SMC contraction 

through activation of voltage gated Ca
2+

 channels via integrin binding in a process called 

“outside-in signaling” (Wu et al., 2008).  Two integrins that have been specifically 

implicated in the influence of cellular function are α5β1 and αvβ3.  Bonding between 

fibronectin and the α5β1 integrin has been confirmed by atomic force microscopy 

(Martinez-Lemus et al., 2005; Sun et al., 2008).  Contractile proteins attach to the 

extracellular domain of integrins through adhesion to dense plaques of integrins on the 

plasma membrane.  Dense plaques refer to the in situ clusters of anchoring points on the 

plasma membrane for the cytoskeleton (Small and Gimona, 1998).  These signal 

pathways to the vascular cells also send signals from the cells to the ECM proteins.  

These communications to the adventitial proteins have been shown to result in ECM 

remodeling or assembly.  Application of mechanical stress across SMC- integrin 

adhesion sites results in a proportional stiffening of the cytoskeleton through a process 

called “inside-out signaling.”  Wang showed in 1993 that cytoskeleton reorganization 
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resulted from twisting of cells by magnetic beads that were applied to cell surface 

receptors (Wang et al., 1993).   

ECM-integrin mechanosensing is not limited to vascular SMC function.  In 

endothelial cells, when the extracellular domain of the integrin would bind to vitronectin, 

fibronectin, laminin, or collagen, mechanosensing of shear stress resulted in cytoskeletal 

remodeling (Shyy and Chien, 2002).  Despite results provided for these interactions 

comparatively little research has focused on the impact the ECM has on cellular functions 

in the functional/active vessel.  At present, however, integrins offer a possible and direct 

pathway for mechanosensing between the ECM and cytoskeleton.   

 

Figure 1.8: Integrin influence on the vessel functions.  Soluble ligands can induce vasoconstriction or vasodilation 

through separate integrins.  However, both integrins have been implicated in mechanotransduction in arterioles. FN, 

fibronectin; VN, vitronectin; RGD, Asp-Gly-Asp recognition site. 

Source: (Martinez-Lemus et al., 2005) 
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1.3.1 Elastin 

Elastin as a member of the ECM protein family is the major source of elasticity in 

the vasculature.  Elastin has been found in many tissues, such as the aorta and carotid 

arteries, lungs, tendons, skin, and microvessels.  The quantities of elastin vary greatly 

between tissues such as more than 50% in large arteries or as little as 2-4% of the dry 

weight of skin (Greenlee et al., 1966).  Adventitial elastin is observed in large, conduit 

arteries and remains a significant component of the wall, even in very small arterioles.  

Elastin contributes to the overall vessel composition and arteriolar distensibility.  After 

longitudinal vessel lengthening, elastin is primarily responsible for bringing the vessel 

back to its resting state (Kielty et al., 2002).  Being a highly cross-linked structure, the 

protein is insoluble, extremely hydrophobic, long lived, and resilient to stretch.  A good 

example of the degree of elasticity of elastin is given by Young’s Modulus.  Young’s 

Modulus is tensile stress divided by tensile strain, with lower values being more elastic 

and higher values being stiffer.  Elastic fibers have an average value 450 kPa, whereas 

collagen has an approximate value of 1,000,000 kPa (Fung, 1993).  While elastin and 

elastic fibers are not one and the same, elastin composes 90% of the elastic fiber with the 

remaining constituents being fibrillins and microfibrillar-associated glycoproteins 

(Wagenseil and Mecham, 2009). An important property of stretch, the elasticity allows 

for significant deformation followed by recoil without requiring energy input for recoil.   

1.3.2 Synthesis of Elastin 

As previously mentioned, the cross-linking structure of elastin is very important 

to providing blood vessels with their resilient nature.  This cross-linking is a result of the 
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mechanism by which elastin is synthesized.  A single gene encodes for 60-70 kDa protein 

named tropoelastin.  This gene is found in SMC, fibroblasts, endothelial cells, 

chondroblasts, and mesothelial cells (Uitto et al., 1991).  The tropoelastin protein consists 

of hydrophobic sequences alternating with lysine containing cross-linking motifs.  In 

SMCs, tropoelastin is transported out of the plasma membrane by the αvβ3 integrin, which 

binds to the C- terminal motif (Bax et al., 2009).  Tropoelastin is guided by an elastin 

binding protein (EBP) to the site of elastogenesis on microfibrils (Figure 1.9).  However, 

the exact relationship between tropoelastin and EBP is not currently known (Patel et al., 

2011).  Microfibrils are 10-12 nm filaments that act as a scaffold for tropoelastin 

deposition, orientation, and assembly.  Microfibrils are mainly composed of 

glycoproteins: fibrillin-1, fibrillin-2, and microfibril-associated glycoprotein-1 (Mithieux 

and Weiss, 2005).  This chaperone prevents intracellular self-aggregation or premature 

degradation.  Microfibrils facilitate elastin assembly and provide an overall structure for 

the growing elastin fiber.  Tropoelastin is organized on the microfibril through a process 

known as “coacervation”, in which tropoelastin molecules aggregate with increasing 

temperatures (Mithieux and Weiss, 2005).  This has been shown in-vitro by Bellingham  

(2001) with a similar process is believed to occur in-vivo.  Defects in the process of 

coacervation have been linked to incomplete elastin formation as well as supravalvular 

aortic stenosis (Wu and Weiss, 1999).  Following coacervation, cross-linking of the 

tropoelastin occurs through the enzyme, lysyl oxidase. This enzyme begins the oxidative 

deamination of the ε-amino group of the lysine chains (Kagan and Li, 2003).  Following 

this, a reactive precursor, aldehyde, for inter- and intramolecular cross-links for elastin 

remains.  This aldehyde is then able to condense with another aldehyde residue or with an 
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unoxidized lysyl amino group.  Four separate cross-link types, with subtypes, can then be 

created, but the two most important cross links are the tetrafunctional desmosine and 

isodesmosine as shown in Figure 1.10 (Mithieux and Weiss, 2005).  The cross-linking 

step is essential for structural integrity and to provide the function for elastin for vessel 

stability.   

 

Figure 1.9: Schematic for elastin synthesis.  Tropoelastin is made in smooth muscle cells and guided to the microfibril 

by EBP.  Not shown is coacervation, where tropoelastin is organized on the microfibril, and cross-linking, which 

provides the integrity and function of elastin. 

Source: (Patel et al., 2011) 
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Figure 1.10: Alteration of lysine side chains of tropoelastin into the tetrafunctional cross-link desmosine.  Post 

coacervation, cross-linking begins with lysyl oxidase in the process of deamination of the lysine side chains.  The 

resultant aldehyde can then pair with another aldehyde or with an unoxidized lysyl amino group.  The result is 

desmosine or its isomer isodesmosine. 

Source: (Mecham, 2008) 

This cross-linking of elastin is its signature feature and provides the protein with 

the elasticity and long life required for vessel function.  Medium to small arteries are 

described as muscular arteries because of the existence and strength of the elastic fiber.  

The result of coacervation is the addition of hydrophobic segments to elastin.  Cross-

linking produces bifunctional, trifunctional, and tetrafunctional cross-links.  Bifunctional 

and tetrafunctional cross links each have at least two subtypes.  Other proteins in the 

ECM also contain cross-links, but the tetrafunctional cross-links, desmosine and 

isodesmosine, are found exclusively in elastin (Mithieux and Weiss, 2005).  While lysyl 

oxidase also produces cross-links in collagen, the major difference between collagen and 

elastin is the magnitude of the cross-links.  Collagen has 1-4 cross links per collagen unit, 

while elastin contains 15-20 cross-links per unit (Wagenseil and Mecham, 2009).  This 

cross-linking also provides the protein with a very long working life.  Indeed, the half-life 

of elastin is estimated to be approximately 70 years (Petersen et al., 2002).  The vast 
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majority of elastin expression is completed early in the life cycle, as demonstrated in the 

mouse aorta in Figure 1.11.  The units and degree of cross-linking gives elastin, and 

therefore the blood vessel, its long life and ability to regain its resting structure without 

requiring energy input.   

 

Figure 1.11: Time profile of elastin expression in mouse aorta.  Elastin expression is highest from embryonic day 14 

through postnatal day 7-10.  Expression falls rapidly after this point. 

Source: (Mecham, 2008) 

 

1.3.3 Pathological States Involving Elastin 

In healthy individuals, elastin is a stable, insoluble, and resilient protein.  

However, there are many pathological states that cause ECM remodeling and degradation 

of elastin, such as aging, hypertension, and aneurysms (Urban and Boyd, 2000).  The 

most common case of elastin degradation is seen in aged blood vessels.  The many cross 
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links existing in elastin slows this process, which also helps the longevity of the protein.  

The overall deterioration of elastin is accomplished through a group of proteolytic 

enzymes, known as elastases, the non-enzymatic process of glycation, and simply fatigue 

(O'Rourke, 2007).  These can cause the elastic fibers to degenerate, thin, branch, fracture 

and decrease in volume.  Elastase is an enzyme of the serine protease class which 

degrades elastin (Faury, 2001).  Matrix metalloproteinase (MMP)7, produced in the 

vessel wall, and MMP12, secreted during differentiation  of monocytes into 

macrophages, both also assist with degradation of elastin.  The regulation of MMP 

production is tightly controlled, but over time and during pathological processes, this 

regulation can become unbalanced.  Konova et al. (2004) showed that even in 

normoglycemia, age related changes in healthy human aorta caused increased non-

enzymatic glycation.  This is not surprising considering that greater glycation occurs in 

diabetic states (Nozynski et al., 2011).  Finally, it is believed that elastic fibers are able to 

undergo billions of cycles of extension and recoil without failure, but elastin fatigue over 

the span of a lifetime and other environmental factors such as nutrition, physical activity, 

and smoking also influence the longevity of elastin (Keeley et al., 2002).  Whatever the 

cause, a decrease in the elastin specific cross links, desmosine and isodesmosine, is 

observed in the human aorta, which directly decreases elasticity (Figure 1.12).  These 

effects of aging result in an increase in arterial stiffness and therefore decreased 

distensibility and systemic compliance (Watanabe et al., 1996).   
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Figure 1.12: A significant decrease in the overall amount of the elastin specific cross links desmosine and 

isodesmosine is seen over time.  x-axis is age in years of human aorta studied. 

Source: (Watanabe et al., 1996) 

Dramatic differences have been seen in ECM composition in hypertension and 

aneurysms.  ECM remodeling has been proposed as both a causal and secondary factor in 

hypertension.  Hypertensive remodeling involves both eutrophic and hypertrophic 

remodeling.  Eutrophic remodeling results in a decrease in the outer diameter and in the 

lumen (Baumbach and Heistad, 1989).  Hypertrophic remodeling results in a thickening 

of the medial section which reduces the lumen diameter (Deng and Schiffrin, 1992).  

Both states give a higher media-lumen ratio, which ultimately increases arterial blood 

pressure as shown in Figure 1.13.  Vascular remodeling is also seen in aneurysms with an 

end result that can lead to rupture of the vessel wall.  In this situation, remodeling has 

been seen as disorganization and destruction of the EEL as a result of adventitial fibrosis 
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and degradation of adventitial elastin through increases in elastase and MMP-9 and 

MMP-12 activity as described above (Tamarina et al., 1997).  While other factors exist as 

a possible cause or result of these pathological states, the ECM changes in elastin alone 

can be seen as a significant contributor to the pathological problems. 

 

Figure 1.13: ECM remodeling in hypertension.  Eutrophic remodeling decreases lumen size and total diameter so the 

cross sectional area stays the same while the media to lumen ratio increases.  Hypertrophic remodeling results in a 

thickening of the media so the cross sectional area and media to lumen ratio are both increased. 

Source: (Intengan and Schiffrin, 2000) 

 The necessity for elastin is firmly illustrated in genetic mouse models in which 

the elastin gene has been knocked out.  As shown in Figure 1.11, the majority of elastin 

expression is accomplished within the first two postnatal weeks (Mecham, 2008).  Elastin 

knockout mice do not survive more than a day or two postnatally.  Close to birth, 

intravascular pressure is greatly increased from the embryonic stage.  Without the 

appropriate elastin content, the normal development of blood vessels is impaired.  The 

elastin heterozygote mouse had lengthened blood vessels and smaller diameters.   The 

absence of elastin during the first days postnatal produced blood vessels with that were 

very stiff, narrow, and tortuous (Wagenseil et al., 2009).  This is highlighted in Figure 



25 
 

1.14, where in the Eln -/- panel it can be seen that the right and left carotid artery, in 

particular, are extremely tortuous. 

 

Figure 1.14: Elastin content influences vessel stability.   Left panel is wildtype.  Middle panel is elastin heterozygote 

missing half of the elastin gene.  The white arrow shows a bend in the vessel.  Right panel is elastin knockout.  Black 

arrowhead shows where the LC is.  Black arrow highlights tortuosity.  H, heart; AA, ascending aorta; RS, right 

subclavian; LS, left subclavian; RC, right carotid; LC, left carotid; DA, descending aorta.  Arrows highlight vessel 

tortuosity.  Scale bar is 0.5mm. 

Source: (Wagenseil et al., 2009) 

 

1.3.4 Elastase Degradation 

In the physiological and the pathological states highlighted above, elastin proteins 

are degraded by elastase.  When isolated, cremaster arterioles were exposed to elastase 

(0.05 U/ml) for 5 minutes, lengthening of the vessel was observed as shown in Figure 

1.15 (Clifford et al., 2009).  The degradation of adventitial elastin resulted in significant 

and irreversible vessel lengthening by 35% in cremaster arterioles with little response in 

cerebral arteries (Figure 1.16A).  Although myogenic reactivity was attenuated, the 

lengthening following elastase treatment did not cause gross damage to the vessel as 
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assessed by the absence of pressure leaks (Figure 1.16B).  Further, no difference in 

responsiveness to vasoactive agents was observed after the elastase treatment (Figure 

1.16C).  A significant shift in the pressure-diameter relationship at low pressures was 

however evident after elastase treatment (Figure 1.16D).  This data suggested that elastin 

may constrain the vessels along the axis of blood flow at resting state (Clifford et al., 

Unpublished data).  The leftward shift in the pressure-diameter relationship recorded at 

low pressures is attributable to degradation of elastin, which is responsible for bearing 

stress at low pressures in the vascular wall of small arteries.  Therefore, one significant 

difference that is directly attributable to elastin degradation is vessel lengthening. 

 

Figure 1.15: Isolated cremaster arteriole exposed to elastase resulted in significant vessel lengthening.  A) Control  B) 

Elastase treated. 

Source: (Clifford et al., 2009) 

A B 
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Figure 1.16: Effects of elastase treatments on arteriole properties.  A) Changes in length between cremaster and 

cerebral, B) Pressure step in cremaster arterioles under passive, myogenically active, and elastase treated conditions, C) 

Responsiveness to vasoactive agents was not affected, D) Leftward shift in pressure-diameter relationship at low 

pressures. 

Source: (Clifford et al., Unpublished data) 

 

1.A Confocal Microscopy 

With little known of the structure and orientation of elastin in the arteriolar wall, 

confocal microscopy offered the best possibility to understand the structural properties of 

elastin.  The capabilities of confocal microscopy will be discussed briefly.  The concept 

A B 

C D 
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of confocal microscopy is usually credited to Melvin Minsky, a postdoctoral student at 

Harvard, in the mid 1950s (Minksy, 1988).  In trying to develop a protocol to image the 

neural networks of brain tissue, he attempted to develop an approach for imaging 

unstained sections.  However, due to the lack of intense light sources and computing 

power to handle the large amounts of data, his ideas went largely unnoticed.  The next 

step in developing the confocal system came from David Egger and Mojmir Petran in the 

form of multiple light sources and a spinning (Nipkow) disc in the late 1960s.  The first 

images of recognizable corneal endothelial cells were produced by Davidovits and Egger 

(1973).  After Minsky’s patent ended in the late 1970s, the first practical confocal system 

was designed by a Dutch physicist, Fred Brakenhoff (1979).  Advances in laser and 

computing algorithms and data storage power led to this latest development.  Further 

advances in these fields led to the current state of confocal imaging where the 

microscope, lasers, and software are completely integrated.   

The modern state of confocal imaging follows Minsky’s principles with a point by 

point imaging model of the specimen.  The laser’s excitation light and out of focus 

emitted light are excluded from recording because of beam splitting mirrors and a pinhole 

in front of the light detector.  Moving the light across the specimen avoided exposing the 

specimen to constant light (Webb, 1996).   

 

1.A.1 General Principles of Confocal Microscopy 

 The main advantages of image enhancement through confocal microscopy are the 

low areas of excitation  light projected on the specimen and the exclusion of out of focus 
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signals.  As the schematic of confocal microscopy in Figure 1.17 shows, the excitation 

light is emitted by a laser and passes through the first pinhole aperture situated in a 

conjugate plane (confocal).  The laser is reflected by a dichromatic mirror which directs 

the light to the objective.  The objective focuses the light to the desired focal plane in the 

specimen (Webb, 1996).   Fluorescent light is emitted from the specimen, which is 

directed by the dichromatic mirror to the photomultiplier tube (PMT).  However a second 

or exit pinhole aperture is positioned in front of the PMT which focuses the light as a 

confocal point.  The pinhole aperture in front of the PMT eliminates emitted light from 

the specimen that is above or below the focal plane, termed “out of focus” emission.  The 

ability to eliminate out of focus light makes the imaging result much sharper and more 

defined than possible with widefield microscopy.  Refocusing the objective shifts the 

focal plane, from which emitted light will then be detected.  The adaptation of confocal 

microscopy to enable automated  collection in different depths (z steps) of the focal plane 

led to the development of 3D confocal imaging (Paddock, 2000).  The images collected 

are stored digitally and can be analyzed using numerous software programs.   
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. 

Figure 1.17: Following light detection of a fluorescent specimen in a confocal system. 

Source: (Paddock, 2000) 

1.A.2 Limitations of Confocal Microscopy 

 While the confocal system offers a number of advantages over more traditional 

microscopy methods, there are limitations to the design.  Depending on the wavelength of 

the excitation light and the numerical aperture (NA) of the objective, the image produced 

is surrounded by diffracted light that appears as dark rings called “airy discs” (van den 

Berg et al., 2005).  Therefore the optimal region of resolution is limited.  The high 

intensity nature of the laser can be harmful to live specimens.  This is less of a concern 

during imaging of fixed specimens.  Also this high intensity light can cause a loss of 

fluorescence in stained specimens, which is the most consistent problem with 
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fluorescence microscopy.  The constant excitation of the fluorescent molecules can either 

oxidize the fluorophore or  leave electrons of the fluorophore in a triplet state that can 

ultimately lead to a nonfluorescent molecule through a process called photobleaching 

(Pawley, 1995).   Photobleaching can be avoided by limiting exposure of the specimen to 

the light or through use of “laser dyes,” which are highly resistance to photobleaching 

and often reversible from this state (Seward and Bagshaw, 2009).   

1.A.3 Fluorescence Staining 

 Fluorescent imaging in cells and blood vessels began with specimens that were 

capable of primary fluorescence or autofluorescence.  These specimens contained 

intrinsic properties that would emit light with a longer wavelength than the light used to 

excite the specimen.  However, not all biological specimens have autofluorescent 

properties, such as bacteria (Lakowicz, 2006).  The technique of secondary fluorescence 

was developed in the 1930s by an Austrian chemist, Max Haitinger.  In-vivo and in-vitro 

fluorescent staining has largely increased the understanding of cellular structure and 

function and blood vessel structure.  New developments in fluorescent labels and sensors 

and computer software for image acquisition and analysis continually improve the 

imaging capabilities.  Fluorescent markers, also called fluorochromes or fluorophores, are 

available for a large variety of living or fixed biological structures including cell nuclei 

and proteins.  Fluorescent markers are also used for measurement of chemical signals in 

vascular cells (Helmchen, 2011).  Fluorochromes absorb the excitation light and emit a 

light with a longer wavelength.  The separation of the excitation and emission spectra is 
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vital to fluorescent imaging (Harlow and Lane, 1999).  The absorption and emission 

profile of a commonly used fluorochrome, Alexa 633 Hydrazide, is shown in Figure 1.18.   

 

Figure 1.18: Excitation and emission spectra of Alexa 633.  Excitation spectrum (blue), Emission spectrum (red). 

Source: Molecular Probes specification sheet of Alexa 633 Hydrazide. 

Specific staining of biological structures is often performed with the use of 

fluorescent antibody staining, through immunofluorescence.  This process involves 

isolating specific antibodies from living animals that produce antibodies as part of their 

immune system.  A primary antibody is designed to target a specific protein or structure.  

A fluorochrome is attached to the secondary antibody which binds with its conjugate 

antigen.  Once this connection is made the fluorochrome can then be excited and the 

resulting fluorescence captured for image reconstruction.  An example of such staining 

was performed by Iwasaki  (2011) when studying the development of collagen type III in 
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the rat fetal tongue at different stages of embryonic development (Figure 1.19).  Antigen-

antibody binding is entirely dependent on noncovalent bonds and requires numerous 

bonds for stability.  This binding is highly specific and therefore provides a sound basis 

for fluorescent markers.  The two most common types of antibodies are monoclonal and 

polyclonal.  Monoclonal antibodies are more specific for the target protein and provide 

low amounts of background fluorescence; however this high specificity often leads to 

lower signal strength.  In contrast, polyclonal antibodies provide stronger signals but are 

also deemed less specific because the primary antibody recognizes and attaches to 

numerous sites on the target protein (Harlow and Lane, 1999).  When an antibody 

attached to numerous sites, the likelihood that one of these sites occurs on a separate 

protein increases.  These and other specific fluorescent stains have been extremely 

important in furthering the understanding of vascular development.  

 

Figure 1.19: Immunofluorescence imaging of collagen type III in the tongue at different stages of embryonic 

development starting at embryonic day 13 (A) and progressing 2 days between image samples. 

Source: (Iwasaki et al., 2011) 
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CHAPTER 2 

HYPOTHESIS AND AIMS 
 

 The extracellular matrix (ECM) protein composition and organization are known 

to determine the mechanical properties of the arteriolar wall, particularly vascular 

stiffness and elasticity.  These ECM proteins, including collagen, elastin, and 

glycoproteins, provide the vessel with mechanical support and physiological strength.  A 

number of these proteins are also seen throughout multiple layers of the vascular wall, 

specifically elastin, collagen, and laminin.  Support of the vascular wall comes in the 

form of longitudinal fibers in the adventitia, shorter, more branched fibers in the external 

elastic lamina, and a non-fibrillar sheet like structure in the internal elastic lamina.   

These structural support ECM proteins have proven to be diverse as some have 

been shown to impact vascular function.  For example, adventitial fibronectin is involved 

in sensing and relaying mechanical forces through the vessel wall in a process known as 

mechanotransduction.  The signals span the membrane of smooth muscle cells (SMC) 

through proteins named integrins and ultimately result in vasoconstriction or dilation.  

These forces can also cause vasodilation through other ECM proteins, such as collagen, 

vitronectin, laminin, and fibronectin, which elicit SMC inhibitory responses from the 

endothelial cells.  The SMCs in small arteries and arterioles possess the capability to 

autoregulate diameter in response changes in intraluminal pressure.  This is a dominant 

property of small arteries and arterioles.  Through mechanotransduction, fibronectin, 

collagen, laminin, and vitronectin are known to influence the myogenic response.  
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 Elastin is an ECM protein that is known to provide the vessels with their elasticity 

in response to changes in length.  This protein is a highly hydrophobic and cross-linked 

structure that is long lived and important to vascular viability.  Elastic fibers are most 

commonly found in tissues that undergo repetitive lengthening like that of skeletal 

muscle and intestine (Butterfield and Herzog, 2005).  This protein is known to be located 

in the adventitia, the nearby external elastic lamina, and the internal elastic lamina 

between the endothelial cells and vascular SMCs.  Despite the importance of elastin, 

there exists little knowledge as to the 3D arrangement within the arteriolar wall.  Further, 

how the vascular SMCs directly interact with this protein is uncertain.  In preliminary 

studies, elastase treatment digested elastin fibers of arterioles from skeletal muscle 

resulting in the vessels showing significant lengthening.  This lengthening was 

irreversible upon washout.  Subsequent imaging showed a breakdown of longitudinal 

fibers exhibited in the adventitia of control vessels.  This led to the hypothesis that 

adventitial elastin fibers are responsible for bearing longitudinal stress in blood vessels 

that would be exposed to longitudinal stretch.  In order to test this hypothesis, the 

proposed studies aimed to: 

• Determine staining patterns of 3 Alexa Hydrazides, nonspecific ECM dyes, with 

distinct emission spectra so as to determine the optimum dye for consistent elastin 

detection by fluorescence.   

 

• Image the 3D structural properties of elastin in vessels from rat tissue known to be 

of different mechanical environments, specifically cremaster, cerebral, and the 

mesentery. 

 

• Extend the imaging protocol to a pathological state of aging and see if any ECM 

or elastin variations exist. 

 

• Begin to develop methods of quantification suited to describing characteristics of 

the arteriolar wall structure observed through the imaging approaches. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

 

3.1 Isolated Vessel 

For the majority of experiments described, male Sprague-Dawley rats weighing 

between 150-280 gms were used. A smaller group (n=5) of male Fischer 344 rats (333-

465 gms) were also used.  Prior to use, rats were housed in a temperature, humidity, and 

light controlled animal facility of the Dalton Cardiovascular Research Center with free 

access to standard rat chow and drinking water. All protocols were approved by the 

animal care and use committee of the University of Missouri, Columbia.  

Rats were weighed on a balance and anesthetized with sodium pentobarbital 

(Nembutal, 100mg/kg), given by peritoneal injection using a sterile syringe and a 27 

gauge needle.  Rats were maintained in a warm environment until a surgical level of 

anesthesia was maintained.  Appropriate levels of anesthesia were assessed by lack of 

response to foot/tail pinching and corneal reflexes.  The cremaster muscle was surgically 

removed as described by Meininger et al (1987). Briefly, the hair was removed from the 

scrotum of the rat by shaving with an electric razor.  The cremaster muscle was then 

removed when the testis was exposed by making an incision at the bottom of the scrotum.  

Connective tissue was removed from the testis and the cremaster muscle was identified.  

Arterioles were identified so as tissue removal could be done in the area with the lowest 

density of blood vessels.  The cremaster muscle was slowly detached from the testis 

taking special care not to stretch the muscle and damage the tissue.  During tissue 
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removal, the cremaster was periodically rinsed with cold saline (0.9%) solution.  Once 

the tissue was removed, it was placed in a test tube containing refrigerated (-2°C) 

physiological salt solution (PSS), consisting of (in mM) 145 NaCl, 4.7 KCl, 2 CaCl2, 1.0 

MgSO4, 1.2 NaH2PO4, 4.0 glucose, and 2.0 pyruvate. 

The arterioles used in the current project were primarily isolated from rat 

cremaster, skeletal muscle tissue.  Cremaster muscle tissue was used because isolation of 

the arterioles from the thin tissue is considerably easier than other skeletal muscle beds 

since the cremasteric arterioles are clearly visible when the tissue is transilluminated.  

First order arterioles (1A) are the largest of the arterioles and the main blood supply for 

the tissue.  As branches form off the 1A, they become second order arterioles.  This is 

shown in Figure 3.1.  This branching and naming system continues until the terminal 

arterioles, from where the blood enters the capillaries. 

 

Figure 20: Example of cremaster tissue.  Arterioles are the light colored  blood vessels and are paired with the darker 

venules. 

Source: (Hammer et al., 2001) 
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For microdissection of 1A segments, the muscle was spread out on a layer of 

silastic elastomer and pinned so the 1A (feed arteriole, as described in Chapter 1) was 

clearly visualized through a stereomicroscope (Olympus SZX12, Melville, NY).  This 

dissection was completed in a vessel dissection chamber in the presence of vessel 

dissection buffer, which contained (in mM) 3.0 MOPS, 145 NaCl, 5.0 KCl, 2.5 CaCl2, 

1.0 MgSO4, 1.0 NaH2PO4, 0.02 EDTA, 2.0 pyruvate, 5.0 glucose, and 1% albumin 

(endotoxin and fatty acid free) (Hill et al., 2000).  The dissection chamber was 

maintained at a temperature of -5°C.  Using ultra fine spring scissors and sharp forceps, 

segments in length of approximately 1-2 mm with no side branches were chosen for use 

in the studies (Meininger et al., 1991).  These passive lengths were measured during 

previous elastase experiments (Clifford et al., 2009).  Typical examples are shown in 

Figure 3.2.  These segments were cleaned of surrounding tissue and isolated. 

  

  

Figure 21: Pinned out segment of cremaster muscle (A) with enlarged image of suitable segment for isolation (B). 

 Mesenteric tissue was isolated after the cremaster muscle tissue was excised.  

Again, special care was used not to damage the tissue, which was also rinsed with cold 

A B 
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saline solution.  Once removed the mesentery was placed in a separate test tube 

containing PSS.   Microdissection of mesenteric third order arteries was performed under 

the same conditions as the cremaster arteriole isolation.  These arteries were separated 

from connective tissue and prepared for cannulation (Sun et al., 1992). 

 Finally, a craniotomy was performed and the brain was removed from the rat.  

The brain was also placed in a test tube containing PSS.  Small cerebral arteries were 

isolated in the presence of the same dissection buffer and the same conditions as 

cremasteric and mesenteric vessels.   Branches of the posterior cerebral artery were 

isolated and prepared for cannulation (McCarron and Halpern, 1990). 

 

3.2.1 Isolated Vessel Cannulation 

The isolated segments were transferred to a chamber (model LS-CH-1-SH, Living 

Systems, St. Albans, VT) (Figure 3.3) filled with Krebs-bicarbonate buffer solution 

containing (in mM) 111 NaCl, 25.7 NaHCO3, 4.9 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 

KH2PO4, 11.5 glucose, and 10 HEPES for cannulation (Hill et al., 2003).  This buffer was 

titrated to 7.40 pH before use.  Glass pipettes (tip diameter approximately 80 µm) were 

mounted in pipette holders of the cannulation chamber and attached by polyethylene 

tubing.  The opposite end of the tubing was connected to a three way stopcock to allow 

for connection to a pressure reservoir.  The tubing was filled with Krebs buffer 

containing 1% albumin.  Careful observation was employed to avoid any air bubbles in 

the tubing and pipettes since an air bubble passing through the vessel would severely 

damage the endothelial layer.  Each side of the isolated segments was then cannulated 
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onto the glass pipettes and secured with nylon mono-filament sutures (11-0, Alcon, Ft. 

Worth, TX) (Figure 3.4).  Once the first end was secured, the vessel was gently flushed 

with the Krebs buffer containing 1% albumin.   

 

Figure 22: Chamber used for cannulation of freshly isolated arterioles.  Glass pipettes were carefully leveled slightly 

above the glass coverslip. 
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Figure 23: Isolated vessel with each side cannulated and secured on glass pipettes. 

  

3.2.2 Manufacture of Glass Pipettes 

 Six inch borosilicate glass capillaries (Harvard Apparatus, GC12OT-15, with an 

internal and external diameter of 0.94 mm and 1.2 mm, respectively) were pulled to a fine 

tip using a Sachs-Flaming Micropipette puller (Model # PC-84) (Figure 3.5).  The 

program used to pull the pipettes for cannulation was looped 17 times, with each cycle 

providing heat, pull, and subsequent cooling. 
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Figure 24: Sachs-Flaming Micropipette puller used to heat, pull, and cool pipettes for cannulation. 

 The pipette was placed in the chuck of a microforge (Stoetling Inc.) (Figure 3.6).  

The pipette was then heated to form a hook, to which a light weight was added.  When 

heat was further added, the weight assisted in drawing out the tip of the pipette to the 

appropriate diameter until the weight broke off the hook of the pipette.  The broken end 

was fire polished so as to not damage the vessel during cannulation. 
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Figure 25: Stoelting microforge used for manipulating the tip of the micropipette.  The chuck holds the micropipette 

and heating filament is used for fire polishing the tip. 

 

3.3 Measurement of Internal Diameter and Development of Myogenic 

Tone 

 
Once cannulated, the vessel chamber was transferred to an inverted microscope 

(model IX71, Olympus) coupled to a video camera (model TMC-7DSP, Pulnix, Glostrup, 

Denmark), electronic video caliper (Texas A&M, College Station, TX), and a data 

acquisition system (Powerlab, AD Instruments, Colorado Springs, CO), which allowed 

for continuous measurement of internal diameter.  One side of isolated vessel was 

connected to a pressure reservoir, whose height could be adjusted to provide a hydrostatic 

pressure between 10 and 120 mmHg.  The pressure reservoir was calibrated by 

measurement of height (in cm) with water.  This configuration allowed for studies of the 

vessel under pressure but in the absence of flow.  The pressure provided by the fluid 

Heating filament 
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column was continuously monitored and recorded using a pressure transducer in parallel 

with output to the vessel.  The vessel was checked for leaks at 40, 70, 100, and 120 

mmHg and the vessel was stretched to eliminate any bowing of the vessel at each 

pressure (Hill et al., 2000).  If a leak was observed, the chamber was removed and the 

branch would either be tied off with another suture or the segment of the vessel 

containing the leak would be tied to the glass pipette beyond the leak.  After the vessel 

was rechecked for leaks, the bath was continuously superfused (approximately 2-4 

ml/min) with Krebs buffer by use of a peristaltic pump (model Sci-Q 400, Watson 

Marlow, Wilmington, MA).  For cremaster arterioles, intraluminal pressure was set to 70 

mmHg and temperature in the bath was maintained at 34°C using an internal thermistor 

temperature sensor, which was connected to an external temperature controller (Hill et 

al., 1990).  A suction tube was attached at the top of the bath to prevent overflow, which 

completed the superfusion circuit.  Once the conditions were established, myogenic tone 

would generally spontaneously develop over the next 30-60 minutes.  Any vessels not 

holding pressure or not gaining tone were discarded from experimentation.   

All vessels exhibited myogenic tone, as demonstrated by a constriction of the 

arteriolar segment by 30-50% of the passive diameter and a constriction in response to a 

pressure step from 50-100 mmHg.  Measurement of the internal diameter was monitored 

via electronic video calipers as described above.  The calipers provided a set of lines on 

the video monitor for recording the internal diameter.  The Powerlab Analog-Digital 

converter continuously sent measurements of diameter from the calipers and pressure 

from the pressure transducer to software, CHART 6.1, on the according computer.  These 

values were recorded and saved for later analysis.  Establishment of myogenic tone 
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confirmed that the dissection and cannulation techniques were performed without 

damaging the vessel or the SMCs.  Imaging experiments would only use vessels fixed 

under passive conditions, however dissection and cannulation procedures had to be 

established that produced arterioles of physiological relevance. 

 

 

3.4 3D Confocal Imaging Protocol and Vessel Reconstruction 

 In order to further understand the distribution/arrangement of elastin within the 

ECM of the arteriolar wall, 3D confocal microscopy was employed.  All imaging 

presented below was performed on passive, fixed arterioles.  Staining of ECM, cell 

nuclei, and specific proteins was needed before imaging.  The pressurized (70 mmHg) 

arterioles were fixed (4% paraformaldyhe) for 20 minutes.    Three separate Alexa 

Hydrazide dyes were tested for staining of the ECM: Alexa 350 Hydrazide (50 µM, Ex 

350/Em 450 nm), Alexa 488 Hydrazide (10 µM, Ex 488/Em 550 nm), and Alexa 633 

Hydrazide (0.2 µM, Ex 633/Em 700 nm).  Alexa dyes were diluted in Krebs buffer.  Each 

Alexa dye loading required 30 minutes incubation time.  Two cell nuclei stains were 

used: 4’6-diamino-2-Phenylindol (DAPI, 500 ng/ml, Ex 350/Em 400-450nm), and Yo-

Pro-1 iodide (1 µL/ml, Ex 491/Em 515 nm).  Cell nuclei stains were diluted in Krebs 

buffer as well.  Incubation time for each cell nuclei stain was 20 minutes.  All Alexa and 

cell nuclei dyes were loaded at room temperature while maintained at 70 mmHg.  Anti-

elastin antibodies were required for imaging of specific elastin staining (1° antibody 

dilution- 1 mg/ml, 1:100; 2° antibody dilution- 2 mg/ml, 1:200 Ex 491/Em 515).  Elastin 

primary and appropriate secondary antibodies were diluted in Krebs buffer containing 1% 
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albumin as a blocking agent for prevention of nonspecific labeling.  The primary 

antibody required overnight abluminal loading (12-14 hours) at 4°C, while the secondary 

antibody was abluminally loaded, under 70 mmHg intraluminal pressure, the day of 

experimentation for 60 minutes at room temperature.  An elastin antibody imaging 

experiment was performed in the absence of the primary and minimal, nonspecific 

staining was observed (Figure 5.17D.) 

 3D confocal microscopy was utilized in order to visualize the ECM of the 

arteriolar wall in conjunction with cellular location and elastin proteins.  This imaging 

was performed using a Leica TCS-SP5 microscope with a Leica water immersion 63x 

objective lens (NA=1.2).  Data acquisition was collected using Leica LAS AF software.  

Collection rate was 400 Hz.  Image dimensions were 246 µm x 246 µm.  Resolution was 

set at 8 bits.  The z dimension step size was 0.3 µm for all z-stacks.  A line average of 3 

was used to reduce low frequency noise.  All acquisitions represent 8-bit TIFF grey scale 

images.   

Alexa 350 was excited by 700 nm light from a multiphoton laser and blue 

emission was collected from 400-450 nm with a gain of approximately 925.  Alexa 488 

was excited by an argon laser set to 488 nm while green emission was collected from 

500-550 nm with an average gain of 748.  Alexa 633 was excited at 633 nm from a HeNe 

633 laser.  Red emission was collected from 650-750 nm and used an average gain of 

645.  Laser powers were measured for quantum efficiency analysis using a photodiode 

power sensor (model S130A, ThorLabs, Newton, NJ). 

Post image acquisition analysis and 3D reconstruction was performed using 

Image J (NIH, Bethesda, MD).  Data were recorded as individual channels of dye 
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fluorescence in the form of image stacks.  A composite stack containing all appropriate 

channels was created.  Data quantification was performed using Imaris 7.2.3 (Bitplane, 

Switzerland).  The ECM and EEL proteins were isolated from the IEL using a region of 

interest the size 123 µm x 123 µm.  This region of interest included the entirety of the 

ECM and EEL down to the final slice before any fluorescence by the IEL.  The z depth 

for the ECM and EEL varied between experiments due to the diameter of the vessel being 

examined.  Measurements of length of fiber between branch points, fiber diameter, fiber 

straightness (a measure of linearity of each fiber), and number of branch points were 

calculated in the Imaris software.  IEL measurements were also calculated using a 

consistent region of interest, 62 µm x 123 µm.  The z depth of the IEL varied slightly 

between vessels but was in the range of 0.3-4µm.  This ensured that the region studied 

was flat and curvature of the vessel would not impact measurements.  The number and 

size of the fenestra were measured from the Imaris software as a collection of the 

individual areas showing no fluorescence.   

 

3.5 Chemicals and Reagents 

All Alexa Hydrazides, Yo-Pro-1 Iodide, and DAPI were obtained from Molecular 

Probes.  Anti-elastin primary antibody was obtained from Chemicon International 

(Millipore, Billerica, MA), while the secondary elastin antibody was obtained from 

Molecular Probes (InVitrogen, Carlsbad, CA).   
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3.6 Statistical Analysis 

 Results are expressed as means ±S.E.M. and n denotes the number of animals 

used for each experiment.  Differences in vessel properties such as diameter, fiber 

straightness, number of fiber branches, and IEL characteristics from different tissue 

environments were tested with a one-way analysis of variance (ANOVA).  An ANOVA 

test was chosen because there were comparisons between multiple groups.  A Bonferroni 

post-hoc test was used to compare individual values within groups.  Specific two means 

comparisons were analyzed with Student’s t test.  A value of P<0.05 was considered 

significant. 
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CHAPTER 4 

VESSEL RESPONSIVENESS 

 Although the isolated arterioles used for imaging were studied in the passive state, 

a reproducible dissection and cannulation protocol was first confirmed before any 

imaging studies were undertaken.  This approach was taken to assure consistency of 

technique and used myogenic tone and agonist responsiveness as indicators of viable 

preparations.  Thus, the dissection and cannulation techniques were considered successful 

if vessel gained myogenic tone as described above with a requirement for development of 

vessel constriction of 30-50% and completion of a successful myogenic constriction in 

response to a pressure step from 50 mmHg to 100 mmHg, as demonstrated in Figure 4.1 

(n=5).  Each step was held for a duration of 5 minutes.  Acetylcholine (ACh) and 

phenylephrine (PE) dose response experiments (Figure 4.2) were performed following a 

successful constriction response to the pressure step.  The vessel bath was given a 

thorough wash and pressure was held at 70 mmHg.  PE and ACh doses were 1 nM, 3 nM, 

10 nM, 30 nM, 100 nM, 300 nM, 1 µM, 3 µM, and 10 µM.  Internal diameter was 

measured for 3 minutes at each concentration.  Successful concentration-dependent 

responses for both drugs were considered to start with a passive period with little change 

in diameter, followed quickly by a significant change in diameter, and finally 

approaching a plateau as the vessel had reached the maximum steady state response.  

Once these characteristics were reproducible on a daily basis, the dissection and 

cannulation techniques were accepted as providing a preparation that was both viable and 

in a physiological state suitable for subsequent imaging studies. 
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Figure 26:  Group data showing the response to an acute pressure step from 50-100 mmHg.  Diameters are normalized 

to passive diameter at 70 mmHg.  Data are shown as mean ±S.E.M, n=5. 

 

 

Figure 27: Phenylephrine and acetylcholine concentration response curve.  Concentrations range from 1 nM to 10 µM.  

Data are shown as mean ±S.E.M, n=5. 
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CHAPTER 5 

RESULTS 

 

5.1 Staining Characteristics of Available Alexa Hydrazides 

 With a number of Alexa dyes being available, initial studies centered on 

identifying a suitable candidate for imaging the ECM distribution of isolated arterioles.  

Three Alexa Hydrazides, with distinct excitation (Figure 5.1) and emission (Figure 5.2) 

spectra were selected.  The staining patterns of each were compared, as well as any 

possible impact the dyes would have on the stain distribution when loaded together.  The 

three individual Alexa dyes were tested on sets of arterioles taken from the same rats 

(n=3), while the images containing all three Alexa dyes were collected on arterioles from 

different rats (n=4).   

 
Figure 28: Excitation spectra of the three Alexa dyes.   

 

Figure 29: Emission spectra of the three Alexa dyes.  The fluorescence of each dye is given: Alexa 350 (blue), Alexa 

488 (green), and Alexa 633 (red). 

Source: Figures 5.1 and 5.2 were taken from the computer that image acquisition was performed on. 
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Normalized quantum efficiencies, which is the amount of fluorescence divided by 

the energy input, are included in Table 5.1.  Intensities from individual experiments with 

Alexa dyes were averaged over the entire collection stack.  The laser power, as measured 

by the photodiode sensor, and average gain of the three Alexa dyes used for the entire 

collection stack was calculated.  The fluorescence divided by the laser power and gain 

produced quantum yield.  The dye with the largest quantum yield, Alexa 633, was 

normalized to 1.0.  All quantum yields for the remaining two dyes were compared to this 

value of 1.0.  The dye with the highest quantum efficiency is least likely to be affected by 

photobleaching.  The size of the entire collection stack and depths of ECM, EEL, and IEL 

for each Alexa dye are also detailed in Table 5.1.   

Table 5.1: Quantum yield of the Alexa dyes and properties of image stacks collected from rat cremasteric 1A. 

 Alexa 350 (n=3) Alexa 488 (n=3) Alexa 633 (n=3) All Alexas (n=4) 

Normalized 

Quantum 

Efficiency 

0.1964 0.2975 1.0 - 

Entire Stack Size 

(µm)- (Fig 30) 
43.3 47.7 52 85.6 

ECM Stack Depth 

(µm)- (Fig 31) 
7 8.6 9 9 

EEL Stack Depth 

(µm)- (Fig 32) 
2.6 3.3 4 3 

IEL Stack Depth 

(µm)- (Fig 33) 
7 4.3 5.3 7.6 

 

All dyes appeared to stain the ECM, EEL, and IEL as shown below.  Figure 5.3 is 

a composite image over the entire data range of A) Alexa 350, B) Alexa 488, C) Alexa 

633, and D) the three Alexa dyes combined.  Collection started outside the adventitial 

layer and ended midway through the lumen.  When all Alexa dyes were loaded together 
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in the same arteriole, significant of colocalization was seen throughout the vessel.  

Detailed image collection parameters are provided in the Methods and Materials.  Briefly, 

all images were collected as 246x246 µm
2
 areas by a 63x water immersion objective. 

 

 

A 

D C 

B 
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Figure 30: Alexa dye staining in cannulated cremaster 1A vessel segments.  A) Alexa 350 (blue), B) Alexa 488 

(green), C) Alexa 633 (red) D) All Alexa dyes.  Scale bar= 25 µm. 

 

Staining of the ECM proteins was the primary objective for testing the Alexa 

dyes.  When imaged in cremasteric 1A, each dye showed staining of the ECM.  Located 

particularly in the adventitia, the ECM is the most distal section from the lumen.  This 

Alexa staining of ECM fibers is highlighted in Figure 5.4.  Each image was optically 

sectioned from the first appearance of ECM fluorescence until the first image showing 

EEL.  Alexa 350 (Figure 5.4A) and 633 (Figure 5.4C) both showed fluorescence of 

individual fibers varying in length from as little as 20 µm to longitudinal fibers that 

spanned the entire length of image collection (246 µm).  The longitudinal fibers were 

oriented in the direction of blood flow.  Alexa 488 (Figure 5.4B) stained fewer individual 

fibers, but bundles of fluorescence were observed that appeared to be weaved through 

one another and oriented in the direction of blood flow as well.  Considerable 

colocalization was detected in the arteriole treated with all Alexa dyes together (Figure 

5.4D).  As shown, each Alexa dye provided staining consistent with where ECM proteins 

are believed to be located.   
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Figure 31: Alexa dye staining of the ECM from cremaster 1A.  A) Alexa 350 B) Alexa 488 C) Alexa 633 D) 

Simultaneous loading of all three Alexas.  Scale bar= 25 µm. 
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 The EEL layer separating the ECM from the SMCs is also believed to be 

composed of proteins found in the ECM.  This was confirmed by Alexa staining (Figure 

5.5).  Each Alexa dye stained fibers in the EEL.  Staining with Alexa 350 (Figure 5.5A) 

did not show as many fibers as part of the EEL, when compared to the other Alexa dyes.  

Alexa 488 (Figure 5.5B) showed staining of short fibers as well as bundles of fibers, on 

the right side, that were seen as part of the ECM.  With uneven amounts of ECM fibers 

on both sides of the EEL it appeared easy to mistake the precise position of the vessel 

lumen.  Therefore a yellow box has been used to highlight the center of the vessel.  Alexa 

633 showed a vast array of fibers (Figure 5.5C), which were mostly shorter than fibers in 

the ECM (Figure 5.4C).  Again, colocalization between the three dyes were seen when all 

dyes were loaded together (Figure 5.5D). 

 

 



57 
 

 

 

Figure 32: Alexa dye staining of the EEL from cremaster 1A.  A) Alexa 350, B) Alexa 488, C) Alexa 633, D) 

Simultaneous loading of all three Alexas.  The yellow box highlights the center of the vessel. Scale bar= 25 µm. 
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The IEL as a layer was also stained with each Alexa dye (Figure 5.6).  The IEL 

separates the endothelial cells from the SMCs.  The size of fenestra varies throughout this 

layer.  There was little apparent variation in the staining patterns between the three Alexa 

dyes.  Fluorescence was observed throughout the IEL, except in the areas of the 

fenestrae. 
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Figure 33: Alexa dye staining of the IEL from cremaster 1A.  A) Alexa 350 B) Alexa 488 C) Alexa 633 D) 

Simultaneous loading of all three Alexas.  Arrows indicate fenestrae in IEL.  Scale bar= 25 µm. 
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5.2 Fluorescence Imaging of the Vessel Wall Using Cremaster Muscle, 

Cerebral, and Mesenteric Vasculatures 

Once Alexa 633 Hydrazide was selected as the most efficient dye for imaging 

ECM content, 3D confocal imaging of arterioles and small arteries from cremaster, 

cerebral, and mesentery was performed.  Since elastin is an important factor in the 

context of vessel stretch, elastin content in arteries from these tissue beds were imaged 

because of their differences in mechanical environment.  Vessels from each tissue bed 

were stained and imaged with Alexa 633 Hydrazide and the nuclear stain Yo-Pro Iodide 

(Figures 5.7, 5.10, and 5.12).  All vessel images are oriented vertically, in the same 

direction as blood flow.  A summary of the fiber length, diameter, straightness, and 

branch points as well as fenestra area and density is provided in Table 5.2.  Cremasteric 

1A were initially imaged (Video 5.1).  Figure 5.7A is a composite of all images collected 

as viewed from the lumen.  Significant staining was recorded from long, thick fibers in 

the ECM that were oriented in the direction of blood flow, but there were also shorter 

fibers running obliquely around the arteriole (Figure 5.7B).  Fluorescence in the IEL 

shows the sheet like fenestrated structure (Figure 5.7C).  The EEL and IEL make up a 

double elastic wall in the arteriole (Figure 5.7D).  Measurements of the length taken from 

all fibers outside the IEL showed that the greatest number of fibers were of distance less 

than 1 µm between branch points (Figure 5.8).  The number of fibers distributed between 

1-2 µm was also significantly higher than the remaining fibers.  A distribution of the area 

of the fenestra in the cremaster arteriole (Figure 5.9) was constructed.  Fenestra areas in 

the cremaster ranged from less than 1 µm
2
 to as large as 260 µm

2
.  As calculated through 

an automated detection software, the only distribution with a statistically significant 
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difference from the one that followed was the total number of fenestra between 10-20 

µm
2
.   

 

Cremaster- Alexa 633 and Yo-Pro.mpg
 

Video 5.1: Image stack of cremaster arteriole stained with Alexa 633 (elastin, red) and Yo-Pro (cell nuclei, green). 

 

Table 5.2: Fiber and fenestra characteristics from rat cremaster, cerebral, and mesentery.. * p<0.05 when compared to 

mesenteric artery.  Adventitial fibers were absent in the cerebral arteries.  Differences in fiber diameter, straightness, 

length between branch points, and number of branch points were calculated by student t test.  Fenestra area and density 

were calculated by ANOVA. 

 Cremaster Cerebral Mesentery 

Fiber Diameter (µm) 1.07*±0.08 - 0.87±0.04 

Fiber Straightness 0.94±0.004 - 0.95±0.01 

Length Between Branch 

Points (µm) 
2.03±0.25 - 1.60±0.32 

Number of Branch Points 1454*±500 - 10003±5877 

Fenestra Area (µm2) 40.63±5.71 31.22±4.81 21.29±2.55 

Fenestra Density 

(number/ 123*62 µm2) 
43.8±3.57 30.80±7.51 37.4±7.39 
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Figure 34: Cremaster 1A stained with Alexa 633 Hydrazide (red) and Yo-Pro Iodide (green).  A) Whole vessel view 

from lumen, B) ECM, C) IEL, D) Double elastic wall.  Scale bar= 25 µm. 
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Figure 35: Left panel: Example of length measurement between branch points.  Scale bar= 5 µm.  Right panel: 

Cremaster distribution (+SEM) of fiber length between branch points (n=15).  Results are normalized to total number 

of fibers collected from each image.  * p<0.05 when compared to the remaining length distributions.  Differences were 

calculated by one way ANOVA. 

 

Figure 36: Distribution (+SEM) of the individual fenestra areas in the cremasteric arteriole.  Results are normalized as 

averages of percentages of total number of fenestra calculated from individual experiments. * p<0.05 when compared 

to the following length distribution.  Differences were calculated by one way ANOVA. 
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 Small cerebral arteries were similarly stained with Alexa 633 Hydrazide and Yo-

Pro Iodide (Video 5.2).  A composite image as viewed from the lumen is provided in 

Figure 5.10A.  There was a complete lack of fluorescence in the ECM area of the cerebral 

artery (Figure 5.10B).  IEL staining, however, was similar to that of the cremasteric 1A.  

Fluorescence staining within the IEL was continuous throughout except for the areas 

within the fenestrae (Figure 5.10C). Cerebral fenestrae ranged from 2-119 µm
2
 in area.  

As shown in Figure 5.11, the fenestra areas were varied and none of the distributions 

were significantly different from the ones that immediately followed.  The cerebral artery 

exhibited a single elastic layer wall (Figure 5.10D) as compared to the double elastic wall 

of cremaster and mesenteric vessels (Figures 5.7D and 5.12D respectively).   

Cerebral- Alexa 633 and Yo-Pro.mpg
 

Video 5.2: Cerebral small artery stained with Alexa 633 (elastin, red)  and Yo-Pro (cell nuclei, green). 
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Figure  37: Cerebral small artery stained with Alexa 633 Hydrazide (red) and Yo-Pro Iodide (green). A) Whole vessel 

view from lumen, B) ECM section, C) IEL, D) Single elastic wall. Scale bar= 25 µm. 
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Figure 38: Distribution (+SEM) of individual cerebral artery fenestra areas.  Results are normalized as averages of 

overall number of fenestra from individual experiments. 

 Small mesenteric third order arteries were imaged as examples of a third vascular 

bed (Video 5.3).  A composite view from the lumen is provided in Figure 5.12A.  The 

ECM of the mesenteric artery exhibited longitudinal fibers and a large amount of short, 

branched fibers (Figure 5.12B).  Similar to that of the cremaster, the greatest number of 

ECM fibers was less than 1 µm between branch points (Figure 5.13).  The fenestrated 

IEL was again similar to that of the other vessel types (Figure 5.12C).  The fenestrae of 

the IEL ranged from 3-108 µm
2
 in area.  Over half of the fenestra areas in the mesentery 

were less than 20 µm
2
 (Figure 5.14) as compared to the cremaster and cerebral 

distributions.  An inner and outer elastic layer, similar to the cremaster 1A, was recorded 

in the mesenteric artery (Figure 5.12D).   



67 
 

Mesentery- Alexa 633 and Yo-Pro.mpg
 

Video 5.3: Mesenteric third order artery stained with Alexa 633 (elastin, red) and Yo-Pro (cell nuclei, green). 

 

Figure 39: Mesenteric small artery stained with Alexa 633 Hydrazide (red) and Yo-Pro Iodide (green).  A) Whole 

vessel view from lumen, B) ECM, C) IEL, D) Double elastic wall.  Scale bar= 25 µm. 
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Figure 40: Mesenteric distribution (+SEM) of fiber length between branch points (n=5).  Results are normalized to 

total number of fibers collected from each image.  * p<0.05 when compared to the remaining length distributions.  

Differences were calculated by one way ANOVA. 

 

Figure 41: Distribution (+SEM) of individual mesenteric artery fenestrae areas.  Results are normalized as averages of 

total number of fenestrae from individual experiments.  * p<0.05 when compared to the following length distribution.  

Differences were calculated by one way ANOVA. 
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When the fiber length data between the cremaster and mesentery were compared, 

no significant differences were observed (Figure 5.15).  The average of all fiber 

diameters in the cremaster was significantly higher than that of the mesenteric but the 

average of all fiber lengths was not significantly different (Table 5.2).  All fibers from 

cremaster and mesentery were nearly linear as shown by the value of fiber straightness.  

This value was given on a scale of 0-1 in the linearity of the fibers.  The number of 

branch points in the mesenteric ECM was significantly higher than that of the cremasteric 

arteriole (Table 5.2).  The only difference in all measurements taken from fenestrae area 

was between the distributions of the mesentery and cremaster between 10-20 µm
2
 (Figure 

5.16).  The density of fenestra studied was similar between all groups as well (Table 5.2).  

Overall, the fenestra area and density saw no differences between vessel types.  

 

Figure 42: Group data (+SEM) from cremaster and mesentery length of fiber between branch points. 
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Figure 43: Group data (+SEM) from cremaster, cerebral, and mesentery of fenestrae areas.   * p<0.05 when compared 

to cremaster distribution.  Differences were calculated from two way ANOVA. 

 

5.3 Localization of Vessel Wall Elastin by Immunohistochemistry: 

Comparison with Alexa Hydrazide Staining 

 
 In order to further understand what the Alexa 633 Hydrazide was staining, we 

performed elastin antibody staining on cremaster arterioles.  These vessels were loaded 

with Alexa 633 and a primary and secondary elastin antibody (described in Methods).  

The Alexa 633 Hydrazide and 2° elastin antibody (Ex 491/ Em 515) had separate 

emission spectra and were therefore collected by different photomultiplier tubes (Figures 

5.17A and 5.17B).  The fibers that were stained with the Alexa 633 also showed double 

immunofluorescence staining with the elastin antibody when the images were overlaid 

(Figure 5.17C).  Since the staining patterns matched, we concluded that the fibers being 
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stained by Alexa 633 were those of adventitial elastin.  As a control experiment, no 

fluorescence of fibers was observed when the primary elastin antibody was omitted 

(Figure 5.17D). 

  
Figure 44: Elastin antibody staining in cremaster arteriole.  A) Alexa 633 Hydrazide fluorescence, B) 2° Elastin 

antibody fluorescence, C) Merged image of panels A and B, D) Control image loaded with 2° antibody only. 
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5.4 Pathological Aging Model 

 After developing a successful image technique for blood vessel staining, the same 

method was extended to record the differences in a pathological aging model of rat.  3D 

confocal microscopy was performed in Fischer 344 male rats (n=5, 2= 9 month, 3= 24 

month) weighing between 333-465 g.  Mesenteric arteries were stained with Alexa 633 

Hydrazide (Figure 5.18).  The same quantifications were performed on these vessels.  

The IEL of the 9 month rat had an average of 25 fenestrae per quantification area, 62 x 

123 µm
2
 with an average fenestra area of 112 µm

2
.  The mesenteric from the 24 month 

rat exhibited 55 holes with an average area of 95.6 µm
2
.   This preliminary study did 

show a noticeable rearrangement of the IEL, however a large standard error led to neither 

value being significantly different. 

Figure 45: Alexa 633 Hydrazide staining in the mesentery of A) 9 and B) 24 month Fischer 344 rat. Scale bar =25 µm 

A B 
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CHAPTER 6 

DISCUSSION 

 

Elastin structure plays an important role in forming the vessels mechanical 

environment despite composing a relatively small amount of the overall protein content 

in the arteriolar wall (Kelleher et al., 2004).  The focus of this study was to provide an 

understanding of the structural composition/arrangement of adventitial elastin fibers in 

the resistance arteries.  This was accomplished using fluorescent stains, 3D confocal 

microscopy, and image analysis.  Our results show considerable elastin staining in the 

extracellular matrix (ECM), external and internal elastic lamina (EEL and IEL, 

respectively) of the cremasteric arteriole wall.  These imaging results raise the question as 

to whether the observed complex elastin network impacts both mechanical properties of 

the vessel as well as cellular function. 

Individual Alexa Dyes 

As the focus of this study was adventitial elastin, finding the most efficient dye 

for ECM staining of the cremaster arteriole was the first concern.  ECM, EEL, and IEL 

content was fluoresced using three different, supposedly nonspecific ECM dyes, Alexa 

Hydrazides: 350, 488, and 633.  Alexa 350 required the most energy input to obtain 

fluorescence.  This increased laser power required for this dye would commonly interfere 

with other loaded dyes in the specimen.  The binding pattern of Alexa 488 was greatest of 

the dyes.  Alexa 488 marked the longitudinal fibers stained by Alexa 350 and 633 as well 

as thick, wavy bands or strips of fibers located in the ECM.  These bands were always the 



74 
 

most distal structure from the lumen.  Indeed, even the single, longitudinal fibers that 

were located in the adventitia were closer to the lumen.  These thick bands were detected 

in the same location as those seen during fluorescent imaging studies from cremaster 

arterioles stained with a Type 1 collagen antibody (data not shown).  This is in agreement 

with Arkill (2010), who used second harmonic generation in lymphatic vessels to image 

specifically for collagen.  Thick, interwoven bands of collagen in the adventitia were 

observed that closely resembled those imaged with Alexa 488.  Our results indicated that 

Alexa 633 was the most consistent dye between studies, requiring relatively low laser 

power, and showing the most extensive individual fiber staining.  The ECM and EEL 

fibers stained by Alexa 633 were also stained with a selective elastin antibody suggesting 

that Alexa 633 staining shows specificity for elastin (Figure 5.17).  Interestingly the 

elastin antibody did not stain the IEL.  This may be attributable to three possible factors.  

One, although elastin is the main component of the IEL (Briones et al., 2003), there are 

numerous other proteins, such as fibrillin and others yet to be identified, composing the 

structure.  Two, the conformational changes between elastin and these other components 

to form the elastic layer may block the binding sites used by the elastin antibody.  

Further, as antibody staining was applied from the adventitial surface, penetration to the 

IEL may be physically limited.  The variability in staining between each Alexa Hydrazide 

could be a result of the biochemical properties of each.  Without access to this 

information, it would be difficult to determine what the cause of this variation could be 

attributed to.  Since these dyes are typically used for staining in cells, information on 

their staining patterns of ECM proteins is not widely known.  Overall, these staining 

experiments showed that the longitudinal fibers of the ECM and shorter branched fibers 
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of the EEL are indeed elastin fibers and that the Alexa 633 Hydrazide provided the best 

choice for staining adventitial elastin. 

Elastin Content in the Vascular Wall 

Our results revealed elastin content in three separate sections throughout the 

vascular wall, each exhibiting a specialized arrangement.  Elastic fibers in the adventitia 

were recorded as longitudinal fibers oriented parallel to blood flow.  Little branching was 

seen in these fibers.  These fibers are more common in vessels that undergo repetitive 

lengthening movements, such as skeletal muscle and the mesentery (Zou and Zhang, 

2009).  In the interstitium between the adventitial and medial layers were elastic fibers 

composing the EEL.  These relatively short fibers branched often and formed a mesh 

encompassing the vascular wall.  Therefore, the EEL elastin content appears to have the 

responsibility of not only protecting the vascular smooth muscle cells (SMC) from the 

extracellular environment, but also constraining the cells circumferentially around the 

lumen.  This proposed function of EEL elastin is in agreement with a study by Clark and 

Glagov (1985) through scanning electron microscopy.  Elastin fibers in the rabbit aorta 

were observed in between vascular SMCs in the medial layer (Clark and Glagov, 1985).  

The final location that elastin content was observed in our studies was in the IEL.  This 

non-fibrillar, fenestrated sheet-like structure has been the focus of much current research.  

Primarily, the IEL serves as a scaffold for vessel growth on which vascular cells can 

assemble as well as a barrier between vascular SMCs and endothelial cells (McGrath et 

al., 2005).  As more is known about the IEL, it appears to represent a primary component 

of vessel architecture and has the ability to influence vessel mechanics through 

remodeling.  
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The primary objective of this study was to classify differences in the composition 

of adventitial elastin from various tissues of stretch.  Therefore cremasteric arterioles, 

small cerebral arteries, and third order mesenteric arteries were chosen as candidates to 

image elastin content and arrangement.  During muscle recruitment of the cremaster 

muscle, the tissue retracts and relaxes.  Therefore the arterioles in this muscle would 

undergo repetitive lengthening and relaxation cycles.  The cremaster and mesenteric 

arterioles exhibited longitudinal elastic fibers in the adventitia, presumably to assist with 

these lengthening and relaxations.  In contrast to this, the cerebral blood vessels are 

protected by the skull, with little movement in the tissue and are not subjected to these 

same stresses.  No longitudinal elastic fibers were recorded in the adventitia of cerebral 

vessels.  The EEL also showed an expansive array of fibers that completely encompassed 

the medial layer of cremasteric and mesenteric vascular walls.  These fibers were shorter 

and much more branched than those fibers in the adventitia.  Cerebral arteries however 

showed no sign of EEL elastin content.  In agreement with our findings, Yamazoe (1990) 

found elastin content to be limited to the IEL in cerebral vessels.   All vessel types 

imaged showed significant IEL elastin content.   

There were no significant differences in the distributions of lengths of fibers 

between cremaster and mesenteric vessels.  Both cremasteric and mesenteric vessels had 

significantly more fibers distributed less than 1 µm between branch points than any other 

length (Figure 5.15).  While it is to be expected that a given vessel would have more 

short fibers than long fibers, the results may have been influenced by the composition of 

the EEL, which was shown to be composed of shorter fibers constraining the vascular 

SMCs.  This could not be avoided during analysis due to the proximity of the two layers.  
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However the variations in fiber length may be due to the type of support they offer.  The 

long fibers may be primarily responsible for bringing the vessel back to a resting state 

after longitudinal stretch thus relying on the elastic fibers rather than any energy input for 

vessel recoil.  The shorter ECM and EEL fibers could have the primary role of protecting 

vascular stability during low levels of pressure increase (Intengan et al., 1999).  The 

observation of irreversible lengthening caused by elastase and the variations in adventitial 

fiber staining in cremaster and mesentery vessels compared to cerebral vessels strongly 

supports the hypothesis that adventitial elastin is responsible for constraining the vessels 

depending on the mechanical environment. 

While the variations in the ECM and EEL appeared marked between tissue beds, 

variation in the IEL was not as apparent under the conditions employed in this study.  All 

imaged vessels contained the same basic structure of the IEL, a sheet-like structure 

wrapping around the lumen exhibiting a significant number of holes (fenestrae).  The 

distributions in fenestra area of the IEL showed very little difference between vessel 

types (Figure 5.16).  The largest number of holes in all vessel types was between 0-10 

µm
2
 in area.  The mesenteric arteries were the only group to have more than 50% of all 

fenestrae fall below 20 µm
2
 in area.  It is conceivable that the size of the fenestra relates 

to physiological function such providing a pathway for myoendothelial gap junctions 

between SMCs and endothelial cells (Garland et al., 2010).  Endothelium-derived 

hyperpolarizing factor (EDHF) and nitric oxide are generated in the vascular 

endothelium.  These signal a current activation that ultimately causes hyperpolarization in 

SMCs and thus vasodilation.  It is believed that this hyperpolarizing current travels 

through myoendothelial gap junctions to the SMCs (Garland et al., 2010; Jackson, 2011).  
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With an elastic layer separating the two, there would need to be channels through which 

the current could travel.  However, classification of the fenestrae is beyond the scope of 

this study.   

Elastin Remodeling 

Vascular remodeling of elastin content throughout the vessel wall has been shown 

in both healthy physiological and pathological states.  As flow was gradually increased in 

normal, adult rabbit carotid arteries, the lumen diameter increased as well as IEL fenestra 

size (Wong and Langille, 1996).  Further, vascular remodeling of the IEL due to 

prolonged exposure to increased intraluminal pressure in carotid arteries from healthy 

animals was shown to be more significant than acute exposure to increased pressure 

(Masuda et al., 1999).  Examination of the IEL in resistance vessels under hypertension 

has also shown that although IEL thickness and fenestra density do not change, fenestra 

area decreases significantly (Briones et al., 2003; Yao et al., 2009).  Both IEL thickness 

and fenestra area variations could be attributed to changes in the mechanical environment 

and cellular function. 

Decreases in IEL thickness and fenestra area are often associated with elastin 

reorganization and elastin degradation.  Elastin reorganization would appear to be more 

plausible in hypertensive rats since elastin content resulted in no change (Gonzalez et al., 

2005).  Expression of elastin seen in the present study was observed to be structured in a 

number of different ways throughout the vascular wall (ECM, EEL, and IEL).  These 

structures were not always the same between vessel types, which suggests that the 

conformational changes of elastin are common in different mechanical environments 

(Clifford et al., Unpublished data).  These changes in elastin arrangement could be 
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regulated through production and organization of a family of glycoproteins named emilin.  

Emilin has displayed connections from the elastic fiber base structure, microfibrils, and 

vascular SMCs (Bressan et al., 1993; Doliana et al., 1999; Mongiat et al., 2000).  The 

connections to microfibrils can influence tropoelastin binding to the microfibrils, thus 

allowing or disallowing overall production of elastin. The connections between elastic 

fibers and cell surfaces, however, do not appear to be characterized as well.  These 

connections could be the signaling mechanism for elastin remodeling throughout the 

vascular wall. 

Decreased elastin content has been associated with decreased distensibility and 

impaired cellular function.  This is commonly seen in age related vascular remodeling.  

As part of this vascular remodeling is an increased stiffness of the vessels.  This stiffness 

can be influenced by increases in the collagen to elastin ratio.  This ratio could be 

affected through degradation of elastin through increased elastase activity or protein 

glycation as described above (Konova et al., 2004).    Elastin degradation through 

elastase caused significant vessel lengthening and shifts in the passive pressure-diameter 

relationship, but no noticeable effect on vascular reactivity to vascular agents was 

observed under the conditions of the study (Clifford et al., Unpublished data).  The vessel 

lengthening and shifts in pressure-diameter relationship could be associated with 

degradation of adventitial and internal elastin.  Further confirmation of aging stiffness 

due to elastin degradation was provided by Hodis and Zamir (Hodis and Zamir, 2009).  

They provided a fractional derivative model in which elastin fatigue occurred throughout 

the life cycle and the load bearing function of elastin was taken over by collagen.  This 

would result in increased stiffness and decreased distensibility.  
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As a preliminary study into the effects of aging, the imaging protocol was 

extended to the Fischer 344 rat, the preferred rat model to mimic aging (Cizza et al., 

1995; Goel et al., 2010).  Cremaster arterioles and mesenteric arteries were isolated from 

nine and twenty four month rats.  The vessels were subjected to the same imaging 

technique as cremaster, cerebral, and mesenteric vessels from Sprague Dawley rats.  

Successful results were able to be collected from each vessel.  As our results show, the 

structure of the IEL from a mesenteric artery was noticeably different between the young 

and old.  This change in structure could be attributable to elastin degradation.  In small 

mesenteric arteries, Briones et al. (2003) showed that elastase treatments caused 

fragmenting of the IEL and decreased distensibility at low pressures, though no 

measurement was taken on vessel length.  This is in agreement with elastin degradation 

resulting in increased vessel stiffness of aging individuals.  Extensive data quantification 

was not performed on these results because the number of samples was too small.  

Fenestra area and density measurements were recorded but the data varied between 

groups and produced a large standard error.  With a low number of trials, no significant 

difference existed between ages.  Further studies using the imaging protocol given could 

provide significant results. 

Another theory on the decreased distensibility of arteries stems from elastin 

reorganization in the IEL.  Changes in the organization of the IEL of small and large 

arteries have been recorded while elastin content was unchanged (Boumaza et al., 2001; 

Briones et al., 2003).  Decreases of fenestra area in mesenteric arteries were also 

observed in spontaneously hypertensive rats (Gonzalez et al., 2005).  These changes in 

fenestra area could have a twofold effect on distensibility.  First the smaller fenestrae 
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together with the thickened wall seen in hypertension would increase stiffness.  Second 

the deceased area of fenestrae would decrease the amount of area that blood and 

endothelium derived factors could travel through to reach the SMCs.  Few studies on IEL 

changes in arterioles and perhaps none on EEL or adventitial elastin have been performed 

due in part to the relatively low amounts of elastin in these vessels.  Additional studies 

could be performed to narrow the focus of IEL remodeling. 

The lack of significant differences in characteristics between vessel types may be 

attributed to the process used for data quantification.  Using the automated detection 

software in Imaris, the number of fiber branch points and IEL fenestrae were determined.  

It was noted that bends in elastin fibers would often be interpreted/counted as branch 

points, which would lead to the overall computed length between branch points being 

lower than the actual length.  In addition, dark areas, or shadows, in the IEL would often 

be counted as fenestra.  Dark areas around IEL fenestrae would also increase the apparent 

size of individual fenestra.  While the automated detection did not produce accurate 

results of quantified data, these measurements, if done correctly, would offer an excellent 

classification for vessel types. 

 

Summary 

The current nomenclature for structure of the vascular wall recognizes three 

distinct layers: intima, media, and adventitia based on cellular location.  As more research 

is presented and 3D structure of the vascular wall becomes better understood, the 

nomenclature begins to fall short.  For example, adventitial proteins such as elastin and 

collagen are located throughout the vascular wall.  In the present study, we show that 



82 
 

elastin is also located in between each layer.  More and more research shows that IEL 

structure, composition, and remodeling can have significant impacts on vascular function.  

Collagen, located in the basement membrane, has not been a focus of this study but it also 

forms a significant layer in the vascular wall.  Updated nomenclature or further 

classification of the vascular wall to include five or six layers could further a general 

understanding of vascular structure. 

In summary, the adventitial elastin content and arrangement has been proven to 

vary greatly between tissue environments.  Cremaster and mesenteric vessels exhibited 

extensive adventitial elastin content as well as an external elastic layer believed to be 

responsible for protecting the vascular SMCs and keeping them in place, while cerebral 

vessels showed none of these features.  Cerebral vessels do contain adventitial proteins; 

however none of the Alexa dyes or antibodies used in this study ever showed staining in 

the adventitia of cerebral arteries.  The differences in mechanical environment of these 

tissue beds have been thoroughly discussed.  The purpose of these adventitial fibers is 

believed to be responsible keeping the vessels constrained on the axis of blood flow and 

therefore be able to lengthen when required.  This function is necessary cremasteric and 

mesenteric arteries that would be expected to experience longitudinal strain.  To the best 

of our knowledge, our approach for fluorescent staining of elastin in arterioles is novel 

and could provide a valuable tool for future investigations of the vascular wall.  

Importantly, this provided a 3D basis for understanding elastin structure in small arteries 

and arterioles.  All vessel types exhibited an IEL between the SMCs and endothelial cells.  

Sizes of fenestra area and density were not significantly different between the vessels 

studied from each tissue bed.  The imaging protocol for staining these small arteries and 
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arterioles clearly shows these differences in elastin structure.  Understanding of the 3D 

structure of elastin in healthy arteries will further advance the research into pathological 

states associated with elastin changes. 
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CHAPTER 7 

CONCLUSIONS 

 

 A detailed imaging protocol has been developed for staining elastin content and 

arrangement in the arteriolar wall.  Fluorescent staining with Alexa 633 Hydrazide 

visualized elastin in the ECM, EEL, and IEL.  The approach can be complemented with 

other fluorochromes, including that of the stains similarly loaded into the same vessel, 

such as nuclear dyes and antibodies to specific proteins.  The staining was applied across 

vascular beds including those of cremaster muscle, cerebral circulation, and mesentery, as 

well as the same tissues in a rat model of aging.   

 Several Alexa Hydrazides with separate emission spectra have been shown to 

stain elastin and in some cases other ECM components in these vessels.  The variations 

between dyes have been recorded and characterized.  Loading different Alexa stains into 

the same vessel allows for imaging before and after experimentation while knowing what 

differences are to be expected in dye staining patterns.  This also allows for development 

of customizable experiments.  If the emission of one Alexa will influence the emission of 

a different fluorochrome, two separate ECM stains are available. 

Alexa 633 specifically targeted elastin, which showed differing arrangements of 

elastin throughout the vascular wall.  In cremaster arterioles, elastin was observed as 

longitudinal elastin fibers in the ECM, a shorter, mesh of fibers in the EEL, and the 

fenestrated sheet of the IEL.  Similar arrangements of elastin were observed in mesenteric 

arteries.  Elastase treatment cleaved ECM and EEL elastin fibers in the cremasteric 
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arteriole and the result was an irreversible lengthening.  Through the described 3D 

confocal imaging technique, we concluded that elastase primarily digested the 

longitudinal fibers which confirmed our hypothesis that elastin constrains these vessels in 

a longitudinal direction.  This permanent state of constraint would allow for vessels to 

lengthen when required with no damage to the vascular wall.  However, elastin 

fluorescence was only generated in the IEL of cerebral arteries.  One reason for the 

heterogeneity of elastin structure between vessel types could be due to the differences in 

the mechanical environments.  The cerebral arteries may not require as much elastin if 

the mechanical environment of the brain is relatively stable.  The IEL could adequately 

provide the stability needed for these vessels. 

Changes in elastin arrangement have been recorded in physiological and 

pathological states, which indicate that elastin contributes a necessary mechanical 

property on the vascular wall.  Brief increases in intraluminal pressure have resulted in a 

rearrangement of the IEL.  Prolonged exposure to increased intraluminal pressure has 

also been shown to result in remodeling of the IEL.  When elastin is degraded through 

enzymatic activity or fatigue, the stress bearing function relies entirely on collagen which 

culminates in stiffer blood vessels.  
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CHAPTER 8 

FUTURE DIRECTIONS 

 

Although elastin structure has been shown to be important to vascular mechanical 

properties, the arrangements of other ECM proteins are almost certainly vital to vascular 

function.  Collagen has been shown to provide strength to the arterial wall (Barnes and 

Farndale, 1999).  Fibronectin has been shown to have connections to vascular SMCs and 

endothelial cells and influence cellular activity (Sun et al., 2008).  Further probing into 

the structure and arrangement of these proteins as well as other ECM proteins such as 

vitronectin and laminin, will also significantly advance understanding of vascular 

mechanics. 

 

The heterogeneity of the elastin between vessel types has been shown here but the 

exact causes of these differences are unknown.  One candidate is the mechanical 

environment in which these vessels exist.  However, this is certainly not the only possible 

cause.  Further understanding of the biomechanical properties of blood vessels with and 

without elastin could narrow the number of possible causes.  Since cremasteric arterioles 

treated with elastase are still capable of myogenic activity, it can be concluded that 

elastin primarily influences tension on the vessel wall.  The fenestrae in the IEL could 

certainly impact vascular responses to stimuli from the blood stream or endothelial cells.  

What effects various tensions and fenestra areas have on the vascular wall is still 

unknown.   
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Mechanotransduction through ECM-SMC and ECM-endothelial cell integrin 

connection has been studied (Martinez-Lemus et al., 2005).  Most current research into 

mechanotransduction focuses on fibronectin, but a protein like elastin that is closely 

connected with vessel length would almost certainly have an impact on mechanosensing.  

One possible integrin connection, αvβ3, between elastin and vascular cells has been 

implicated during elastin synthesis.  However, there are other possible integrin 

connections during mechanosensing.  High resolution imaging through the technique 

provided here could highlight possible connections between the ECM and vascular wall.  

Short fibers in the EEL could connect the ECM to the IEL and thus transmit forces 

between the two structures.   

 

 Imaging elastin defects in the ECM composition in diabetic and other 

pathological states will need to be performed.  Individuals suffering from diabetes 

mellitus have been shown to have increased vascular stiffness (Soldatos et al., 2011; 

Thelwall et al., 2011).  This cause of the increased stiffness in these blood vessels is the 

basis for much current debate on the subject.  This imaging technique for small arteries 

and arterioles could lead to answers that would change the focus of this controversy.  
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