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Abstract 

The number one cause of death in the industrialized world, atherosclerosis, can 

be treated through a variety of methods: angioplasty, stenting, vein graft bypass, 

synthetic grafts, and maybe one day tissue-engineered blood vessels (TEBVs). The long-

term goal that motivated this research is to deliver umbilical cord blood-derived 

endothelial progenitor cells (CB-EPCs) to damaged arteries, and thereby reduce the rate 

of occlusion by re-establishing a healthy, functional, intact endothelium.  The proposed 

research tested the following hypotheses: (1) Mild trypsinization methods produces 

strong endothelial cell (EC) adhesion strength, (2) CB-EPCs are functionally similar to 

native ECs (specifically human aortic endothelial cells (HAECs)) and exhibit similar anti-

thrombotic and anti-inflammatory behavior compared to HAECs, (3) CB-EPCs are 

capable of adhering to smooth muscle cells (SMCs) and extracellular matrix (ECM) 

proteins under flow conditions, (4) CB-EPCs can be used to prevent thrombosis in mice 

that have undergone vein bypass grafts through re-endothelialization of the vessel, and 

(5) CB-EPCs are capable of proliferating under flow conditions. In order to produce 

supraphysiological adhesion strengths of HAECs or CB-EPCs, the cells must be 

detached using 0.025% trypsin for 5 minutes prior to adhesion to adsorbed ECM 

proteins or SMCs.  CB-EPCs have a high proliferation rate and express similar levels of 

important anti-thrombotic genes and inflammatory proteins compared to HAECs. CB-
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EPCs and HAECs produce similar levels of nitric oxide and alignment in the direction of 

flow when exposed to laminar shear stress for at least 24 hours.  CB-EPCs are capable of 

dynamic adhesion to many different substrates under flow conditions. The adhesion of 

CB-EPCs with response to shear stress appears to be biphasic and increases with shear 

stress up to 0.75 dyn/cm2 and then decreases above this value.  CB-EPC adhesion is 

much greater than HAECs and EPCs isolated from peripheral blood (PB-EPCs) of 

healthy individuals, which can be related to their higher expression level of adhesion 

integrin α5β1 and/or their smaller size. When seeded onto FN coated plastic, CB-EPCs 

proliferated under flow conditions and had a much shorter doubling time than PB-EPCs 

and HAECs. Proliferation of CB-EPCs and HAECs on SMCs was limited. Further, CB-

EPCs formed network-like structures except when growth factors were removed and a 

shear stress of at least 5 dyne/cm2 was applied.  To assess whether CP-EPCs could 

promote vessel repair in vivo, human CB-EPCs were injected into SCID mice that 

received a carotid interpositional vein grafts, resulting in 100% patency. In contrast, only 

2 of the 8 saline injected mice had a patent vein graft 2 weeks post surgery.  We found 

that CB-EPC injected mice had roughly 55% endothelialization compared to less than 

20% for the patent saline controls, with CB-EPCs making up approximately 33% of this 

coverage.  These results suggest that CB-EPCs could be used as a therapeutic method to 

prevent vessel occlusion in patients undergoing vein graft bypass surgery.  
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Chapter 1. Project Significance and Goals, Backgrou nd, 
Hypothesis and Specific Aims 

1.1 Project Significance and Goals 

Atherosclerosis is a pathological inflammation of the arteries [1, 2] and is the 

leading cause of morbidity and mortality in the industrialized world [3]. The underlying 

cause of atherosclerosis arises from endothelial dysfunction of large and medium-size 

arteries [2], which is affected by a number of risk factors such as: elevated plasma 

cholesterol and accumulation, hypertension, diabetes, smoking, rheumatoid arthritis, 

genetics, age, and gender [4-6] .  Endothelial cell (EC) dysfunction can be followed by 

leukocyte adhesion and invasion, smooth muscle cell migration and growth, which can 

lead to the formation of atherosclerotic lesions.  Intimal thickening and ultimately 

occlusion of the damaged vessel are possible results of this disease that are frequently 

observed [4-6], unless treatment occurs before total occlusion.  

Other than drug treatment, there are currently two major interventional forms of 

treating atherosclerosis: angioplasty or cardiac revascularization (also known as a 

bypass grafts).  In 2004 there were 1,285,000 angioplasties performed and 427,000 cardiac 

revascularizations performed [1]. Angioplasty involves temporarily inserting and 

inflating a balloon into a narrowed artery in order to widen it.  This can be coupled with 

stent placement, in which the balloon is inside the stent and once the balloon is inflated 

the stent is permanently put into place inside the narrowed artery to keep the vessel 
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open [7].  Bypass grafts involve using an autologous vessel, very commonly the 

saphenous vein, to bypass an occluded region of the vasculature.   

Angioplasty, stents, and bypass grafts are all capable of failure through vessel 

occlusion.  Angioplasty and stents can cause further injury to the vessel by denuding 

and damaging the endothelium [4, 5, 8-10].  Approximately, 20-40% of angioplasty 

treated vessels experience restenosis within 6 months of treatment [7, 11-13].  The use of 

bare metal stents decreases the restenosis rate to less than 20%, and drug eluting stents 

decreases it even further to 10% within the first year [14].  However, drug eluting stents 

appear to increase the incidence of late stage thrombosis from 1.3 to 2.6% and cardiac 

death (most likely from thrombosis) from 1.3 to 4.6% compared to bare metal stents, 

which may be related to the drugs inhibition of EC proliferation (and hence re-

endothelialization) [14].  The failure associated with these procedures has been 

suggested to be due to endothelial injury and detachment [12, 13, 15-19].  In addition, 

approximately 28% of coronary bypass surgeries result in vessel occlusion, which is 

associated with increased loss of endothelium from the vein grafts [20, 21].  Greater than 

40% of the vein grafts, which are more common in usage than arterial grafts due to 

availability, fail within 10 years due to accelerated atherosclerosis caused by the 

development of neointimal hyperplasia [22]. The injury to the endothelium caused by 

these procedures may stimulate re-endothelialization of the vessel, however, the native 
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repair process to restore endothelial function appears to take too long to prevent the 

proliferation of smooth muscle cells, which can lead to intimal hyperplasia and/or 

thrombosis of the target vessel [8].  Re-endothelialization must occur quickly after injury 

because it can impair smooth muscle cell proliferation and intima thickening caused by 

the vascular injury [4, 5], and can impair the deposition of platelets and fibrin.   

Until recently, it has been believed that re-endothelialization was only controlled 

by the migration and proliferation of endothelial cells (ECs) adjacent to the damage in 

the vessel wall [4, 23].  However, it has been suggested that endothelial progenitor cells 

(EPCs) derived from the bone marrow (BM) and released into the peripheral blood can 

contribute to re-endothelialization after EC injury as well [5, 24].  

Levels of circulating EPCs are not always sufficient to prevent intimal 

hyperplasia and/or thrombosis, especially since older patients and patients with 

atherosclerosis may have a reduced number of circulating EPCs [25-28].  In addition, it 

has been suggested that increased levels of endogenous circulating EPCs in these older 

and/or diseased individuals does not promote re-endothelialization due to the decreased 

adhesion capacity of their EPCs [23, 29].  Thus, to recreate a healthy endothelium, it may 

be necessary to add an exogenous source of younger and healthier EPCs. Cord blood 

derived EPCs (CB-EPCs) may be a suitable candidate for re-endothelialization of vessels 

that have undergone vascular treatment since they are easily obtainable, have a high 



 

4 

proliferative potential [30], and are suitable for transplantation since they have an 

immune tolerance that allows successful transplantation despite human leukocyte 

antigen (HLA) disparity, or they can be matched up from donor-to-recipient through the 

use of the HLAs present [31-33].   

There are at least two distinct populations of EPCs isolated from peripheral and 

cord blood: early outgrowth colony-forming unit endothelial cells (CFU-ECs) and late 

outgrowth endothelial colony forming cells (ECFCs).  Most of the research in the 

literature has focused on CFU-ECs, which are actually of a myeloid lineage [34], display 

markers for monocytes, and have a limited capacity to proliferate. The research 

presented in this dissertation focuses on ECFCs, which are distinct from CFU-ECs and 

exhibit more EC makers and qualities as discussed in Chapter 1 and shown in Chapter 3, 

which suggests that ECFCs may be inherently more favorable for vascular treatment 

options.  

Since re-endothelialization requires strong adhesion of the EC/EPCs to the 

underlying extracellular matrix (ECM) or smooth muscle cells (SMCs), the first aim of 

this dissertation was to optimize the adhesion of ECs in order to maintain their adhesion 

once they are exposed to shear stress.  If we could not obtain strong adhesion of the ECs, 

then the research would have necessarily focused on optimizing EC adhesion.   
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Once we established cell culture and trypsinization conditions to obtain strong 

adhesion the next goal was to successfully isolate CB-EPCs as previously done in the 

literature and verify that these trypsinization methods promoted strong adhesion of CB-

EPCs as well.  After their strong adhesion was established we characterized their anti-

thrombotic and anti-inflammatory behavior under flow conditions as compared to 

human aortic endothelial cells (HAECs).   

After determining the adhesion strength and anti-thrombotic behavior of CB-

EPCs my next goal was to determine if they can dynamically adhere and proliferate in 

vitro using models of damaged vessels under flow conditions.  Since patients undergo 

cardiovascular treatment that may not allow for a prolonged disruption in the blood 

flow, the cells must adhere when flowing past the damaged vessel.  In addition, the 

adherent cells need to proliferate under flow in order to create a confluent monolayer.  

My final goal was to determine if CB-EPCs injected into the vasculature of the mouse 

promote healing and prevent occlusion of the vessel.  

1.2 Background 

1.2.1 Artery Structure and EC Function  

Arteries consist of three layers, the intima, media, and adventitia. The intima is 

the innermost layer and consists of endothelium overlaying a basement membrane. 

Beneath the endothelium, the basement membrane is comprised of a network of 
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extracellular molecules such as collagen, elastin, fibronectin, thrombospondin, laminins, 

and heparin sulfate proteoglycan [35].  ECs bind to ECM proteins in the basement 

membrane through integrins.  Integrins are heterodimeric transmembrane proteins 

composed of various alpha and beta subunits.  There are over 20 known integrins that 

bind to ECM proteins in a selective and specific manner.  The media consists of 

alternating bands of SMCs and ECM consisting of fibrillar collagens and glycoproteins, 

such as fibronectin [36, 37]. The adventitia, the outermost layer, consists of loose 

connective tissue [35].  

ECs are typically a non-proliferative monolayer found on the inner lining of 

vessels and play an important role in maintaining the physiological and biochemical 

conditions in blood vessels [12, 15, 19, 35, 38].  They provide a non-thrombogenic 

surface, act as a physical and biochemical barrier, secrete bioactive substances that 

control the vascular tone and blood flow, modulate vascular wall remodeling through 

regulation of the behavior of SMCs [15] [19], regulate vascular permeability, and 

regulate cellular adhesion to the arterial wall [38].   

Nitric Oxide (NO), prostacyclin (PGI2), and endothelin-1 (ET-1) are all secreted 

by ECs and influence vascular hemodynamics [39].  NO’s principal effect is to promote 

vasodilation of the blood vessel, but it also inhibits leukocyte and platelet adhesion, 

inhibit platelet activation, secretion, and aggregation, promotes platelet disaggregation, 
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and inhibits SMC migration and proliferation [35, 39, 40]. NO is generated from NO 

synthases, such as eNOS, and is constitutively secreted by ECs [39].  However, it’s 

production is modulated by exogenous chemical and physical stimuli, such as shear 

stress [39, 40]. PGI2, which is produced by cyclooxygenase-2 (COX-2) transcription, is 

also responsible for vasodilation and prevents platelet aggregation and deposition [35, 

39].  On the other hand, ET-1 is a very potent vasoconstrictor and promotes SMC 

proliferation [35, 39].  PGI2 and ET-1 are synthesized primarily in response to changes in 

the external environment [39].  

EC’s expression of the anti-thrombotic molecule, thrombomodulin, helps contain 

thrombin activity [39].  Thrombin is functionally important for the blood coagulation 

since it is known to activate platelets, coagulation enzymes, and cofactors and is also 

responsible for stimulating pro-coagulant pathways in ECs [39]. Fibrin is also involved 

in blood coagulation, therefore, fibrinolysis is important in maintaining vessel 

homeostasis and is promoted by the presence of thrombomodulin and tissue 

plasminogen activator (tPA) [41].   

The transcription factor Kruppel like factor-2 (KLF2), which is exclusively 

expressed within the endothelium in the vasculature, is a key regulator of oxidative and 

inflammatory responses to shear stress [41].  KLF2 induces eNOS and thrombomodulin 

expression and activity and reduces ET-1 expression [41].   
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Inflammation from atherosclerotic lesions disrupt the quiescent anti-thrombotic 

behavior of ECs and induces them into a pro-thrombotic and anti-fibrinolytic state [39].  

Dysfunctional ECs induce thrombus and plaque formation in the vessel wall.  The 

formed thrombi release many bioactive substances, including thrombin, platelet-derived 

growth factor, and fibroblast growth factor [15].  These bioactive substances 

phenotypically alter SMCs into a proliferative and migrating state, which are typically in 

a quiescent non-proliferating state in healthy vessels [12, 15], leading to the development 

of intimal hyperplasia [15].   

1.2.2 Occlusion of the Atherosclerotic Treated Vess el  

Many patients with atherosclerotic lesions undergo angioplasty or bypass graft 

procedures, with the saphenous vein being the most commonly used vessel for bypass 

grafts.  Both of these procedures are subject to vessel occlusion partly due to the 

disruption of the endothelium.  It has been suggested that venous stenoses closely 

resembles the arterial restenosis observed after angioplasty procedures [42]. Some 

people are more susceptible to occlusion due to their medical history, anatomical 

variables (smaller vessel diameter, longer lesions, etc), and procedural complications.  In 

addition, there are a number of patients without any of these predisposing factors that 

still experience occlusion [16].  Therefore, it is important to understand the details 

involved in restenosis and thrombosis in order to consider preventative methods.  
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Vessel failure post-treatment may be either due to restenosis or thrombosis 

within the vessel. Both neointimal hyperplasia and arterial remodeling are thought to be 

involved in restenosis [43]. Intimal hyperplasia is the pathologic hallmark of restenosis, 

which is a fibrocellular lesion composed primarily of SMCs and ECM that restricts blood 

flow due to narrowing of the vessel [9].  Significant intimal thickening cannot occur from 

large areas of endothelial denudation alone (although mild thickening occurs with late 

endothelial regeneration). Substantial medial trauma must also occur, which includes 

rupturing of the internal elastic lamina [12, 44].   

The exposure of ECM proteins to flowing blood leads to platelet aggregation and 

fibrin formation immediately after endothelial denudation [45], which are the main 

constituents of a thrombus [46]. Platelets also release constituents of their alpha granules 

within minutes, which promote SMC activations [44].  The activated, adhered platelets 

release ADP and thromboxane A2, which are molecules that help to recruit additional 

platelets and hence further amplify platelet activation and aggregation [47].  The 

platelets also undergo conformational changes that facilitate fibrinogen binding and 

coagulation cofactors that leads to the conversion of prothrombin to thrombin, which 

amplifies the platelet-fibrin thrombus formation [47].  The presence of an endothelium 

would inactivate thrombin and fight thrombus formation, however the loss of an 

endothelium leaves thrombin unopposed [47].  
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SMCs are activated after medial trauma and endothelial denudation, which leads 

to de-differentiation, within 30 minutes of arterial injury caused by angioplasty [44] and 

their proliferation and migration plays a pivotal role in restenosis [12, 44].  Activated 

SMCs shift from a contractile to synthetic phenotype and this leads to proliferation, 

migration, and synthesis of ECM.  SMCs begin proliferating within 24 hours after injury 

and can remain in this proliferative state up to two weeks post-injury in the rat carotid.  

Approximately 20-40% of medial SMCs enter the cell cycle and migrate to the intima 

through breaks in the internal elastic membrane. Two to four weeks after the initial 

injury, the SMCs synthesize ECM, which leads to additional intimal thickening.  

However, animal models have shown that intimal thickening reaches a maximal size 2-3 

months after injury and the SMCs return to a contractile phenotype at this time [44].  

ECs also begin to proliferate and migrate within hours after arterial injury, but 

unlike SMCs their proliferation and migration is meant to help the injured vessel.  EC 

activation is initiated by loss of contact inhibition, stretching of the vessel, or exposure to 

certain growth factors that are secreted by ECs, SMCs, and circulating cells.  ECs can re-

endothelialize a denuded surface from the edges of the denuded regions and are capable 

of fully re-endothelializing small injuries, but human vascular ECs alone are incapable 

of re-endothelializing larger denuded regions, possibly due to the limited proliferative 

ability [44].  
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Injured arteries that are rapidly re-covered with ECs are protected from 

accumulation of SMCs, and when re-endothelialization is delayed, some extent of 

intimal hyperplasia typically results [44]. There are a number of plausible reasons why 

the endothelium prevents intimal thickening.  Two such reasons are its role as a 

permeability barrier and its secretion of growth inhibitory substances. If the barrier is 

not present, then growth factors in the plasma have access to SMCs, and may induce 

cellular proliferation and migration. The proteins in the plasma also affect the SMCs; for 

example, fibronectin promotes modulation of SMCs from the contractile to synthetic 

phenotype [12].  Therefore, methods to improve re-endothelialization of damaged 

vessels would be an ideal approach to prevent intimal thickening and thrombosis.   

1.2.3 Endothelial Progenitor Cells (EPCs)  

1.2.3A Methods of EPC isolation and culture  

The term “endothelial progenitor cell” is used to represent a very diverse group 

of cells that express a number of endothelial antigens.  However, not all of these cells 

may differentiate into functional endothelium.  There are three commonly used methods 

to isolate and culture EPCs, which result in two very different cell types (Figure 1.2). The 

original method of culturing EPCs was developed by Asahara et al. [43] and later 

modified by Hill et al. [48]. First, adult peripheral blood or human umbilical cord blood 

mononuclear cells (MNCs) attach to fibronectin-coated surfaces.  After 48 hours, the cells 
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that have not adhered are removed and subsequently re-plated on another fibronectin-

coated surface. From this sample, colonies formed in 5-9 days. The cells in these colonies 

are round with some spindle-shaped cells protruding around the periphery. Cells 

isolated by this method of culture are known as colony-forming unit-ECs (CFU-ECs) or 

early outgrowth EPCs [49]. A kit (Endocult) is available from StemCell Technologies to 

isolate CFU-ECs based on the protocol developed by Hill et al. [48]. 

The second method involves culturing whole blood MNCs for several days 

before removing non-adherent cells. While these cells are very similar in surface marker 

expression and function to the CFU-ECs found in Method 1, they are called circulating 

angiogenic cells (CACs).  CACs are different from CFU-ECs because they have different 

colony morphology and are much more prominent in the whole mononuclear 

population (Table 1.1) [49].  

In the third method, adult peripheral blood or umbilical cord blood mononuclear 

cells are seeded onto plates coated with collagen I.  Similar to CAC culture, the non-

adherent cell population is discarded, however, this is done within the first 24 hours in 

order to remove all contaminating cells, and the targeted adherent population is 

cultured. After about 10-21 days, colonies form from these cells and are called 

endothelial colony-forming cells (ECFCs).   
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Figure 1.1: Common methods of EPC culture. Culture of colony-forming unit-

endothelial cells (CFU-EC, Method A, scale bar = 100µm) includes a 5-day process 

wherein non-adherent mononuclear cells (MNCs) give rise to the EPC colony. 

Circulating angiogenic cells (CAC, Method B, scale bar = 200µm) are the adherent MNCs 

of a 4- to 7-day culture procedure. CAC cultures typically do not display colony 

formation. Endothelial colony-forming cells (ECFCs, Method C, scale bar = 400µm) are 

derived from adherent MNCs cultured for 7-21 days in endothelial conditions and 

colonies display a cobblestone morphology. From Prater DN et al. Working hypothesis 

to redefine endothelial progenitor cells. Figure was borrowed from Leukemia, 

2007;21(6):1142. [49] with permission. 
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Table 1.1: Comparison of EPCs [51, 80, 122] 
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1.2.3B Characterization of EPCs  

CFU-ECs and hematopoietic stem cells (HSCs) are both derived from a common 

precursor believed to be a hemangioblast present in the bone marrow [47, 48] (Figure 

1.2). CFU-ECs and HSCs share a number of common cell markers, such as CD133 and 

CD34 [49, 50] and since an EPC-specific molecular profile has not yet been defined and 

there are very low numbers of ECFCs and CFU-ECs present in the blood, it is difficult to 

directly collect EPCs by isolation from HSCs, monocytes and macrophages [32]. Asahara 

and colleagues [43] initially identified CFU-ECs by the expression of vascular 

endothelial growth factor receptor-2 (VEGFR-2, Flk-1 or KDR) and CD34. They found 

that CFU-ECs are derived from a precursor population in the bone marrow that 

expresses CD133, CD45, CD34, and the VEGF receptor Flk-1. After release into the 

bloodstream, these cells lose CD133 and express CD31 (PECAM), von Willebrand factor 

(vWF) and bind acetylated LDL. 

Within 5 days of isolation these cells form clusters comprised of round cells 

located centrally and sprouts of spindle-shaped cells located at the periphery.  The 

purity of the starting population of these cells were measured by typical EC markers and 

found to be 15.7% CD34, 27.6% VEGFR-2, and 94.1% CD45 (CD45 is found on all HSCs, 

monocytes and macrophages).  Seven days after attachment 27.2% of the cells still 

expressed CD45 and there was increasing expression of CD31, CD34, VEGFR-2, Tie-2 
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(receptor tyrosine kinases found on ECs and HSCs), and E-selectin (an adhesion 

molecule involved in leukocyte adhesion and found on activated endothelium) [43]. 

These cells, initially termed EPCs, are now commonly called CFU-ECs [51].  

Lin et al. identified ECFCs from peripheral blood and termed them late blood 

outgrowth ECs or endothelial outgrowth cells (EOCs) since they appear after CFU-ECs 

and because they have such a remarkable proliferative capacity [52].  These ECFCs can 

be serially passaged and have the potential to grow for 30 population doublings, 

whereas CFU-ECs may undergo more limited growth.  In addition, cord blood ECFCs 

may be derived from a different population of progenitors than peripheral blood 

derived ECFCs, since they are younger and have a greater potential to proliferate.  This 

conjecture is supported by the 15 fold increase in ECFCs from cord blood, the earlier 

emergence of ECFCs from cord blood than adult blood, and their ability to expand for at 

least 100 population doublings (compared to peripheral ECFC’s 30 doublings) without 

signs of senescence [50].  Single cells from cord blood can also divide and form 100-fold 

greater number of cells compared to peripheral blood and have a significantly higher 

amount of telomerase activity [30].  
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Figure 1.2: Schematic of the origins of the various types of EPCs found in the blood.  

Hematopoietic stem cells (HSCs) in the bone marrow either undergo self-renewal or 

differentiate into mononuclear cells. Mononuclear cells (MNCs) can be separated into 

hematopoietic stem cells (HSCs) and circulating endothelial cells (CECs) by the presence 

of CD45. Circulating angiogenic cells are a subset of HSCs, and CACs can be separated 

further into colony-forming unit-ECs (CFU-ECs) and hematopoietic progenitor cells 

(HPCs).  Endothelial colony-forming cells (ECFCs) can be isolated from CECs. 
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There is a growing amount of interest in EPCs isolated from both peripheral and 

umbilical cord blood in treating various cardiovascular diseases.  However, the 

differences in blood source and isolation procedures previously described make it 

difficult to understand the potential of these cells.  The evidence suggests that the ECFCs 

that Yoder et al. isolated [34], should be considered ‘true’ EPCs, while cells from other 

isolation techniques may have EPC qualities but are most likely a heterogeneous 

population of monocytes and macrophages.   

1.2.4 EPCs in Circulation  

Under normal conditions, only 0.01% of the circulating mononuclear cells in 

human peripheral blood are EPCs, (which are actually CFU-ECs).  However, the number 

of CFU-ECs is elevated by a variety of signals, such as chemokines and 

cytokines/growth factors: vascular endothelial growth factor (VEGF) [25, 26, 51-54], 

granulocyte macrophage colony-stimulating factor [25, 26, 51-53], granulocyte colony 

stimulating factor (G-CSF) [25], stromal cell-derived factor-1 (SDF-1) [55], fibroblast 

growth factor-2 [25],  and angiopoietins [25]; hormones (erythropoietin, estrogen) [26, 

51]; and signaling molecules: NO and Akt [26, 51]. Drugs (such as statins) [26, 51] and 

physical exercise has also been shown to increase CFU-ECs levels in both humans and 

mice [26].  
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On the other hand, patients with atherosclerosis have a reduced number of CFU-

ECs and both age and smoking, which are two major risk factors for atherosclerosis, are 

also associated with a reduced number of circulating CFU-ECs.  Patients with a number 

of risk factors for atherosclerosis and/or have diabetes also have a reduced level of 

circulating CFU-ECs [25-28].  In addition, the circulating CFU-ECs have a reduced 

ability to proliferate and differentiate when cardiovascular risk factors are present [32]. 

However, patients with acute vascular injury and inflammation have an increased level 

of CFU-ECs, while patients that experienced in-stent restenosis have a decreased level 

[56].  This suggests that EPCs respond to vessel damage in an attempt to heal, but 

patients with decreased levels of EPCs due to athero-prone factors may have restenosis 

of the vessel.  

Possible reasons why the level of CFU-ECs declines as a person ages include a 

reduced capacity to mobilize or differentiate, and/or exhaustion of stem/progenitor cells 

in the bone marrow with time [56].  EPCs may have an increased susceptibility to 

apoptosis because of an imbalance between pro- and anti- apoptotic factors and/or a 

decline in antioxidant defense.  With advancing age, HSCs lose their ability to react to 

stress-induced mobilization [26].  It is known that the production of VEGF and NO, 

which both help the mobilization and proliferation of EPCs, also decreases with age [56].  
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A recent clinical study found that patients that experienced stent restenosis had a 

decreased number of CFU-ECs that form colonies in vitro and had an increase in the 

number of senescent CFU-ECs, although they had a similar number of circulating CFU-

ECs as patients that did not have restenosis [23].  Further, CFU-ECs in patients with 

restenosis were shown to have a reduced ability to bind to fibronectin [16].  Therefore, it 

appears that the number of CFU-ECs in circulation does not always correlate with re-

endothelialization, but instead the functionality of the CFU-ECs is the important factor.  

It is possible that people with higher risk factors for cardiovascular disease have a 

decrease in functioning CFU-ECs and hence increasing the number of endogenous CFU-

ECs may have no effect on their disease state.    

Although it is interesting to note all the factors that affect CFU-ECs, the effect of 

these conditions on ECFCs, which is the cell type of interest for this study, is not yet 

fully understood.  Recently, Stroncek et al. have successfully isolated ECFCs from 7 out 

of 13 samples of peripheral blood donated from patients with coronary artery disease 

(CAD) and 9 out of 13 samples of patients with no symptomatic indicators or self-

reported disease ‘healthy patients’ [57].  In addition, all 7 of the ECFCs samples from the 

CAD patients had a high proliferation potential, whereas 4 of the 9 samples of ECFCs 

from healthy patients had a low proliferation potential and underwent senescence [57].  

This is in agreement with a study by Guven et al. who found that the number of ECFCs 
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isolated in culture increases with the extent of coronary artery disease [58].  In addition, 

Stroncek et al. found that ECFCs from CAD and healthy patients exhibit similar 

adhesion potential and NO production [57].  This recent evidence suggests that ECFCs 

are influenced differently than CFU-ECs by cardiovascular risk factors, and may be 

more abundant and functional in CAD patients.  

1.2.5 Re-endothelialization  

There are two mechanisms by which damaged endothelial cells on a vessel wall 

can be replaced.  In a minor injury, the neighboring ECs can proliferate and migrate to 

the injured area.  However, these cells are limited by senescence and their inability to 

incorporate into remote target sites and hence are unable to repair a large area of 

damage [12, 52].  The second method of repair is through the use of stem cells cycling 

through the peripheral blood [52].  

Rapid re-endothelialization at sites of vascular injury would prevent and/or 

lessen the previously mentioned process of restenosis and thrombosis of the vessel [6, 9, 

11, 12, 15, 17, 38, 59, 60].  There have been a number of studies that demonstrate the 

importance of re-endothelialization on intimal thickening. For example, after de-

endothelialization of a rat thoracic aorta, SMCs only migrated into the intima in areas 

uncovered by regenerated ECs [61].  Over-expression of endostatin, a specific inhibitor 

of EC growth, reduces re-endothelialization and increase neointima size [38].   
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Re-endothelialization may reduce intimal thickening by releasing endothelium-

derived factors that promote endothelial cell re-growth or inhibit platelet and leukocyte 

deposition and SMC migration and proliferation [11]. As previously mentioned, SMC 

proliferation creates intimal thickening, therefore many strategies in reducing thickening 

focus on inhibiting SMC proliferation. Injection of nanoparticles containing rapamycin, 

which is known to prevent SMC apoptosis and proliferation, helped increase re-

endothelialization and decreased neo-intimal hyperplasia in rat carotid artery damaged 

by angioplasty [62].  This was a novel study since previous results have shown that 

rapamycin coated stents prevent re-endothelialization due to its inhibition of cell 

proliferation and hence caused a slight increase in thrombosis observed in human 

patients [14].  Reddy et al. noted that the rapamycin loaded nanoparticles were not in 

direct contact with the endothelium and were present in the media layer where the local 

release affected only the SMCs [62].  These studies show the great importance of 

reducing SMC proliferation and apoptosis on the formation of intimal hyperplasia, 

however, it remains to be investigated if this study could be translated to treatments of 

bypass graft surgery, since the SMCs in the vein bypass may not experience the amount 

of apoptosis as they do after angioplasty and stent procedures [62].   

Although there are other options in preventing vessel occlusion, this dissertation 

focused on the potential of ECFCs to promote re-endothelialization.  Since SMC 
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proliferation is inhibited by rapid re-endothelialization of the vessel [63], this may be an 

ideal method to reduce restenosis and thrombosis. There are two popular re-

endothelialization methods that are currently being explored: cytokine induced 

mobilization of endogenous EPCs [8, 27, 38, 56, 63], and EPC delivery to the damaged 

vessel [5, 12, 15, 27-29, 64-67]. 

1.2.6 Induced mobilization of EPCs (CFU-ECs)  

Recent evidence has indicated that EPCs (most likely CFU-ECs) derived from the 

bone marrow are directed to vascular lesion sites and adhere to the injured vascular wall 

in order to recreate an intact endothelial layer [4, 45, 51, 60]. Increasing the number of 

circulating EPCs by statins [4, 27], estrogen [27], VEGF [38, 63], granulocyte colony-

stimulating factor [27] [8] (G-CSF), and physical exercise all showed enhanced re-

endothelialization after vascular injury [27].  

Introduction of exogenous VEGF, to animals that have undergone angioplasty, 

has been shown to increase re-endothelialization, endothelial proliferation and decrease 

neointima size in denuded mice [38] and in rat vessels [63]. In addition, the removal of 

endogenous VEGF showed a remarkable decrease in re-endothelialization and an 

increase in intimal thickening [38], which represent the importance of VEGF in vascular 

repair.  However, re-endothelialization that occurs due to administration of VEGF may 
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also be due to its ability to mobilize EPCs or augment NO release from the endothelium 

[18] [44].   

VEGF’s mitogenic effects were thought to be limited to ECs, because its high-

affinity binding sites (Flt-1 and FLK-1/KDR and flt-4) were only found on ECs and EPCs 

[63, 68], but it was recently found that Flt-1 (VEGFR-1) is also found on monocytes and 

VEGR-2 (FLk-1/KDR) positive cells have been shown to be of a monocytic lineage [67].  

Hence studies done with VEGF need to carefully determine if non-EC like cells are also 

being attracted to the damaged vessel.  

It is unknown how the presence of VEGF affects re-endothelialization.  It could 

possibly act as a chemoattractant, inducing EPC proliferation, influencing the bone 

marrow/blood barrier, expanding the bone marrow vasculature, or modulating the 

expression of adhesion molecules on the EPCs [25].  In addition, the increase in EPCs, as 

a result of VEGF secretion, can cause an additional source of VEGF, thereby creating a 

local angiogenic environment at the source of secretion (such as an ischemic tissue) [25].  

G-CSF is also a common growth factor used to promote re-endothelialization 

because of its ability to efficiently mobilize hematopoietic precursor cells from the bone 

marrow [8].  In fact, the use of G-CSF after balloon angioplasty in rats has been shown to 

increase re-endothelialization and decrease intimal thickening [8, 56].  G-CSF is also 
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capable of mobilizing bone marrow cells in order to endothelialize and enhance patency 

of small caliber prosthetic grafts [56].   

Although statin therapy has many beneficial effects, it is less attractive in 

recruiting EPCs because it may require several weeks of treatment before an increase in 

EPCs is significant [8].  This is unfavorable because rapid re-endothelialization needs to 

take place in order to prevent restenosis [6, 9, 11, 12, 15, 17, 38, 59, 60], and it would not 

always be possible to treat patients for several weeks before angioplasty or vein bypass 

graft procedures.  

However, there are also negative effects associated with the use of growth 

factors.  Growth factors may help re-endothelialization but also stimulate inflammatory 

cells [8].  For example, G-CSF inhibits pro-inflammatory cytokine production and 

promote neutrophilia, which can lead to further vessel damage [8].  Many growth 

factors, such as basic and acidic fibroblast growth factor [63],  are potent mitogens for 

ECs as well as vascular SMCs [13], which would increase the formation of intimal 

thickening.  In addition, some research has suggested that mobilized bone marrow 

progenitors can differentiate into SMCs, which could also contribute to vessel thickening 

[8].  In fact, a recent clinical study that utilized G-CSF to mobilize EPCs was cancelled 

due to an increased rate of in-stent restenosis [56].   
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One other area of study in the promotion of re-endothelialization is focused on 

recruiting EPCs to stents [60, 69] or synthetic grafts [70] through the use of antibodies or 

peptides bound to the struts [60, 69] or graft surface [70].  A clinical study was 

performed with stents coated with antibodies for CD34 (an antigen known to be present 

on EPCs and other hematopoietic cells), however, there was no significant difference 

found in the hyperplasia formation with the CD34 coated stents and bare metal stents 

[60].  This is similar to results obtained in the study with of CD34 coated synthetic grafts, 

which found an increase in endothelial-like cells, but also experienced an increase in 

intimal hyperplasia [70].  Both of these studies most likely resulted in unfavorable 

outcomes because of the recruitment of non-endothelial cells that can bind to CD34.  

Another study focused on using an Arg-Gly-Asp peptide coated stents to promote EPCs 

to adhere through integrin binding, and they did find an increase in CD34+ cells at 4 

weeks post implantation in a porcine model, which correlated to decreased initmal 

hyperplasia [69].  All of these treatment methods have great potential; however, one 

must be careful to examine the benefits since non-EC like cells can also be attracted to 

these antibodies and peptides, which could promote vessel restenosis.  

It is unclear as to what type of EPCs, ECFCs or CFU-ECs are being mobilized and 

directed to vascular injury.  This is an important point, since the two distinct 

populations most likely affect the damaged vessel differently.  In addition, EPCs derived 
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from the bone marrow of ApoE-/- mice fed a high fat diet for 6 months were shown to be 

less capable of binding to damaged vessels than cells from young ApoE-/-- mice [29].  

Therefore, an increase in the endogenous EPCs in the CAD patients may not always 

correlate with decreased intimal thickening due to their possible decreased binding 

ability. 

Since ECFCs are quite rare (~0.2 cells/mL  [49]), mobilization of the resident 

population of ECFCs and their EPCs precursors may not be sufficient to raise the 

concentration of ECFCs to a level that enables coverage of blood vessels or graft surface 

to be functionally important.  This leads to the need for an exogenous, healthy source of 

EPCs that can be added to the circulation and potentially prevent vessel restenosis and 

thrombosis.  

1.2.7 Exogenously added EPCs (CFU-ECs)  

The local injury in a damaged vessel may provide homing signals to guide the 

CFU-ECs to the target vessel [5].  A number of studies have investigated the use of 

various ECs and CFU-ECs in the re-endothelialization potential of denuded vessels and 

their effects on intimal thickening [5, 11-13, 15, 17, 27-29, 64-67, 71].  

Microvascular ECs derived from adipose tissue seeded onto vessels denuded by 

angioplasty have not produced re-endothelialization, which is most likely due to the 

impurity of the cells and the presence of fibroblasts [11, 17].  Other studies have 
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examined the effects of seeding autologous aortic ECs [13] and jugular vein ECs [71] in 

denuded vessels and found some re-endothelialization after injury, while intimal 

thickening was also present at 4 [71] and 8 weeks [13] after injury. These results with 

microvascular and venous ECs may not be indicative of the potential benefits of 

exogenous ECFCs in re-endothelialization of denuded vessels due to the impurity of the 

cells used.  In addition, delivery methods used a pressure driven catheter, which causes 

additional vessel damage and hence could prevent EC attachment [13].  

The ability to rapidly re-endothelialize a surface partly depends on the number 

of healthy EC/EPCs that are delivered to the damaged site and how well these EC/EPCs 

adhere to the site. The number of ECs delivered is limited by the amount of autologous 

cells that can be harvested from the veins or microvessels, since in vitro expansion is not 

always suitable [15].  Although more studies will need to be conducted to determine the 

number of cells to be used for re-endothelialization, the high proliferative potential of 

EPCs allows for the use of a much larger number of cells if needed.  

Gulati et al. [64], Griese et al. [65], Kong et al. [66], and Nowak et al. [67] all 

achieved increased re-endothelialization and a decrease in intimal formation when 

MNCs from the bone marrow [64] and CFU-ECs derived from peripheral blood [65-67] 

were seeded on injured vessels.   
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Much of the previous research has investigated the potential of exogenous MNCs 

and CFU-ECs through the use of some form of infusion balloon seeding the cells to the 

site of injury [11, 13, 17, 64-67, 71], which typically involves blocking blood flow for up 

to 30 minutes to allow attachment.  Although this method is feasible, it is not always 

practical to block blood flow for this extended period of time, especially in a vessel 

which has undergone angioplasty, and the balloons used to deliver EPCs may cause 

additional damage to the vessel.  

A simple and less invasive method of using exogenous EPCs is through 

intravenous infusion.  This method has been shown to be effective in delivering EPCs to 

sites of vascular injury [5].  Werner et al. achieved a significant increase in re-

endothelialization and a reduction in neointima formation when MNCs derived from 

the spleen (possibly CFU-ECs) were intravenously infused after induction of vessel 

damage.  However, this re-endothelialization was only observed when the spleen of the 

mice was removed, otherwise the MNCs would home to the spleen instead of the injury 

site [5].  In addition, intravenous infusion of bone marrow cells of a young healthy 

donor mouse have been shown to prevent progression of atherosclerosis in ApoE-/- mice 

fed a high-fat atherogenic diet [27, 29] and the cells were localized more in the aorta 

(58%) compared to wild-type mice [28], which suggests that the cells in the ApoE-/-- 

mouse were homing to possible atherosclerotic regions.   
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The success that has been reported with peripheral blood CFU-ECs binding to 

damaged vessels and promoting re-endothelialization is very promising. However, the 

use of peripheral blood EPCs is not practical due to reasons previously stated.  Instead, 

CB-EPCs (ECFCs), which do not elicit a large immune response when the human 

leukocyte antigen is matched for donor to recipient [31-33, 72], would be an ideal cell 

source to promote re-endothelialization since their function does not depend on the 

health of the individual undergoing treatment.  If CB-EPCs prove to be useful for 

atherosclerotic treatments, then the development of CB-EPC banks should be 

considered.  Rapid antigen typing may permit the development of single stage graft 

procedures for stored EPCs derived from cord blood, with the cells immediately 

available to the doctor during the vessel treatment.  

1.3 Hypothesis and Specific Aims 

The global hypothesis motivating this research is that CB-EPCs can adhere to 

damaged vessels and prevent occlusion of the vessel. This research tested the following 

hypotheses: (1) ECs form very strong adhesion to underlying substrates and remain 

adherent upon the exposure to physiological shear stresses, (2) CB-EPCs have similar 

adhesion strength compared to ECs, and express anti-thrombotic and anti-inflammatory 

genes at similar levels to ECs, (3) CB-EPCs adhere to damaged vasculature under flow 

conditions both in vitro and in vivo, and prevent thrombosis, and (4) CB-EPCs that 
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adhere to the damaged vasculature proliferate and form a confluent monolayer while 

continually exposed to shear stress. The specific aims of the research are:  

 

(1) To optimize conditions in order to achieve strong adhesion of ECs when exposed to 

laminar shear stress 

This aim tested the hypothesis that ECs remain adherent when exposed to high 

shear stresses.  This aim is particularly important because strong adhesion of ECs or 

EPCs is necessary in order to successfully achieve the global hypothesis of adhesion to 

damaged vessels. To test this hypothesis we determined the culture conditions that 

produced the strongest adhesion to the underlying material and we measured the ECs’ 

adhesion strength through exposure to various shear stress values.  

 

(2) To determine if the adhesion strength of CB-EPCs is comparable to values obtained 

in aim 1, and measure their anti-thrombotic and anti-inflammatory potential  

This aim tested the hypothesis that CB-EPCs are similar to ECs in their strong 

adhesion strength (using the conditions determined in aim 1) and express similar levels 

of anti-thrombotic and anti-inflammatory genes. To ensure that we isolated CB-EPCs, 

we characterized CB-EPCs after isolation through EC-specific markers. Then we 

compared the adhesion strength of CB-EPCs and ECs. Finally, CB-EPCs were exposed to 
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laminar shear stress and their expression of key anti-thrombotic genes, inflammatory 

proteins, and NO production were measured.  

 

(3) To examine the adhesion of CB-EPCs under flow conditions in vitro 

This aim tested the hypothesis that CB-EPCs dynamically adhere to SMCs and/or 

ECM proteins under laminar flow conditions.  To test this hypothesis, we infused the 

CB-EPCs into a parallel plate flow chamber and measured the adhesion of CB-EPCs to 

various substrates consisting of SMCs and/or ECM proteins and at various shear stress 

values.  The adhesion of CB-EPCs was compared to PB-EPCs and ECs.  The relative 

amount of integrins expressed on the cell surface was determined and blocking studies 

were performed to determine the role of the integrins in dynamic adhesion. Finally, we 

measured the cell flux to the surface and the binding rate at various shear stresses, and 

the rolling interactions of the cells with the surface in order to better understand that 

cell-substrate adhesion mechanisms.  

 

(4) To determine if CB-EPCs assist in re-endothelialization and prevention of thrombosis 

in vein bypass grafts performed in SCID mice  

This aim tested the hypothesis that CB-EPCs injected into mice receiving vein 

bypass grafts promote re-endothelialization of the vein graft and prevent thrombosis. To 
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test this hypothesis, we used syngeneic inferior vena cava interposition grafting of the 

carotid artery in NOD.CB17-Prkdcscid/J mice and injected the mice with CB-EPCs at the 

time of implantation and through tail vein injections four days later. Vein grafts were 

harvested two weeks post implantation and examined for thrombosis formation, the 

presence of ECs, and the presence of human derived ECs (CB-EPCs).  

 

(5) To determine if CB-EPCs proliferate under laminar flow conditions 

This aim tested the hypothesis that CB-EPCs proliferate under laminar flow 

conditions.  To test this hypothesis, we seeded CB-EPCs onto either FN coated surfaces 

or SMCs at subconfluent densities and immediately exposed to a laminar shear stress of 

15 dyn/cm2. The number of cells present during the seeding procedure and after 

exposure to flow was measured. In addition, the number of cells in the S-phase was 

measured using an EDU proliferation assay.  
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Chapter 2. The Use of Mild Trypsinization Condition s in 
the Detachment of Endothelial Cells Promotes 
Subsequent Endothelialization on Synthetic Surfaces  

**Chapter reprinted with permission  
Brown MA, Wallace CS, Anamelechi CC, Clermont E, Reichert WM, Truskey GA. “The use of 
mild trypsinization conditions in the detachment of endothelial cells to promote subsequent 
endothelialization on synthetic surfaces.” Biomaterials 2007;28:3928-3935. 
 

2.1 Chapter Synopsis 

A necessary condition for endothelialization of small diameter grafts is rapid and 

firm adhesion of endothelial cells upon exposure to flow.  To retain integrins on the cell 

surface, we assessed the effects of trypsin concentration, the duration of trypsin 

incubation, and trypsin neutralization methods on endothelial cell adhesion.  Human 

umbilical vein endothelial cells, which were detached using 0.025% trypsin for five 

minutes and seeded onto glass pretreated with fibronectin, had close to 100% cell 

retention when shear stresses as high as 200 dyn/cm2 were applied for two minutes.  An 

equivalent level of cell retention was observed on fibronectin coated Teflon-AF™ for 

shear stresses up to 60 dyn/cm2 applied for 4 hours. Using 0.025% trypsin, initial cell 

spreading and α5β1 integrins present on cells were increased relative to cells treated with 

0.5% trypsin.  After 1 hour of attachment, focal adhesions formed when low trypsin 

concentrations were used but were less evident with high trypsin concentrations.  These 
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results showed that low trypsin concentrations produced faster spreading spreading, a 

higher number of intact integrins, and rapid focal adhesion formation. 

2.2 Introduction 

There is considerable interest in promoting rapid and firm adhesion of 

endothelial cells (ECs) for a number of clinical applications, as discussed in Chapter 1. 

EC adhesion to materials is mediated by adsorbed cell adhesion proteins, primarily 

fibronectin and/or vitronectin [73, 74].  Cell adhesion proteins bind to the cell surface 

integrins, and integrins α5β1 and αVβ3 both play a major role in EC adhesion.  Binding to 

extracellular matrix proteins activates integrins to associate with the actin cytoskeleton 

and eventually leads to integrin clustering into focal adhesions [75].  The formation of 

focal adhesions, which contain actin-associated proteins such as talin, vinculin, paxillin, 

and α- actinin, strengthens the adhesion of cells to the substrate [76]. 

Critical shear stress experiments are a common method used to quantify cell's 

adhesion strength to specific substrates.  Prior to seeding a synthetic surface, ECs are 

usually treated with the proteolytic enzyme, trypsin, which cleaves proteins at the 

carboxyl side of the basic amino acids lysine and arginine, in order to remove cells from 

their culture substrate and hence be used for further applications [77].  Both α5β1 and 

αVβ3 integrins are sensitive to trypsin [78]. 
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Of those studies that do report the trypsin concentrations and incubation times to 

detach cells, the trypsin concentrations range from 0.05% to 0.5% [79-90]  and incubation 

times range from 5 and 10 minutes [81-83] at either room (25°C) or physiological 

temperature (37°C).  Taking the steps to neutralize the trypsin may also be critical for 

later cell attachment and spreading. In most cases the cell suspension is centrifuged 

directly and resuspended in culture medium.  Others add a neutralizing solution with 

serum or calcium ions to neutralize the trypsin before centrifugation. 

While previous articles have reported relatively low critical shear stress values of 

12−37 dyn/cm2 after 15 minutes to 1 hour of cell attachment [73, 76, 79, 83, 87, 91, 92], no 

direct assessment is reported in the literature on the effect of trypsin on the critical shear 

stress needed to detach 50% of the cells from the surface. 

In a clinical setting there is limited time for either cultured or freshly isolated ECs 

to strongly attach and spread on graft surfaces.  Therefore, it is important to develop 

methods to promote rapid and strong cell adhesion.  We have optimized in vitro 

conditions to yield very high adhesion strength after short periods of attachment to glass 

and Teflon-AFTM.  Differences in cell adhesion were characterized by the effect of trypsin 

on initial cell attachment, cell spreading, the number of intact integrins (α5β1 and αVβ3) 

present, and the localization of vinculin at 1 hour post attachment.   
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2.3 Materials and Methods 

2.3.1 Cell Culture  

Human umbilical vein endothelial cells (HUVECs) (Cambrex BioScience Inc., 

Walkersville, MD) were grown to confluence in T-25 or T-75 polystyrene flasks (Becton 

Dickinson and Company, Franklin Lakes, NJ) with Endothelial Basal Media (EBM, 

Cambrex) supplemented with EGM SingleQuots (Cambrex) and 1X antibiotic/ 

antimycotics solution (Gibco, Carlsbad, CA). Cells were cultured in a tissue culture 

incubator with 95% air/5% CO2 at 37°C. HUVECs were used at passage 3-6 for all 

experiments. 

After rinsing HUVECs with Dulbecco’s Phosphate Buffered Saline solution 

(DPBS, Gibco) without Ca++ and Mg++, the conditions in Table 2.1 were examined to 

determine the effect of Trypsin (Gibco) concentration, trypsin incubation time, and 

Trypsin Neutralizing Solution (TNS) (Cambrex).  Once the cells were trypsinized and 

the appropriate neutralization solution was added, the cell suspension was immediately 

centrifuged, resuspended in either DPBS or serum free media (serum free media 

consisted of EBM and EGM SingleQuots minus the fetal bovine serum), and then used in 

specific experiments.  For each of the trypsin concentrations, cell detachment was 

complete at the end of the incubation period.  
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2.3.2 Substrates  

Cell adhesion and spreading studies were performed using either standard 1” x 

3” x 1 mm soda lime glass slides (Gold Seal, Portsmouth, NH) or Teflon-AF™ (DuPont, 

Wilmington, DE) films spun-cast onto standard glass microscope slides.  Prior to use, the 

glass slides were cleaned by sonication with 2% PCC-54 detergent cleaning solution 

(Pierce, Rockford, IL) and a 1:1 mixture of MeOH:HCl as previously described and the 

Teflon-AF™ was spun-cast onto the clean microscope slides also as previously described 

[93].  All glass slides were pretreated with 1ml of DPBS containing both 10µg/ml 

fibronectin (Sigma) and 200 µl of 2 mg/ml Bovine Serum Albumin (BSA, Sigma) for 1 

hour at 37°C, unless noted otherwise.  Teflon-AF™ coated slides were incubated with 1 

ml of 10 µg/ml fibronectin in DPBS for 1 hour at 37°C. 

2.3.3 Cell Adhesion Strength and Cell Retention  

Cell detachment conditions, summarized in Table 2.1, were used to determine 

the effect of trypsin conditions on initial adhesion and retention.  ECs were resuspended 

in DPBS and attached to the surfaces for 5 minutes at room temperature.  Images of 

adherent cells were obtained at 5 specific positions at 10X magnification using phase 

contrast microscopy (Nikon Diaphot, Tokyo, Japan).  Next, slides were gently rinsed 

three times by slowly removing slides from DPBS at an angle.  We had previously 

determined that three rinses were sufficient to remove non-specifically bound cells from 
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the slides treated with BSA only.  A second set of images was taken at the same five 

positions post dip rinse and the percent of adherent cells per field after rinsing was 

determined.  Three experiments were performed for each of the conditions listed in 

Table 2.1. 
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Table 2.1: Trypsin conditions used throughout chapter 
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After rinsing, the slide was placed in a variable height flow chamber [81] and 5 

images were taken at 5 different channel heights along the chamber.  Steady laminar 

flow was applied for two minutes through the use of a dual syringe pump.  The total 

elapsed time from initial cell attachment to the onset of flow was typically 20 minutes. 

The flow media consisted of DPBS with 1.9% dextran (molecular weight, 2 x 106; Sigma) 

to produce a viscosity of 1.9 centipose, which exhibited Newtonian fluid behavior.  The 

flow was set at a constant rate and the shear stress was computed by: 

2)(

6

xwH

Qµ
τ =                          (2.1) 

where µ is the media viscosity, w is the width of the flow channel, Q is the volumetric 

flow rate (ml/min), and H(x) is the height of the flow chamber as a function of position 

along the microscope slide [81]. Shear stresses typically ranged from 20 to 100 dyn/cm2.  

To produce shear stressed as high as 200 dyn/cm2, the flow rate was increased and 

viscosity was raised to 2.5 centipose (2.5% dextran), which still exhibited Newtonian 

fluid behavior.  After flow exposure, images were taken at exactly the same positions as 

the pre-flow images, and the cells were counted in both images to determine the number 

of cells that remained adherent post-flow.  Results were normalized to the number of 

cells present prior to rinsing.  Experiments were performed in triplicate. 
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2.3.4 EC Adhesion to Glass and Teflon-AF TM Exposed to Four Hours of 
Flow  

For four hour flow experiments, HUVECs were trypsinized using low trypsin 

concentrations (0.025% trypsin for 5 minutes at 37°C and neutralizing with TNS), 

resuspended in serum-free media, and seeded onto glass or Teflon-AFTM slides for 1 

hour at 37°C prior to flow.  Before the 1 hour incubation time was over the slides were 

assembled in a variable height flow chamber and images were taken at 5 positions at 5 

different channel heights.  The flow chamber was then connected to a circular flow loop 

[81] and flow was applied for 4 hours using EBM media with 2% fetal bovine serum (no 

additional growth factors were added to the media).  After the 4 hour flow, images were 

taken again at the same exact locations as the pre-flow images.  Cells were counted in 

the pre- and post-flow images in order to determine the percentage of cells that 

remained adherent post flow at the varying shear stress values.  Both of the 4 hour flow 

experiments on glass and Teflon-AFTM were performed three times. 

2.3.5 Cell Spreading  

ECs were resuspended in serum free media after detachment using the 

conditions listed in Table 2.1 and seeded onto clean glass slides.  One hour after seeding, 

the media was aspirated and replaced with regular media containing 2% fetal bovine 

serum (we found that the cells would not survive for more than a few hours without 

serum being present, data not shown).  For each of the 6 conditions listed, images were 
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taken using a phase contrast microscope at 20X magnification at various time points 

over a 24 hour period.  The projected cell area and perimeter was measured using 

ImageJ (version 1.36, National Institutes of Health) software.  For each condition, 5 

images were obtained at each time point for each experiment.  On average 50-60 cells 

were examined for each time point for each experiment.  And three experiments were 

performed for each of the 6 trypsin conditions. 

To assess the importance of protein synthesis [94], the cells were trypsinized 

using one of the six conditions, they were resuspended in serum free media containing 

50 ug/ml of cycloheximide and were allowed to incubate for 30 minutes with gentle 

rotation at room temperature.  The cells were then seeded and spreading was measured 

as described above.  

2.3.6 Surface Expression of α5β1 and αVβ3 Integrins   

The number of α5β1 and αVβ3 integrins present on ECs after each of the trypsin 

conditions listed in Table 2.1 were examined.  Detached cells were resuspended in 

DPBS, and incubated for 5 minutes. The cells were then incubated with 10 µg/ml of 

cycloheximide for 30 minutes in order to block protein synthesis [94].  The cells were 

then rinsed, incubated with 10% goat serum (blocking buffer, Sigma), incubated with 

either 10 µg/ml mouse-anti-α5β1 or 20 µg/ml mouse-anti-αVβ3 antibodies (Chemicon), 

rinsed, incubated with Alexa fluor 488 goat-anti-mouse secondary antibody (Invitrogen), 
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rinsed, and post-fixed in 10% formalin.  The antibody concentration used was 

determined as the concentration to saturate the integrin binding sites (data not shown). 

Quantum Simply Cellular site density calibration standards (Bangs Laboratory, 

Inc., Fishers, IN) were used to make a calibration curve for the flow cytometry results. 

The standards consisted of 5 sets of latex beads with increasing numbers of antibody 

binding sites.  The beads were incubated with the primary and secondary antibodies 

under conditions identical to those used with the cells. 

Fluorescence intensity per bead produced by the bound antibody was measured 

using a FACStar Plus flow cytometer (Becton Dickinson, San Jose, CA).  Data were 

typically collected for 10,000 cells for each cell condition.  In addition, an isotype control 

was used for each sample condition, and the mean fluorescent intensity found for the 

isotype control was subtracted from the mean fluorescent intensity of the antibody 

bound cells in order to compensate for background fluorescence. 

A calibration curve was constructed based on the fluorescent intensities of the 5 

calibration beads.  For each experiment, the calibration curves were linear from 

background to 1.7 million antibody binding sites per bead, and r2 ranged from 0.93 to 

0.99.  Three experiments were done to determine the number of αVβ3 integrins and five 

experiments were done to determine the number of α5β1 integrins present. 
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2.3.7 Vinculin Immunofluorescence  

To detect vinculin localization, cells were allowed to attach for one hour and  

were fixed for 10 minutes with 3.7% formaldehyde and permeabilized with 0.2% Triton 

X-100 (Sigma) for 5 minutes.  The cells were rinsed with DPBS and incubated for 30 min 

at 37°C with blocking buffer (10% goat serum) to prevent non-specific binding.  The 

primary antibody, mouse anti-human vinculin antibody (Sigma), was incubated with 

the cells for 1 hour at 37°C in 10% goat serum.  This was followed by incubation for 45 

minutes with Alexa Fluor 488 secondary antibody.  The slides were mounted with 

coverslips and images were captured with a confocal laser scanning microscope (LSM 

510, Carl Zeiss Inc., Thronwood, NY).  ImageJ was used to determine the number of 

focal adhesions and size of focal adhesions present from the imaged cells.  

2.3.7 Statistical Analysis  

Statview 5.0.1 was used to compare data to determine the statistical differences 

between trypsin conditions.  T-tests were performed to compare the trypsin 

concentration’s effect on spreading when cycloheximide was present and to compare the 

number and size of focal adhesions present.   One and two-way ANOVA plus Fisher 

protected least square difference (PLSD) post hoc, which is known to compare the means 

of more than 2 groups with comparisons of each possible pair, analysis was conducted 
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to determine significance levels for all other experiments.  All statistics are reported as 

the mean ± the standard error. 

2.4 Results 

2.4.1 Effect of Trypsin Conditions on Cell Adhesion  and Retention  

The effect of trypsin conditions on initial cell adhesion was examined by dip-

rinsing glass slides three times in DPBS to remove non-specifically adherent cells after 5 

minutes of cell attachment.  Preliminary experiments indicated that three rinses would 

completely remove cells resting on a surface coated with BSA. Trypsin concentration 

had the largest effect (p<0.01) on initial cell attachment (Figure 2.1).  At the mild trypsin 

concentration of 0.025%, time and neutralization solution (TNS versus DPBS) did not 

affect cell attachment.  When the trypsin concentration was increased to 0.5%, the lack of 

TNS reduced cell attachment (p<0.01). 
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Figure 2.1: Effect of trypsin conditions on the percentage of cells adherent at 5 min 

post cell seeding. Cells were detached with the various conditions listed in Table 2.1 

and attached onto fibronectin/BSA coated glass slides for 5 min. Cells underwent three 

dip rinses. Specific locations were analyzed before and after rinsing and the percentage 

of cells that remained was determined. There was a statistically significant effect of 

trypsin concentration on attachment (*p<0.01), and a statistically significant effect of 

neutralizing solution used at the high trypsin concentration on attachment (**p<0.01). 
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Figure 2.2 shows the combined effect of rinsing (denoted as Rinse) and exposure 

to laminar flow (denoted as Flow) observed under different trypsin conditions.  The 

shear stress of 18 dyn/cm2 during rinsing was estimated for a falling film of 1 ml [95].  

Our results indicate that cell retention after flow is dependent on the concentration of 

trypsin used to detach the cells. In addition, we found that when cells were trypsinized 

using the mild trypsin conditions, the plateau in percent retention extended to 200 

dyn/cm2 (data not shown).  
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Figure 2.2: Effect of trypsin conditions on the strength of cell adhesion. Cells were 

detached using the 6 different trypsin conditions and allowed to adhere to a 

fibronectin/BSA coated glass slide for 20 min before rinsing and exposure to laminar 

flow. Images were taken of the cells at specific locations before and after the rinse and 

flow in order to determine the percent of cell retention (y-axis). The point to the left of 

the line is the cell detachment due to the rinse, and the points to the right of the line are 

cell detachment due to flow. 
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2.4.2 Cell Spreading  

Cell area was measured for the 6 trypsin conditions at 6 different time points 

(Figure 2.3A).  Cell area was very similar for all 6 conditions at time equal to 10 minutes, 

but for attachment times between 30 minutes and 3 hours a distinguishable difference 

can be seen for the cells that were trypsinized using the two different concentrations. 

Spreading is much greater using the mild trypsin concentration.  By 24 hours post cell 

seeding (1440 minutes), the cell area was independent of treatment. The duration of 

trypsinization and the neutralization method did not affect spreading. 

In order to better understand the shape of the cells as they spread we measured 

the perimeter/area, over time for the 6 conditions (Figure 2.3B).  Increasing values of 

perimeter/area are consistent with pseudopod extension occurred because the perimeter 

increased faster than the area. When the harsher trypsin conditions were used there 

appeared to be an increase in pseudopod extension between 90 minutes and 3 hours. 

After this time period the cell body subsequently filled in the area between the 

extensions as can be seen by the smaller perimeter/area ratios.  Relative to cells that were 

detached with 0.025% trypsin, cells that were detached with 0.5% trypsin spread more 

slowly during the first 3 hours after reattachment.  After 24 hours of attachment, the cell 

areas were the same for cells detached using both treatments. 
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Figure 2.3: (A) Cell spread area versus time after attachment. All conditions were 

performed on fibronectin/BSA coated glass slides. Cells were detached using the 6 

different trypsin conditions listed in Table 2.1. After attachment, images were taken at 6 

different time points and the projected area per cell determined. The results indicate that 

trypsin concentration had the largest effect on subsequent cell spreading. (B) Cell 

perimeter/area over time for the 6 different trypsin conditions. The individual cell 

areas found in A were divided by their cell perimeters in order to determine the ratios 

for the different trypsin conditions over time. The results indicate that the harsher 
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In order to assess whether expression of new integrins occurred during 

spreading, cell spreading was measured for cells incubated with and without 

cycloheximide, which inhibits protein synthesis [94].  During the first three hours of 

attachment, cyclocheximide treatment did not affect cell spreading (Table 2.2).  By 24 

hours after attachment, the projected cell area was reduced in the presence of 

cycloheximide only for cells detached using the high trypsin concentrations.  Thus for 

cells treated under high trypsin concentrations, the increase in cell area between 3 and 

24 hours is due, in part, to the synthesis of new proteins.  In addition, we found that the 

perimeter/area values increased at 24 hours for cells incubated with cycloheximide 

relative to the values when cycloheximide was absent. 
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Table 2.2: Relative cell area 1, 3 and 24 h after plating with or without cycloheximide 

from cells trypsinized with either 0.025% or 0.5% trypsin. Values are mean±SEM for 

n=3; *p<0.01 relative to control, cells not treated with cycloheximide and treated under 

the same conditions 
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2.4.3 Effect of Trypsin Conditions on Level of α5β1 and αVβ3 Integrins  

ECs adhere to adsorbed fibronectin by integrin complexes α5β1 and αVβ3 [73, 88].  

A set of calibration antibody binding beads were used with flow cytometry to quantify 

the number of intact α5β1 and αVβ3 integrins on the cells after the various trypsin 

treatments listed in Table 2.1.  The integrin expression level declined significantly above 

passage 4 (data not shown), which is consistent with previous reports [89].  To correct 

for the effect of passage number and inter-experimental variation in receptor number, 

the flow cytometry results in Figures 2.4A and 2.4B were normalized by the average 

number of receptors per cell within each experiment. 

The trypsin concentration significantly altered α5β1 expression (p<0.001) (Figure 

2.4A). In contrast, the incubation time and neutralization solution had no significant 

effect on the expression of α5β1.  Although reports indicate that αVβ3 is sensitive to 

trypsin [83], the number of αVβ3 integrins was not affected by the various trypsin 

conditions (Figure 2.4B). 
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Figure 2.4: Number of cell surface α5β1 (A) and αVβ3 (B) integrins. Cells were detached 

using the 6 different trypsin conditions listed in Table 2.1. The number of cell surface 

integrins were quantified using calibration beads and flow cytometry as described in 

Section 2.3. There was a statistically significant effect (*p<0.001) of trypsin concentration 

on number of α5β1 integrins but no effect of trypsin on αVβ3 integrins. No other condition 

showed an effect. 
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2.4.4 Vinculin Localization  

To evaluate whether the trypsin conditions affected focal adhesion formation, the 

cells detached using the different conditions were seeded onto fibronectin coated glass 

slides for 1 hour and immuno-stained for vinculin. ECs that were detached with 0.025% 

trypsin formed classical focal adhesions, evident by the presence of vinculin after 1 hour 

of attachment, but cells trypsinized using higher trypsin concentrations did not form as 

many focal adhesions at this time point, as can be seen in Figures 2.5A and B.  To 

support the qualitative results presented in Figure 2.5, we quantified the number, size 

and area occupied by focal adhesions (Table 2.3).  Treatment of cells with the high 

trypsin concentrations reduced the percentage of cells that contained focal adhesions, 

the number of focal adhesions per cell and the average size of the focal adhesions (Table 

2.3).  
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Figure 2.5: Vinculin staining for a cell trypsinized using 0.025% trypsin (A) or 0.5% 

trypsin (B). Vinculin was detected by immunofluorescence in cells attached for 1 h. All 

conditions were performed on fibronectin/BSA coated glass slides. Focal contacts are 

visible in A, but are less evident in B. 
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Table 2.1: A quantitative analysis of the average percent of cells with focal adhesions, 

average number of focal adhesion, and average size of focal adhesions (evident by 

vinculin immunostaining for cells trypsinized with either 0.025% or 0.5% trypsin). 

Values are mean±SEM for n=3; *p<0.05 for a one sided t-test compared to results for cells 

detached with 0.025% trypsin.  
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2.4.5 EC Adhesion to Glass and Teflon-AF TM Exposed to Four Hours of 
Flow  

The effect of the mild trypsin detachment conditions on cell adhesion to glass 

and Teflon-AFTM was tested after the cells were allowed to attach for 1 hour and exposed 

to a range of shear stresses for 4 hours.  The percentage of cells that remained adherent 

was similar on both surfaces for shear stresses below 60 dyn/cm2 (Figure 2.6).  Exposure 

to shear stresses between 60 and 90 dyn/cm2 caused a cell loss of 10% from glass.  In 

contrast, EC detachment from Teflon-AFTM at 60 dyn/cm2 was 40%. Nevertheless, the 

percentage of cells adherent to Teflon-AFTM is much greater than reported previously for 

much shorter term flow [73, 76, 79, 83, 87, 91, 92]. 
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Figure 2.6: Cells attached to glass or Teflon-AF™ for 1 h and then exposed to a range 

of shear stress values for 4 h. Cells detached with 0.025% trypsin for 5 min and 

neutralized with TNS were allowed to adhere to both glass slides coated with 

fibronectin/BSA mixture, and Teflon-AF™ coated with fibronectin. 
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2.5 Discussion 

The current study shows that high trypsin concentrations significantly reduce the 

cell’s ability to form adhesive bonds with adsorbed cell adhesion proteins by decreasing 

the number of functional integrins available on the cell membrane; whereas preventing 

integrin damage with low trypsin concentrations results in substantially improved cell 

adhesion.  Therefore, decreasing integrin damage or loss represents a promising strategy 

for promoting firm EC adhesion. 

Only one prior study could be found that quantified the role of trypsin treatment 

on the number of cell surface receptors that are responsible for adhesion [78].  This study 

found that when 2.5 mg/ml (0.25%) of trypsin is incubated with HUVECs for 20 minutes, 

90% of the fibronectin-specific receptors are cleaved [78].  It is also known that 

proteolysis of VCAM-1 (vascular cell adhesion molecule-1) and E-selectin occurs due to 

trypsin, and the degradation of VCAM-1 can be diminished when the trypsin conditions 

are decreased from 0.5% to 0.01% [96].  However, no one has systematically examined 

the trypsin conditions needed to effectively detach ECs and optimize adhesion strength. 

In the current study we found that adhesion strength can be improved 

significantly by trypsinization conditions much lower than those that are generally 

reported; i.e. cells detached completely from plastic surfaces with 0.025% trypsin before 

a cell adhesion experiment will adhere very strongly to fibronectin coated surfaces.  A 
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mild trypsin concentration can retain close to 100% of ECs exposed to 200 dyn/cm2 of 

shear stress after only 20 minutes of attachment.  This level of cell retention at such high 

shear stress has only been reported for NIH3T3 cells that were adherent for 16 hours and 

chondrocytes that were adherent for 80 minutes [75, 89]. 

Cells can be detached without trypsin, using 1mM EGTA (Ethyleneglycol-bis(β-

aminoethyl)-N,N,N’,N’-tetraacetic Acid) in a Ca++ and Mg++ free solution for 15 minutes 

[83]. This method caused an increase in the critical shear stress from 37 to 59 dyn/cm2 

when BAECs were adherent for 15 minutes to glass with preadsorbed fibronectin [83].  

This method for detachment slightly enhanced cell adhesion, but did not enhance it to 

the degree that we report here.  However, EGTA does not always result in complete cell 

detachment within the 15 minutes and sometimes the cells detach as clumps.  This 

incomplete detachment may explain the lower critical shear stress values compared to 

the values that we are currently reporting; the EGTA alone may detach a subpopulation 

of weakly adherent cells and hence when they are seeded they cannot adhere at high 

shear stresses.  On the other hand, this current detachment method is highly 

reproducible since all cells detached and adhesion strength was much higher than 

physiological levels. 

Adhesion strength is dependent upon the initial integrin-ligand binding and is 

subsequently strengthened by conformational changes to the integrin-ECM complex, 
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clustering of receptors, and focal contact formation [75].  Mild trypsin concentrations 

used to detach cells facilitate rapid spreading of the cells, results in a large number of 

integrins specific for fibronectin binding, and form focal contacts as evident from 

vinculin localization.  These results are consistent with rapid and firm adhesion assessed 

in the flow experiments. 

The results from the initial cell attachment experiment (Figure 2.1) suggest that 

adhesion is sensitive to both the concentration of trypsin and the neutralizing solution 

used to treat cells after trypsinization.  However, the number of α5β1 integrins present 

was affected only by the concentration of trypsin used and not by the neutralizing 

method (Figure 2.4A).  It is plausible that trypsin can both cleave integrins and alter the 

α5β1 site on the cell surface without removing the α5β1 site.  The high trypsin 

concentrations cleave many more α5β1 integrins compared to the lower trypsin 

concentrations.  The cells trypsinized with the high concentration and not neutralized 

may have many cleaved integrins and damaged integrins, while the cells trypsinized 

with harsh trypsin and neutralized may have cleaved integrins but less damaged ones. 

This may explain why there was no apparent difference in the number of integrins 

present post-trypsinization with high trypsin concentrations and neutralization solution, 

but there is a difference in the attachment of the cells.  For example, the cells may have 

the same number of integrins present (cells trypsinized with the same concentration) but 
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some of those integrins may be damaged from the lack of neutralization and hence will 

prevent cells from adhering.  This could be assessed using different epitopes for the 

specific integrins.  

The above claim of integrins present is supported by flow cytometry data (Figure 

2.4), as well as the spreading data presented in Figures 2.3A, 2.3B, and Table 2.2.  The 

cells that were trypsinized using mild trypsin conditions spread much faster than the 

harshly trypsinized cells.  However, after 24 hours of attachment, cells detached with 

high trypsin concentrations reached projected areas comparable to areas of cells 

detached using the low trypsin concentrations.  These results suggest that the smaller 

number of integrins on cells detached with low trypsin concentrations initially produced 

slower spreading, but at later times, new receptor synthesis enhanced spreading.  Table 

2.2 supports this claim because the cells that were treated with cycloheximide did not 

show an increase in projected area between 3 and 24 hours compared to the cells that 

were not treated with cycloheximide.  Cycloheximide is known to block protein 

synthesis [94] and if the cells are not synthesizing new integrins then the amount that 

they spread is due to the number of integrins, and other cell proteins, present after 

trypsinization.   

In addition, Figure 2.3B shows how the perimeter/area changes with time for the 

6 trypsin conditions used.  The higher the trypsin condition the greater the increase in 
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perimeter/area at 3 hours.  These data are consistent with data presented by Reinhert-

King et al., 2005 in which they also found that when the ligand density decreased they 

had an increase in perimeter/area [97].  In our cases, this can be explained by the 

reduced number of integrins present after the cells were treated with 0.5% tyrpsin.  Over 

time when more integrins are expressed the cells increased their projected area and the 

hence the perimeter/area ratio decreased. 

Focal adhesion proteins, such as vinculin, connect the ECM with the actin 

cytoskeleton by interactions with the cytoplasmic portion of integrins.  Focal adhesion 

formation occurs very quickly (less than 30 minutes) after integrin ligation due to 

trypsin [10].  We also found this to be true for cells that were trypsinized using mild 

conditions; however, a very small amount of focal adhesion formation was evident for 

the cells that were harshly trypsinized.  Further, since vinculin contributes about 30% of 

the cell’s adhesion strength [75] vinculin recruitment with low trypsin concentrations 

may contribute to strong adhesion. 

Commonly employed vascular graft materials have substantially different 

surface characteristics than a glass slide.  The 4-hour flow experiment on Teflon-AFTM 

(Figure 2.6) is a good demonstration of the high levels of cell retention that can be 

obtained on low surface energy surfaces that mimic the synthetic vascular graft is ePTFE 

[93].  We obtained more than 60% adherence when shear stresses reached 100 dyn/cm2 
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compared to previous studies that had close to identical parameters which found only 

50% adherence at 17.7 dyn/cm2 [93].  For this longer term flow experiment we allowed 

the cells to adhere for 1 hour before exposing to flow, which allowed the cells time to 

spread out and firmly adhere, but is still a reasonable time frame for adherence.  In 

addition, it should be noted that even longer term studies would need to be done in 

order to be sure that endothelial cells will remain adherent to Teflon-AFTM, however, this 

initial study was done in order to see if the data we obtained using mild trypsin 

conditions with glass surfaces could be translatable to surfaces similar to ones used for 

synthetic vascular grafts.   These data are helpful for future studies to translate these 

conditions to mimic in vivo situations. We are currently extending the mild trypsin 

technique to cell adhesion studies on small diameter ePTFE vascular grafts. 

Clinically, cells may be cultured or harvested from several sources, including a 

patient’s adipose tissue, and immediately used to seed a vascular graft. In this situation, 

the cells will likely be exposed to higher concentrations of proteolytic enzymes for 

longer times than our low trypsin treatments which may affect adhesion; thus, some 

other form of adhesion enhancement may be necessary.  If high trypsin concentrations 

or other harsh enzymatic digestion or detachment methods are used, it may be 

necessary to supplement integrin-mediated adhesion to permit firm and rapid 

attachment.  Preliminary experiments suggest that adhesion can be enhanced by means 
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of the dual ligand approach in which the cells are incubated with RGD-streptavidin and 

the synthetic surface coated with a combination of fibronectin and biotinylated bovine 

serum albumin [93, 98] . 

In conclusion, the results of the study suggest that more integrins remain intact 

than when cells are detached from substrates by 5 minute incubations with trypsin 

concentrations of 0.025%.  As a result, cells form rapid and firm adhesion to glass and 

Teflon-AFTM coated glass surfaces, with adhesion strengths beyond the level of forces 

produced physiologically.  This enhancement in adhesion takes us one step closer to 

achieving firmly adherent cells for vascular treatment methods. 
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Chapter 3. Characterization of Umbilical Cord Blood  
Derived Late Outgrowth Endothelial Progenitor Cells  
Exposed to Laminar Shear Stress 

**Chapter reprinted with permission  
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3.1 Chapter Synopsis 

Endothelial progenitor cells isolated from umbilical cord blood (CB-EPCs) 

represent a promising source of endothelial cells for many vascular treatment options, 

since they are readily attainable, can be easily isolated and possess a high proliferation 

potential.  The objective of this study was to compare the functional behavior of late 

outgrowth CB-EPCs with human aortic endothelial cells (HAECs).  CB-EPCs and 

HAECs were cultured on either smooth muscle cells in a co-culture model of a TEBV or 

FN adsorbed to Teflon-AFTM coated glass slides.  Late outgrowth CB-EPCs expressed EC 

specific markers and were negative for the monocytic marker CD14.  CB-EPCs have 

higher proliferation rates than HAECs, but are slightly smaller in size.  CB-EPCs 

remained adherent under supraphysiological shear stresses, oriented and elongated in 

the direction of flow when seeded onto FN coated Teflon-AFTM, and expressed similar 

numbers of α5β1 and αvβ3 integrins and anti-thrombotic genes compared to HAECs.  

There were some differences in mRNA levels of E-selectin and VCAM-1 between CB-

EPCs and HAECs, however, protein levels were similar on the two cell types and CB-
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EPCs did not support adhesion of monocytes in the absence of TNF-α stimulation. 

Although CB-EPCs expressed significantly less eNOS protein after exposure to flow 

than HAECs, nitric oxide levels induced by flow were not significantly different.  These 

results suggest that late outgrowth CB-EPCs are functionally similar to HAECs under 

flow conditions and are a promising cell source for cardiovascular therapies.  

3.2. Introduction 

In order to increase options for arterial repair, researchers are investigating the 

use of ECs and EPCs for lining synthetic vascular grafts, tissue engineered blood vessels 

(TEBVs), and damaged vasculature. Five criteria must first be satisfied in order to 

consider use of specific ECs or endothelial progenitor cells (EPCs) for vascular repair: (1) 

they must come from an easily obtainable and reliable source, (2) they must exhibit EC-

specific markers without monocytic markers, (3) they must have strong adhesion to the 

underlying material, (4) they must exhibit anti-thrombotic and anti-inflammatory 

properties characteristic of native ECs and (5) they must inhibit neointimal hyperplasia 

and thrombosis. 

Many EC sources have been investigated as previously mentioned in Chapter 1, 

including vascular derived ECs and adipose derived microvascular ECs; however, both 

of these cell types are isolated using methods that either require an invasive surgical 

procedure and/or extensive in vitro expansion [99, 100].  Thus, these cells can only be 
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used in elective procedures and not for emergency vessel replacement. While adipose-

derived ECs are more abundant than vessel wall cells, extensive isolation must be 

performed to remove contaminating cells that promote neointimal hyperplasia [101].  

Autologous blood-derived EPCs are an attractive cell source for cardiovascular therapies 

[51, 102, 103], but patients in need of replacement vessels are typically elderly and often 

suffer from vascular diseases, which leads to a reduced number of circulating EPCs 

capable of expansion and use [25-29, 56, 104].  In contrast, CB-EPCs are easily obtained 

and have a high proliferative potential [30] enabling the cells to be cultured to sufficient 

numbers so they can be available at the time of the procedure.  CB-EPCs may be suitable 

for transplantation if the recipient can be matched to a donor’s human leukocyte antigen 

as performed with current organ transplantations [31-33, 72].   

The potential of EPCs isolated from peripheral and umbilical cord blood to 

become fully functional ECs depends upon the method of isolation [50, 99, 105, 106] 

previously described in Chapter 1.  Prior studies have examined the potential of CFU-

ECs, derived from peripheral and umbilical cord blood, as well as ECFCs from 

peripheral blood for TEBVs [100, 107, 108] or synthetic grafts [65, 99, 102].  While initial 

results are very promising, little is known about the functional properties of ECFCs 

isolated from umbilical cord blood [34], especially after exposure to physiological flow 

conditions.  To address this issue, we investigated whether late outgrowth CB-EPCs are 
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functionally similar to native ECs.  We compared adhesion, function, and responses to 

flow of late outgrowth CB-EPCs with human aortic endothelial cells (HAECs) on both 

fibronectin (FN) coated Teflon-AFTM, to model synthetic vascular grafts (ePTFE) [93], 

and smooth muscle cells (SMCs), to mimic TEBVs or denuded regions in the 

vasculature.  We used FN because of its role in promoting EC adhesion to materials. 

Functional properties examined include growth rates, spreading, strength of adhesion, 

integrin expression, integrins involved in initial adhesion, and flow-induced responses 

on gene and protein levels were measured.  

3.3. Materials and Methods 

3.3.1 Cell Culture  

CB-EPCs were isolated as previously described by Ingram et al. [30]. Umbilical 

cord blood was obtained from the Carolina Cord Blood Bank at Duke University per 

protocols approved by the Duke University Institutional Review Board (IRB). Prior to 

receipt, all patient identifiers were removed. As determined by the Duke University IRB, 

the use of these blood samples are exempt from Human Subjects approval as defined by 

45 CFR 46.102(f) and are not subject to the Privacy Rule (45 CFR 164.500(a)).  After 

collection, blood was diluted 1:1 with Hanks Balanced Salt Solution (HBSS, Gibco), 

placed onto Histopaque 1077 (Sigma), and centrifuged at 740g for 30 minutes.  Buffy 

coat mononuclear cells were collected and washed three times with complete media, 
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which  was composed of Endothelial Basal Media-2 (Cambrex), supplemented with 

Endothelial Growth Media-2 SingleQuots (Cambrex), 10% Fetal Bovine Serum (FBS) 

(Gibco), and 1X Antibiotic/Antimycotics Solution (Gibco).  Mononuclear cells were 

plated on collagen I (rat tail, Becton Dickinson) coated onto tissue culture plastic.  Media 

was exchanged 24 hours after the initial plating in order to remove non-adherent cells 

and was exchanged everyday for the first week.  Colonies of CB-EPCs appeared 7-10 

days after the initial isolation. The cells grew to confluence and were serially passaged 

onto collagen I tissue coated surfaces.  CB-EPCs were used at passages 4-9 for all 

experiments, although the cells were still healthy and continued to proliferate at passage 

10 and above.   

HAECs (Cambrex) were maintained in HAEC growth media (endothelial basal 

media-2 supplemented with Endothelial Growth Media-2 SingleQuots and 1X 

Antibiotic/Antimycotics Solution).  HAECs were used at passage 7-10 for all 

experiments.  

Human aortic SMCs (Cambrex) were expanded with SMC growth media 

containing Smooth Muscle Basal Media (Cambrex) supplemented with Smooth Muscle 

Growth Media-2 SingleQuots (Cambrex) and 1X Antibiotic/Antimycotic Solution.  The 

serum-free quiescent media was composed of DMEM/F12 (Gibco) supplemented with 
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1X Insulin-Transferrin-Selenium (Gibco) and 1X Antibiotic/Antimycotic solution.  SMCs 

were used at passages 8-11 for all experiments.  

All static and flow experiments were performed with flow media, which 

consisted of Endothelial Growth Media (phenol red free), 3.3% FBS, 1X ITS and 1X 

Antibiotic/Antimycotic solution.  

All cells were cultured in a tissue culture incubator with 95% air/5% CO2 at 37°C.  

Unless otherwise described, cells were detached from surfaces by incubating with 

0.025% Trypsin/EDTA (Clonetics) for 5 minutes in at 37ºC and neutralized with trypsin 

neutralizing solution (Clonetics) at twice the volume of the trypsin.  

3.3.2 Substrates for EC Culture  

All experiments with CB-EPCs or HAECs alone were performed on Teflon-AF™ 

(DuPont) films spun-cast onto standard glass microscope slides (Gold Seal), which were 

cleaned and coated as described in Chapter 2.  Slides were incubated with 3.3 µg/ml 

human plasma fibronectin (FN, Sigma) in Dulbecco’s Phosphate Buffered Saline (DPBS, 

Gibco) for 1 hour at 37°C. 

Co-cultures were prepared as previously described [10]. Briefly, SMCs were 

plated at 80,000 cells/cm2, with SMC growth media on polystyrene Slideflasks (NUNC) 

that were incubated with 3.3 µg/ml FN for one hour.  One day after seeding, the growth 

media was switched to SMC quiescent media.  SMCs were maintained with quiescent 
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media for two days before the HAECs or CB-EPCs were seeded at a confluent density 

(125,000 HAECs/cm2 and 200,000 CB-EPCs/cm2) directly on top of the quiescent SMCs in 

HAEC growth media.  After 24 hours, experiments were performed.  

3.3.3 Cell Staining  

CB-EPCs and HAECs were stained with DiI-acetylated-LDL (Biomedical 

Technologies, Inc) by adding the 5 µg/ml solution directly into cell culture media and 

incubating for 4 hours at 37°C.  Cells were immunolabeled by fixing the cells in 3.7% 

paraformaldehyde for 10 minutes at 37°C, incubating with 0.2% Triton for 5 minutes at 

room temperature, blocking with 10% goat serum for 30 minutes at 37°C, incubating 

with CD31 (1:100, Serotec), von Willebrand Factor (vWF, 1:1000, Santa Cruz) or VE-

Cadherin (6:200, Santa Cruz) for 1 hour.  After rinsing, cells were incubated with Alexa 

Fluor 488 (1:500, Invitrogen) for 45 minutes at 37°C.  Images were taken using an epi-

fluorescence microscope (Ziess Axiovert S100).    

3.3.4 Cell Spreading  

To determine the projected cell area, both CB-EPCs and HAECs were stained 

with Cell Tracker Orange (Invitrogen, 2 µM, 15 minutes, 37°C) and seeded onto either 

a confluent layer of quiescent SMCs or FN coated Teflon-AFTM at sub-confluent density 

(approximately 10-20,000 cells/cm2).  One hour after attachment, the media was changed 

to the HAEC growth media. The projected cell area was measured using ImageJ (version 
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1.36, National Institutes of Health). Approximately 75 cells were examined and averaged 

at each time point for each condition. Three independent experiments were performed 

for all conditions.  

3.3.5 Strength of Adhesion  

Cell detachment as a function of shear stress was determined as previously 

described in Chapter 2.  Cell nuclei were labeled with Hoescht 33342 (1 µM, 5 minutes, 

37°C, Invitrogen).  Cells were then seeded onto quiescent SMCs in slideflasks or FN 

adsorbed to Teflon-AFTM coated slides for 10 minutes at room temperature.  Next, slides 

were gently rinsed three times with DPBS in order to remove non-specifically adherent 

cells.  After rinsing, slides were placed in a variable height flow chamber [81], and 5 

images were taken at 5 different channel heights along the chamber for a total of 25 

images per experiment. Steady laminar flow was applied for 2 minutes. The total 

elapsed time from initial cell attachment to the onset of flow was 20 minutes. The flow 

media consisted of DPBS with varying amounts of dextran (2 x 106 kDa; Sigma) yielding 

fluid viscosities from 1-5 centipoise. The shear stress was computed by Equation 2.1 (in 

Chapter 2). Shear stresses typically ranged from 100 to 285 dyn/cm2. After flow 

exposure, images were captured at exactly the same positions along the slide as the pre-

flow images, and the number of cells that remained adherent post-flow was determined. 

Experiments were performed in triplicate. 



 

76 

3.3.6 Flow Cytometry  

The surface expression of α5β1 and αVβ3 integrins present on CB-EPCs and 

HAECs was determined by flow cytometry.  Cells were trypsinized, incubated with 

either 10 µg/ml (approximate value) mouse-anti-α5β1, 20 µg/ml mouse-anti-αVβ3 

antibodies (Chemicon), 1 µg/ml CD31, 1 µg/ml VE-cadherein (Santa Cruz) or 2.5 µg/ml 

CD14 (Santa Cruz) for 1 hour, rinsed and pelleted, incubated with Alexa fluor 488 goat-

anti-mouse secondary antibody (1:500, Invitrogen), rinsed and pelleted, and fixed in 

3.7% paraformaldehyde. For each antibody, preliminary experiments were performed to 

determine the antibody concentration necessary to saturate the integrin binding sites.  

Fluorescence intensity per cell produced by the bound antibodies was measured 

using a FACSCalibur flow cytometer (Becton Dickinson).  Typically 10,000 CB-EPCs and 

HAECs were measured for fluorescent intensity per experiment.  In addition, isotype 

controls (Mouse IgG, Caltag) were performed for each sample condition, and the mean 

fluorescent intensity found for the isotype control was subtracted from the mean 

fluorescent intensity of the antibody bound cells.  

3.3.7 Blocking Studies  

CB-EPCs or HAECs were stained with Cell Tracker Orange, trypsinized, and 

resuspended in DPBS.  Cells were then incubated with either 10 µg/ml mouse-anti-α5β1, 

20 µg/ml mouse-anti-αVβ3 antibodies, alone or in combination, or no antibodies (control) 
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for 30 minutes at 37°C with gentle rotation.  The cells were seeded onto either confluent 

layers of SMCs, or FN and allowed to adhere for 15 minutes.  After incubation, non-

adherent cells were rinsed off the surface and the number of cells that adhered were 

imaged and counted using ImageJ software.  Experiments were performed in triplicate. 

3.3.8 Long-Term Flow Experiments  

CB-EPCs or HAECs stained with Cell Tracker Orange were seeded at 100,000 

cells/cm2 onto FN coated Teflon-AF or SMCs as previously described (in Substrates for 

EC Culture section).  After 24 hours of adhesion, the slides were placed in a parallel 

plate flow chamber and connected to a circular flow loop as described previously [81].  

Cells were exposed to a shear stress of 15 dyn/cm2 for 24 or 48 hours with flow media, 

which had a viscosity of 1.05 centipoise at 37°C.  Controls consisted of cells under 

identical culture conditions, but not exposed to flow (static).  

Five random images of the Cell-Tracker Orange positive cells were captured at 

each condition after the 48 hour experiment.  ImageJ software was used to trace the cells 

and measure the area (A), maximum chord length (L), and angle of cell orientation with 

flow (0° corresponds to the direction of flow).  The roundness of the cells was 

calculated using: 

2

4

L

A
Roundness

π
=                       (3.1) 
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The roundness ranges from 1.0, for a circle, to 0, for a straight line; therefore, the 

closer to 0 the more elongated the cells. On average 75 cells were examined for each 

condition and 4 independent experiments were completed.  After imaging the cell 

cultures, the cells were detached and CB-EPCs/HAECs were separated from SMCs as 

previously described and used for quantitative real-time reverse transcriptase-

polymerase chain reaction (RT-PCR) [109].   

3.3.9 Quantitative Real-Time RT-PCR  

RNA was isolated from the purified HAECs or CB-EPCs using an RNA isolation 

kit (High-Pure Total RNA Isolation Kit, Roche Applied Science), and real-time 

quantitative RT-PCR was performed as described previously [109]. The 2-ΔΔC
T method 

was used to determine the relative gene expression [110].  The primers used, selected 

based on the gene sequence of interest, were: (a) Beta 2-Microglobulin: 5’-GGC TAT 

CCA GCG TAC TCC AAA G-3’ and 5’-CAA CTT CAA TGT CGG ATG GAT G-3’; (b) 

eNOS: 5’-GTG ATG GCG AAG CGA GTG AAG-3’ and 5’CCG AGC CCG AAC ACA 

CAG AAC 3’; (c) COX2: 5’-TGA GCA TGT ACG GTT TGC TG-3’ and 5’-TGC TTG TCT 

GGA ACA ACT GC-3’; (d) ET-1: 5’-TCC TCT GCT GGT TCC TGA CT-3’ and 5’-CAG 

AAA CTC CAC CCC TGT GT-3’ (e) tPA: 5’-CAA GTG TCC TTC CCC TTT CC-3’ and 5’-

GGG TTG TGG CAA CAG AAA GT-3’ (f) Thrombomodulin: 5’-TAC GGG AGA CAA 

CAA CAC CA-3’ and 5’-AAG TGG AAC TCG CAG AGG AA-3’ (g) KLF-2: 5’-GCA CGC 
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ACA CAG GTC AGA AG-3’ and 5’-ACC AGT CAC AGT TTG GGA GGG-3’ (h) cyclin 

D: 5’-GAG GAA GAG GAG GAG GAG GA-3’  and 5’-GAG ATG GAA GGG GGA AAG 

AG-3’ (i) VCAM-1: 5’–GGG CTT TCC TGC TGC GAA–3’ and  5’ AAG AGG CTG TAG 

CTC CCC G-3’ (j) ICAM-1: CAG TGA CCA TCT ACA GCT TTC CGG-3’ and 5’ GCT 

GCT ACC ACA GTG ATG ATG ACA-3’ and (k) E-selectin: 5’-GAT GTG GGC ATG TGG 

AAT GAT G-3’ and 5’-AGG TAC ACT GAA GGC TCT GG-3’.  Beta 2-Microglobulin was 

the housekeeping gene used for the 2-ΔΔC
T method. Melting curves were obtained 

following each reaction to verify that only the target cDNA was amplified. 

3.3.10 Adhesion Protein Measurements and Monocyte A dhesion  

   CB-EPCs and HAECs were stained with Cell Tracker Green, seeded onto SMCs 

or Teflon-AFTM and either exposed to long-term flow or cultured under static conditions 

as previously described.  To examine the inflammatory response, TNF-α (5 Units/ml, 

Sigma) was added for the last 4.5 hours of the 24 hour experiment.  At the end of the 

experiment, CB-EPCs or HAECS were stained with mouse anti-human ICAM-1, VCAM-

1, E-Selectin (BD Biosciences), or Mouse IgG (Caltag) at a 1:200 dilution and prepared for 

flow cytometry.  Cell Tracker Green intensity was used to distinguish CB-EPCs and 

HAECs from SMCs, and the protein expression (as determined by PE intensity) was 

only measured for the Cell Tracker Green positive cells.  Monocyte adhesion 

experiments were performed at a shear stress of 1 dyne/cm2 as described by [111]. 
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3.3.11 eNOS Protein Expression  

Cells were removed from the FN-coated slides by scraping into ice-cold DPBS.  

Samples were centrifuged and resuspended into Cell Lytic M (Sigma), supplemented 

1:10 with Protease Inhibitors Cocktail (Sigma). Samples were incubated on ice, vortexed 

periodically for 15 minutes, and centrifuged for 15 minutes in order to remove the cell 

debris. The supernatant was collected and stored at -20°C.  

Protein concentrations were measured using the BCA assay (Thermo Scientific).  

10 µg of protein lysate was added to a loading buffer (Laemelli buffer, BioRad and 

Cleland’s Reagent, Calbiochem) in a 1:1 ratio and boiled for 5 minutes.  The protein 

solution was loaded into 4-15% Tris-HCl Ready Made gel (BioRad) and electrophoresis 

was performed at 150 V for approximately 40-45 minutes.  A wet transfer (Tris-Glycine, 

BioRad) was completed at 40 W, 500 mA, and 200 V for 2.5 hours to transfer the protein 

from the gel to a PVDF membrane (Bio-Rad). Following blocking with 5% milk in Tris-

buffered saline + 0.05% Tween (TBST) for 1 hour at room temperature, the membrane 

was incubated with a rabbit anti-human eNOS antibody (1:200, Santa Cruz) in 1% milk 

in TBST overnight at 4°C, rinsed, incubated with a goat anti-rabbit secondary HRP 

(1:5000, Santa Cruz) for 45 minutes at room temperature, rinsed, covered with enhanced 

chemiluminescence solution (ECL, Pierce) for 5 minutes, and then exposed to CL-

Xposure Film (Pierce).  The membrane was then stripped, (Restore Plus Western 
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Stripping Buffer, Pierce) blocked with 5% milk in TBST, and incubated with a mouse 

anti-human GAPDH antibody (1:5000, Imgenex) and incubated overnight at 4°C.  

Membranes were then incubated with goat anti-mouse secondary HRP (1:5000, Santa 

Cruz) for 45 minutes at room temperature, rinsed, and exposed to detect bands as 

described above.  

Bands were quantified using densitometry, eNOS molecular weight was about 

135 kDa and GAPDH molecular weight was about 37 kDa.  The films were scanned into 

the computer and ImageJ was used to quantify the band density.  The eNOS values were 

normalized to the loading controls (GAPDH).   

3.3.12 Measurement of Nitric Oxide Production  

After 24 hours of flow, media samples were frozen at -80°C and lyophilized  

(Appropriate Technical Resources, Inc) for 20-24 hours. The lyophilized media was 

resuspended into 1/5 of its original volume of assay buffer provided by the Nitric Oxide 

Quantification Kit (Active Motif), and the kit’s protocol was followed to determine 

amount of nitrites and nitrates in the original media samples.  

3.3.13 Statistical Analysis  

Statview 5.0.1 was used to compare data to determine the statistical differences 

between cell sources and conditions used.  ANOVA plus Tukey-Kramer post hoc analysis 
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were conducted to determine significance for all experiments. All values are reported as 

means ± standard error of the mean.  

3.4 Results 

3.4.1 CB-EPC Culture and Characterization  

CB-EPCs appeared as early as 7 days after isolation and reached confluency and 

were passaged once before characterization. As viewed under phase contrast 

microscopy, CB-EPCs and HAECs (Figure 3.1A and B, respectively) each have a typical 

EC cobblestone morphology.  Both cell types were positive for VE-cadherin and 

demonstrate cell-to-cell contacts (Figures 3.1C and D). The staining pattern for PECAM 

was similar to the pattern observed with VE-cadherin (images not shown).  Both CB-

EPCs and HAECs incorporated DiI-acetylated-LDL and stained positively for CD31 and 

vWF.  As demonstrated by flow cytometry, CB-EPCs had similar levels of CD31 and VE-

cadherin surface expression as HAECs and did not express CD14, a 

monocyte/macrophage marker (not shown).  Monocytes (U937, ATCC) were used as a 

control for all experiments and did not express any EC markers, while positively 

expressing CD14.   

The CB-EPCs had a doubling time of 1.25 ± 0.12 days, while HAECs had a  

doubling time of 2.32 ± 1.15 days (p<0.015, n=6).   
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Figure 3.1: Morphology of CB-EPCs compared to HAECs. (a) Phase contrast image of 

CB-EPCs seeded onto FN-coated Teflon-AFTM; (b) Phase contrast image of HAECs 

seeded onto FN-coated Teflon-AFTM; (c) CB-EPCs stained with VE-cadherin (d) HAECs 

stained with VE-cadherin 
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3.4.2 Cell Spreading  

Both CB-EPCs and HAECs had similar projected areas, spread significantly more 

on FN-coated Teflon-AFTM compared to SMCs (p<0.001) and were larger at 24 hours 

compared to 1 hour (p<0.001) (Figure 3.2, n=3). After one hour both CB-EPCs and 

HAECs were roughly 50% of their final size when seeded on FN-coated Teflon-AFTM and 

70% of their final size when seeded on SMCs; this suggests that CB-EPCs spread at a 

similar rate compared to HAECs.  
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Figure 3.2: CB-EPC and HAEC spreading.  Spreading of CB-EPCs and HAECs on either 

FN-coated Teflon-AFTM or SMCs at 1 and 24 hours. Cell area is greater at 24 hours, 

*p<0.001, and on FN-coated Teflon-AFTM compared to SMCs, p<0.01, and overall HAECs 

are significantly larger than CB-EPCs, #p<0.05 (n=3, standard error based off of the n=3). 
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3.4.3 Strength of Adhesion  

CB-EPCs and HAECs adhered firmly to both FN-coated Teflon-AFTM and SMCs 

(Figure 3.3, n=4) when exposed to high shear stresses.  Shear stresses as high as 285 

dyn/cm2, approximately 20 times greater than normal physiological shear stress, were 

applied after 20 minutes of cell attachment.  At the highest shear stress, less than 5% of 

CB-EPCs on FN Teflon-AFTM or SMCs detached, while 10% of HAECs on FN coated 

Teflon-AFTM detached.  This high strength of adhesion has only been observed a few 

times for such short attachment times [10, 112].  
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Figure 3.3: CB-EPC and HAEC strength of adhesion. CB-EPCs and HAECs were either 

adhered to FN-coated Teflon-AFTM or SMCs for 20 minutes before exposure to 2 minutes 

of shear stress and the percent of cells that remained adherent was determined (n=4). 
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3.4.4 Expression and blocking of α5β1 and αVβ3 Integrins  

Both α5β1 and αVβ3 integrins affect EC adhesion to FN [10, 109] and expression of 

these integrins may affect the adhesion strength. Both cell types have similar expression 

of αVβ3, but CB-EPCs express a significantly higher level of α5β1 (Figure 3.4A, p < 0.05, 

n=4). Antibodies to α5β1 alone significantly decreased adhesion to both FN and SMCs 

(p<0.05, n=4), antibodies to αVβ3 did not decrease adhesion, and the combination of the 

two antibodies significantly decreased adhesion (p<0.01) to a greater extent than the 

decrease caused by α5β1 alone for all conditions except for CB-EPCs on SMCs (p<0.05) 

(Figure 3.4B).  
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Figure 3.4: Integrin expression and blocking by CB-EPCs and HAECs. (A) Relative 

amount of adhesion integrins present on CB-EPCs and HAECs determined by flow 

cytometry, CB-EPCs express a significantly higher level of α5β1 compared to HAECs, 

*p<0.05 (n=4). (B) Number of adherent cells after blocking α5β1, αVβ3, or both α5β1 and 

αVβ3 integrins with blocking antibodies. α5β1 significantly decreased adhesion compared 

to the control (no blocking antibodies), *p<0.05, both α5β1 and αVβ3 significantly 

decreased adhesion compared to the control, *p<0.01, and both α5β1 and αVβ3 

significantly decreased adhesion compared to α5β1, #p<0.05. 
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3.4.5 CB-EPC Alignment under Flow on FN-coated Tefl on-AF TM 

 After exposure of CB-EPCs and HAECs seeded on FN-coated Teflon-AFTM to a 

shear stress of 15 dyn/cm2 for 48 hours, both cell types oriented and elongated in the 

direction of flow compared to static conditions (Figure 3.5, p < 0.001, n=4).  This behavior 

is characteristic of most native ECs exposed to steady, fully developed laminar flow.  No 

significant differences were observed in the orientation or roundness between HAECs 

and CB-EPCs exposed to long-term flow.   
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Figure 3.5: CB-EPC and HAEC alignment under long-term flow. (A) Orientation and 

(B) elongation of CB-EPCs and HAECs on FN-coated Teflon-AFTM surfaces when 

exposed to 48 hours of 15 dyn/cm2 shear stress and under static conditions (0 degrees is 

perfectly aligned with the direction of flow, 0 is a perfect line, and 1 is a perfect circle), 

*p<0.001 compared to static conditions (n=4).  
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3.4.6 Effect of Flow on Anti-thrombogenic and Pro-t hrombogenic Gene 
Expression  

To determine if CB-EPCs behaved similar to HAECs under static and flow 

conditions we examined the expression of 10 genes involved in anti-thrombogenic and 

pro-thrombogenic EC function (endothelial nitric oxide synthase (eNOS), 

cyclooxygenase-2 (COX-2), endothelin-1 (ET-1), tissue plasminogen activator (tPA), 

thrombomodulin, Kruppel-like factor-2 (KLF-2), cyclin D1, vascular cell adhesion 

molecule 1 (VCAM-1), intracellular adhesion molecule 1 (ICAM-1), and E-selectin) on 

FN-coated Teflon-AFTM or co-cultured on SMCs (Table 3.1, n=4). The differences found 

between the two cell types are boxed on the table and the significance level is denoted 

with the # symbol. On FN under static conditions, the only difference between the two 

cell types was a higher level of ET-1 mRNA on CB-EPCs. Flow caused a significant 

increase in eNOS, COX2, KLF2, VCAM-1, and thrombomodulin for both cell types and 

ICAM-1 and E-selectin in CB-EPCs. After exposure to flow, only COX2 mRNA levels 

were significantly higher in CB-EPCs than HAECs. ET-1 mRNA levels were depressed 

slightly by flow but the effect was not significant.  Flow caused a suppression of cyclin 

D-1 on HAECs but not CB-EPCs.  For cells grown on SMCs, the trends were generally 

similar to those observed on FN, although tPA and ET-1 levels were not affected by 

flow.  The other major differences between cells grown on SMCs is the significant 

elevation of VCAM-1, ICAM-1 and E-selectin in HAECs exposed to flow.  
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Table 3.1: Anti-thrombotic and Pro-thrombotic gene expression in CB-EPCs and 

HAECs. Comparison of anti-thrombotic and pro-thrombotic genes in CB-EPCs and 

HAECs on either FN or SMC surfaces exposed to static or flow conditions. Note the 

boxed values represent differences in the two cell types and the highlighted values are 

the significant findings.  *p<0.05, **p<0.01, compared to equivalent static conditions; 

#p<0.05, ##p<0.01, compared to equivalent HAEC conditions; ‡p<0.05, compared to 

equivalent SMC conditions 
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3.4.7 Leukocyte Adhesion Molecule Protein Levels an d Monocyte Adhesion  

While mRNA levels of VCAM-1, ICAM-1 and E-selectin were elevated under 

flow for CB-EPCs on FN and both cell types on SMCs, the mRNAs for these conditions 

were much less than we had previously observed after stimulation with 5 U/mL TNF-α 

[111].  We did note that mRNA levels of VCAM-1 and E-selectin under static conditions 

were much lower than other genes, suggesting that these resposnses to flow may not 

lead to significant protein expression. To assess the functional implications of VCAM-1, 

ICAM-1 and E-selectin mRNA levels, we measured protein expression by flow 

cytometry for both CB-EPCs and HAECs seeded onto SMCs and/or FN coated Teflon-

AFTM that underwent static and flow conditions for 24 hours.  The expression of all three 

adhesion molecules was very low for all conditions and in fact could not be 

distinguished from non-specific binding with Mouse IgG for most cases (Figure 3.6A-C).  

Monocyte adhesion experiments did not detect any adhesion at a shear stress of 1 

dyne/cm2. 

In order to assess any differences between CB-EPCs and HAECs after exposure 

to an inflammatory stimulus, we exposed the cells to 5 U/mL TNF-α for the final 4.5 

hours of the 24 hour experiment.  The presence of TNF-α caused an overall increase in 

all three adhesion molecules (n=4).  An ANOVA tests revealed that following differences 

between the two cell types after exposure to TNF-α. E-selectin levels on CB-EPCs seeded 
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on FN under static conditions were significantly elevated.  The elevated level of E-

selectin on CB-EPCs was diminished when the cells were exposed to flow conditions.  

The expression of VCAM-1 was significantly less for CB-EPCs co-cultured with SMCs 

under static conditions compared to culture on FN.  ICAM expression was increased for 

flow conditions versus static for both cell types on both surfaces. As expected, we did 

observe monocyte adhesion to CB-EPCs and HAECs treated with 5 U/mL TNF-α  at a 

shear stress of 1 dyne/cm2 (data not shown). 
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Figure 3.6: CB-EPC and HAEC expression of adhesion molecules.  Adhesion molecules 

were measured by flow cytometry after exposure to static and/or flow conditions on 

both FN coated Teflon-AFTM or SMCs  for 24 hours and either unstimulated or 

stimulated with TNF-α for 4.5 hours. (a) Expression of ICAM, (b) Expression of E-

Selectin, (c) Expression of VCAM, *p<0.01 compared to non-TNF-α stimulated 

conditions, #p<0.01 compared to all other conditions, $p<0.01 compared to static 

conditions (n=4).  
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3.4.8 eNOS Protein Expression and NO Production  

Total eNOS protein expression was determined after 24 hours of exposure to 15 

dyn/cm2.  Flow induced an overall increase in eNOS protein expression, but the increase 

was not statistically significant for CB-EPCs, while it was for HAECs (p<0.05, n=4) 

(Figure 3.7).  eNOS protein expression was found to be significantly higher in the 

HAECs compared to the CB-EPCs (p<0.05). Possibly due to the trypsin levels used and 

the long procedure necessary to separate the ECs with SMCs, we were unsuccessful in 

measuring eNOS in co-culture although we have measured cell surface proteins and 

other intracellular proteins in ECs in co-culture [109]. 
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Figure 3.7: CB-EPC and HAEC eNOS protein expression. eNOS protein expression was 

measured from CB-EPCs and HAECs on FN-coated Teflon-AFTM either exposed to 15 

dyn/cm2 for 24 hours or under static conditions, *p<0.05, compared to static conditions, 

#p<0.05, compared to CB-EPCs (n=4). 
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Thus, to assess the effect of the reduced eNOS levels in CB-EPCs and the effect of 

co-culture, we measured NO after 24 hours of exposure to 15 dyn/cm2.  Flow induced a 

significant increases in NO production for both cell types on both FN coated Teflon-

AFTM and SMCs (Figure 3.8, n=4, p<0.001).  There were no significant differences in NO 

levels between cell types.  
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Figure 3.8: NO produced by CB-EPCs and HAECs. NO was measured, by total amount 

of nitrites and nitrates, in the supernatant of CB-EPCs and HAECs on FN-coated Teflon-

AFTM or SMCs either exposed to 15 dyn/cm2 of shear stress for 24 hours or under static 

conditions, *p<0.001, compared to static conditions (n=4).  
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3.5 Discussion 

CB-EPCs are a promising cell source for many cardiovascular therapeutic 

applications; however, the extent to which they behave like vascular endothelium and 

respond to flow has yet to be investigated.  We isolated late outgrowth EPCs from 

umbilical cord blood and compared their EC functional properties with adult HAECs 

under laminar flow conditions in order to determine their ability to meet the five criteria 

we set for use to line vessel as a vascular treatment method.   

Late outgrowth CB-EPCs were easily isolated and grew to large numbers with a 

doubling time approximately twice as fast as the doubling time of HAECs, satisfying the 

first criterion that the EC replacement comes from an easily obtainable and reliable 

source. 

We showed that late outgrowth CB-EPCs resembled HAECs in morphology, 

expression of CD31, VE-cadherein, vWF, ability to bind and internalize DiI-acetylated-

LDL, and absence of CD14. These results are consistent with the description of late 

outgrowth CB-EPCs by Yoder and colleagues, which they defined as ECFCs [34]. CB-

EPCs meet our second criterion for EC replacement cells in vascular therapies, which is 

that the cells display EC specific markers and lack monocyte characteristics.  This 

important criterion is based on the presence of two distinct EPCs, ECFCs and CFU-ECs, 

found within peripheral and umbilical cord blood [34]. CFU-ECs have limited 
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proliferation, express monocytic/macrophage markers, do not adopt a cobblestone 

morphology, differentiate into phagocytic macrophages, and display myeloid progenitor 

cell activity [34].  ECFCs do not exhibit these monocytic properties, which are 

unfavorable for a vessel lining.  

 It is important for CB-EPCs to withstand physiological levels of shear stress in 

order to maintain a confluent endothelium if used as a vascular treatment method 

described in Chapter 1. Through the use of a mild trypsinization techniques in Chapter 

2, we found that CB-EPCs have similar adhesion strength compared to HAECs when 

seeded onto FN-coated Teflon-AFTM or SMCs (Figure 3.3).  In fact, both cell types 

remained adherent when exposed to shear stresses much higher than the physiological 

range and have some of the highest adhesion strength ever reported for such short 

attachment times [10].  The ability of CB-EPCs to remain adherent when exposed to 

supraphysiological shear stresses after only 20 minutes of attachment suggests they can 

be seeded onto vein bypass grafts within a short time period before use.  Such rapid and 

firm adhesion may permit rapid seeding and graft implantation, in which the stored CB-

EPCs could be available and matched from donor to recipient and then seeded onto the 

graft during the surgical procedure.  

Both cell types maintained confluent monolayers on SMCs or FN-coated Teflon-

AFTM when exposed 15 dyn/cm2 for 24-48 hours.  CB-EPCs adapted to long-term flow 



 

104 

conditions by elongating and aligning with the direction of flow similar to native ECs 

when adhered to FN-coated Teflon-AFTM.  Peripheral blood EPCs also exhibit this 

characteristic [99, 113].   

EC adhesion to materials is mediated by the cell adhesion proteins bound to the 

surface of the material, such as FN or vitronectin [74, 114].  FN and vitronectin form 

bonds with the cell’s surface integrins, specifically α5β1 and αVβ3, inducing firm adhesion 

at the cell-substrate interface.  Cell adhesion strength is initially dependent on integrin- 

ligand interactions, which is later strengthened by focal contact formation [75]. 

CB-EPCs and HAECs have a similar expression level of αVβ3; however, CB-EPCs 

have a significantly higher level of α5β1 expression compared to HAECs.   Both CB-EPCs 

and HAECs had less adhesion to both substrates when α5β1 was blocked, and adhesion 

was further hindered when both α5β1 and αVβ3 were blocked, however when only αVβ3 is 

blocked the reduction in adhesion was not significant. These findings are similar to what 

we previously found with HAECs [109]. Thus, α5β1 may play the dominant role in 

adhesion of both cell types, but αVβ3 integrins also contribute to adhesion. These results 

indicate that CB-EPCs satisfy our third criterion of strong adhesion necessary for 

successful grafts or TEBVs. 

ECs lining the vasculature must be anti-thrombotic, which is our fourth criterion 

an EC source must meet to be used. ECs pro- and anti-thrombotic nature varies 
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depending on the shear stress acting on the cells.  The cells are more thrombotic at lower 

shear stresses and more anti-thrombotic at higher shear stress values. For instance, 

eNOS gene expression and NO production increase when shear stress increased [115].  

We compared the two cell types at only one laminar shear stress, 15 dyne/cm2.  

The functional properties of ECs are required to maintain homeostasis in the 

vasculature; therefore, we examined a number of key anti-thrombotic and pro-

thrombotic genes that are known to regulate vessel function.  Three important molecules 

secreted by ECs that influence vascular hemodynamics are NO, prostacyclin (PGI2), and 

endothelin-1 (ET-1) [39], which are discussed in Chapter 1.  We found similar gene 

expression levels of eNOS, COX-2, and ET-1 in both CB-EPCs and HAECs under static 

and long-term physiological flow conditions.  The decrease in ET-1 expression for both 

cell types on FN is consistent with other reports for ECs seeded on FN coated surfaces 

and exposed to laminar flow [116, 117].  The slight increase in ET-1 mRNA when CB-

EPCs and HAECs were grown on SMCs and exposed to flow demonstrates the 

importance of the underlying substrate upon EC phenotype.  We also determined that 

eNOS protein expression increased under flow conditions in HAECs and was 

significantly less abundant in CB-EPCs compared to HAECs, while other studies have 

not found detectable levels of eNOS in either CB-EPCs or PB-EPCS (CFU-ECs) through 

Western blotting [118].  However, the eNOS protein expression does not directly 
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correlate with NO production since the protein must be activated to produce NO [119].  

The amount of NO produced by CB-EPCs and HAECs increased significantly after 

exposure to fluid shear stress for both substrates and there was no significant difference 

in the amount of NO produced by the two cell types.  While cultured SMCs alone do 

produce NO in response to fluid shear stress by neuronal NOS [120], SMCs in co-culture 

are not exposed to shear stress directly and the similarity in the levels of NO produced 

with and without SMC co-culture suggests that SMC NO production was not significant.  

Although tPA levels did increase with HAEC cultured on FN, which correlates 

with previous findings on synthetic grafts [121], the ANOVA was not significant.  tPA 

mRNA levels in CB-EPCs did not increase with shear stress. However, when cultured on 

SMCs, both cell types had slightly higher levels of tPA mRNA and did not increase tPA 

mRNA after exposure to flow, further demonstrating the importance of the substrate.  

CB-EPCs and HAECs expressed similar levels of the transcription factor KLF-2, 

which is exclusively expressed within the endothelium in the vasculature [41].  KLF-2 is 

a key regulator of oxidative and anti-thrombotic responses to shear stress [41].  KLF-2 is 

known to induce eNOS and thrombomodulin expression and activity, reduce ET-1 

expression, inhibit the inflammatory cytokine-mediated induction of adhesion molecule 

expression, and inhibit leukocyte adhesion [34]. CB-EPCs and HAECs have a 

significantly higher expression level of KLF-2 under flow.   
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To assess the effect of flow on the growth potential of the highly proliferative CB-

EPCs, we measured gene expression of cyclin D1, which is involved with proliferation 

[122].  However, we did not find any significant difference between cyclin D1 levels in 

CB-EPCs and HAECs, and there was a slight decrease in cyclin D1 when the cells were 

exposed to flow.  The cells were seeded at confluent density to simulate in vivo 

conditions and hence would not be likely to proliferate extensively, which may be the 

reason we do not see a difference between the two cell types.   

VCAM-1, ICAM-1, and E-selectin are major players in monocyte and leukocyte 

adhesion to the endothelium.  E-selectin interacts with a ligand on the leukocyte surface, 

which captures the leukocyte and induces it to roll on the endothelium.  Then VCAM-1 

and ICAM-1 bind to leukocyte integrins causing firm adhesions of the leukocyte to the 

endothelium surface [123].  There were some notable differences in mRNA expression 

on FN and SMCs.  VCAM-1 on CB-EPCs attached to FN increased under flow, and 

VCAM-1, ICAM-1 and E-selectin increased in HAECs exposed to flow.  This increase in 

VCAM-1 and E-selectin mRNA after flow exposure differs from the results of Brooks et 

al. [116] for HAEC grown on FN-coated plastic and exposed to laminar shear stress for 

24 hours.  However, we did find the effect of flow on ICAM-1 mRNA for HAECs on FN 

to be similar to previously reported trends [116]. The increased mRNA levels with flow 

for cells grown on FN are much less than the increase in VCAM-1, ICAM-1, and E-
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selectin mRNA in the presence of TNF-α,  which increased VCAM-1 and E-selectin  44-

112 fold at 5U/mL [111].  The increase in E-selectin level for HAECs grown on SMCs and 

exposed to flow is comparable to low levels of TNF-α stimulation, but the increase for 

CB-EPCs grown on SMCs is about 7 times smaller. We found that the expression of all 

three of these proteins to be very low, with no significant difference between HAECs 

and CB-EPCs found (Figure 3.6A-C).  At 1 dyne/cm2 monocytes did not adhere to CB-EC 

or HAECs previously cultured under static or flow conditions.  Therefore, CB-EPCs 

have a small amount of adhesion proteins on their surface and do not promote 

monocyte adhesion similar to HAECs.  

Overall, we found few differences between the two cell types in protein levels of 

VCAM-1, ICAM-1, and E-selectin after stimulation with TNF- α.  CB-EPCs on FN under 

static conditions and exposed to TNF-α did have a significantly higher amount of E-

selectin compared to all other conditions, however, this protein expression was 

significantly down-regulated under flow conditions. The effect of flow on adhesion 

molecule protein levels after TNF-α stimulation was similar to that reported by Chiu et 

al. [124]. Overall, these results suggest that CB-EPCs are similar when compared to 

HAECs protein expression of important monocyte adhesion molecules and prevent 

monocyte adhesion in vitro.     
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In conclusion, these results suggest that CB-EPCs meet most of the criteria for a 

suitable cell source for lining synthetic vascular grafts, TEBVs, and damaged vessls in 

order to obtain a firmly adherent, confluent, and anti-thrombotic endothelium.  CB-

EPCs (1) are easily obtainable, (2) exhibit EC-specific markers and do not exhibit 

monocytic markers, (3) have a high strength of adhesion, and (4) possess a number of 

anti-thrombotic qualities when exposed to physiological laminar shear stress.  Chapter 5 

will discuss whether CB-EPCs prevent neointimal thickening and thrombosis in vivo.  

The effect of other flow conditions (e.g. low shear stresses, oscillatory shear stress) in 

combination with cytokine treatment needs to be assessed to determine how CB-EPCs 

behave under athero-prone conditions.  However, the functional properties of CB-EPCs 

found in this study provide initial support for the use CB-EPCs as an EC source for 

replacement vessels that will remain patent under flow conditions.  
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Chapter 4. Cord Blood Endothelial Progenitor Cells are 
Capable of Dynamic Adhesion to Smooth Muscle Cells 
and/or Extracellular Matrix Proteins  

 

4.1 Chapter Synopsis 

Dynamic adhesion of cord blood derived endothelial progenitor cells (CB-EPCs)  

to smooth muscle cells (SMCs) and/or extracellular matrix proteins (ECM) was 

characterized and CB-EPC adhesion was compared with the adhesion of EPCs from 

peripheral blood of healthy patients, patients with coronary artery disease (CAD), and 

human aortic endothelial cells (HAECs).  CB-EPCs adhered to all substrates examined, 

with the maximum amount of adhesion occurring on SMCs with exogenously added 

fibronectin, collagen I, and collagen III.  On SMCs, adhesion increased as shear stress 

varied from 0.25-0.75 dyn/cm2 and then decreased at shear stresses above 0.75 dyn/cm2.  

The rate of cell binding per unit cross-sectional area also exhibited a maximum at 0.75 

dyn/cm2, and was found to be less than the cell flux for all shear stress values except 0.75 

dyn/cm2, which suggests that the adhesion is not limited by transport mechanisms.  In 

addition, CB-EPCs had significantly greater adhesion compared to EPCs isolated from 

peripheral blood from healthy individuals and HAECs, and a slightly greater adhesion 

compared to PB-EPCs (CAD). Increased CB-EPCs adhesion may be due to the smaller 

size of the CB-EPCs, which produced a smaller net force upon adhesion. Blocking 
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experiments determined that α5β1, β1, and αVβ3 adhesion integrins are all critically 

important for dynamic adhesion. In addition, CB-EPCs have a significantly higher 

number of α5β1 adhesion integrins compared to all other cell types.  In conclusion, CB-

EPCs are capable of adhering to various substrates under flow conditions and this 

adhesion is superior to adult blood derived EPCs possibly due to their enhanced 

integrin expression and/or their smaller size.  

4.2 Introduction 

Angioplasty, stent placement, and bypass grafts are all common treatments for 

atherosclerotic lesions; however, these procedures commonly result in further 

endothelial cell damage that can lead to restenosis and/or thrombosis of the vessel [5].  

Restenosis and thrombosis can possibly be reduced through rapid re-endothelialization 

of the damaged vessel [5].  In humans, re-endothelialization is limited since endothelial 

cells (ECs) surrounding the region of damage are not capable of migrating and 

proliferating over large areas of damage [12].  In addition, less than 0.01% of the 

circulating mononuclear cells are of endothelial lineage, although this number may vary 

depending on the patients’ specific cardiovascular risk factors.  Therefore, circulating 

EPCs are not always sufficient to prevent restenosis [25-28].  An exogenous cell source 

added to the bloodstream and/or region of vessel treatment could lead to coverage of the 

damaged vessel, and thereby prevent restenosis and thrombosis. Vascular and adipose 
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derived ECs require an extensive isolation procedure and have a limited number of cell 

divisions.  This leads to two major options for a cell source: peripheral and cord blood 

derived endothelial progenitor cells. Both of these cell sources are easily obtainable with 

no extensive surgical procedure necessary for isolation [30].  

There is some controversy in the literature about the viability and function of 

EPCs from patients with cardiovascular risk factors. Since there are so few EPCs present 

in the blood, they do require a few weeks of culture in vitro to allow sufficient 

proliferation to obtain a substantial number of cells. Recent results from Stroncek et al. 

[125] suggest that EPCs from the peripheral blood of healthy donors (PB-EPC-healthy) 

or patients with coronary artery disease (PB-EPC-CAD) have similar levels of 

proliferation, viability, adhesion, and anti-thrombotic function. This suggests that PB-

EPCs may be a suitable cell source for patients in need of cell therapeutic applications to 

prevent restenosis and thrombosis post vascular treatment.  

Alternatively, cord blood derived EPCs (CB-EPCs) could be cultured in advance 

so that sufficient numbers are available at the hospital for emergency procedures, and 

the recipient would be matched with the donor cells. Further, CB-EPCs have a very low 

recipient immune response when the cells are matched to donors with compatible 

human leukocyte antigen (HLA) markers [31-33]. 
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EPCs must be injected within the patients’ bloodstream and adhere to the 

damaged region in order to promote re-endothelialization.  This study examined the 

dynamic adhesion of CP-EPCs, PB-EPCs and HAECs under flow conditions in vitro. A 

parallel plate flow chamber was used to infuse the cells over SMCs with and without 

various combinations of extracellular matrix proteins and the binding of EPCs and 

HAECs was measured at various shear stresses.  We determined the relative amount of 

integrin expression for each cell type and examined the adhesion integrins involved in 

dynamic adhesion through blocking experiments.  We then assessed the relative 

importance of the delivery of the cells to the surface and the intrinsic cell-surface 

interactions.  Studying the capture of cells under shear stress allowed us to identify the 

mechanism of cell attachment, and provide a better understanding of an in vivo cell 

delivery method. 

4.3 Methods 

4.3.1 Cell Culture  

CB-EPCs and PB-EPCs were isolated as previously described by Ingram et al. 

[30] and Chapter 3.  HAECs and SMCs were also cultured as described in Chapter 3. 

Peripheral blood samples were obtained from young healthy volunteers (n=13); all of the 

individuals had no history of chest pain, were non-smokers, and were not on any 

medication.  Blood was also collected from patients undergoing left heart catheterization 
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that gave consent at Duke University Medical Center (n=13).  The Duke University 

Institutional Review Board approved the protocol for collection and use of human blood 

employed in this study.  A more detailed table of the patients medical history is 

described in Stroncek et al., and it is noted that not all of the peripheral blood collected 

resulted in successful growth of cells and hence not all of the patients were examined in 

this study [125].  

4.3.2 Substrates for Adhesion  

SMCs to be used for dynamic adhesion were prepared as previously described 

[10]. Briefly, SMCs were plated at 80,000 cells/cm2 with SMC growth media on 

polystyrene Slideflasks (NUNC) that were incubated with 3.3 µg/ml fibronectin (FN) for 

one hour.  One day after seeding the SMCs, the growth media was switched to SMC 

quiescent media or media containing ascorbic acid.  SMCs were maintained with 

quiescent media for seven days before the dynamic adhesion experiments and for some 

conditions extracellular matrix proteins were added on top of the SMCs one day prior to 

experimentation.  SMCs were coated with a layer of FN, collagen I, and collagen III 

overnight before corresponding experiments, since these three extracellular matrix 

proteins are the abundant in the subendothelium immediately after vessel injury [126].  

Either 3.3 µg/ml of FN, 5 µg/ml collagen I, and/or 5 µg/ml collagen III was added in 

quiescent media that the SMCs were incubated in, which would hopefully allow for the 



 

116 

ECM proteins to adsorb to the SMC surface.  Controls consisted of the ECM proteins on 

polystyrene with no SMCs.  These proteins were chosen based on their abundance in 

damaged vessels, however, it should be noted that other ECM proteins are also present 

[126] but not specifically studied here.  

We measured the relative amount of fibronectin and collagen I on the various 

substrates used by staining the cells/ECM molecules with a primary antibody (mouse 

anti-human fibronectin and mouse anti-human collagen I) and with a secondary 

antibody (goat anti-mouse Alexa Fluor 488). The fluorescent intensity of FN and Col I 

were measured separately in a fluorescent plate reader (both experiments were run three 

times).  

4.3.3 Static Adhesion  

 CB-EPCs were stained with Cell Tracker Green (Invitrogen), trypsinized, and 

resuspended in DPBS, CB-EPCs were seeded onto SMC models at a density of 25,000 

cells/cm2, and allowed to adhere for 10 minutes, which was followed by a brief rinse 

with DPBS and imaged for total number of cells adherent.  

4.3.4 Dynamic Adhesion  

CB-EPCs, PB-EPCs, or HAECs were stained with Cell Tracker Green, trypsinized 

and resuspended in DPBS at 500,000 cells/ml and flowed over SMC models in a parallel 

plate flow which was connected to a syringe pump [81] and heated to 37°C.  The shear 
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stress was computed by equation 2.1 in Chapter 2.  Shear stresses ranged from 0.25 to 1.5 

dyn/cm2, with Q being between 0.08 and 0.5 ml/min. Flow lasted for 10 minutes and 

images of the number of adherent cells were obtained at 2.5, 5, 7.5 and 10 minutes.  The 

binding rate of the cells was determined by plotting the number of cells adhered versus 

time, and finding the slope of the line that connected these points. Experiments were 

performed in triplicate or quadruplicate.  

Dynamic adhesion experiments done at a shear stress of 0.5 dyn/cm2 were 

recorded at a frame rate of 1/30 seconds using a video camera (MTI) and a time-date 

generator (Panasonic) and the instantaneous velocity was measured for cells as they 

adhered to the surface.  Cells that were found to adhere in the field of view were chosen 

and tracked across the field of view (10x) to measure instantaneous velocities.  The 

position of the cell centroid was measured at every frame over a linear distance of 

1306.12 µm, and the instantaneous velocity was determined by dividing the change in 

cell displacement between each frame by the time interval between frames (0.033 s).  The 

average velocity of the rolling cell was calculated from the average instantaneous 

velocity once the cell’s velocity decreased to 85% of the hydrodynamic velocity.  

However, it should be noted that the instantaneous velocity measurements were taken 

only for cells that resulted in adhesion and the measurement began once the cells came 

into the field of view.  
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The hydrodynamic velocity was determined in order to assess whether a cell was 

interacting with the surface and is defined as the velocity of a cell under imposed 

hydrodynamic forces in the absence of any interaction with the substrate and is defined 

mathematically as given in equation 4.1 below [127]:   

)ln(2.06376.0
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             (4.1) 

where h is the distance of the cell center from the surface (we assumed this to be the cell 

radius + the microvillus length) and δ is the distance of the lower cell surface from the 

planar surface, which we assumed to be the length of the microvillus- 0.3µm.  The 

hydrodynamic velocity was measured for each cell type exposed to a shear stress of 0.5 

dyn/cm2 over a BSA coated substrate, to prevent any specific interactions, and cells were 

defined as not interacting with the surface if they were moving at a speed greater than 

85% of the hydrodynamic velocity.  

All experiments were done at the same position along the x-axis of the flow 

chamber (x=10cm from the inlet), however, we also determined the number of adherent 

cells at various positions along the x-axis at the end of the 10 minute flow experiment.  

The binding rate was compared to the cell flux to the surface, which is the 

product of the cell concentration adjacent to the surface, ψ, multiplied by the 

sedimentation velocity, VS: 
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where y equals the radius of the cell and the microvillus, a is the radius of the cell, ρ is 

the density of the fluid, ρc is the density of the cell (1.07 g/cm3), g is gravitational 

acceleration, and µ is viscosity.  The dimensionless concentration determined from the 

steady-state portion of the flow chamber is: 
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where c is the concentration of cells in the bulk fluid, h is the depth of field (13 x 10-4 cm), 

x is the distance along the length of the slide at which adhesion is measured (10 cm), and 

u is the fluid velocity [128].  The fluid velocity of the cells is influenced by the drag force 

exerted by the wall of the flow chamber and hence this needs to be taken into account.  

The calculations for the fluid velocity when the cell is within 4*R to the wall of the 

chamber is [129]:  
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where y is the radius of the cell + the microvillus length, within the chamber and γw is 

the shear rate, which is shear stress (equation 2.1) divided by viscosity [129].  The 
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number of adherent cells was corrected by dividing the experimatally determined 

adhesion with the dimensionless concentration determined from equation 4.3a.   

4.3.5 Cell Area  

To determine the projected cell area, CB-EPCs, PB-EPCs, and HAECs were 

stained with Cell Tracker Orange (Invitrogen, 2 µM, 15 minutes, 37°C), detached and 

immediately imaged to determine the area of suspended cells. Ten random fluorescent 

images were captured and the projected cell area was measured using ImageJ (version 

1.36, National Institutes of Health) software. For each experiment, approximately 75 cells 

were examined and averaged for each cell type. Three independent experiments were 

performed and the means from each experiment were averaged. Cell area was used to 

determine the cell radius, assuming that the cells were spherical. 

4.3.6 Net Hydrodynamic Force Acting on Cells  

In order to compare the adhesion of cells of different sizes, the net force imposed 

on the cells during the dynamic adhesion experiments was determined.  The formation 

of a small number of bonds causes rolling of the cells over the SMC surface and bond 

dissociation is dependent upon the force applied to these bonds [130].  Hence the net 

force imposed on the cells during the dynamic adhesion experiments were determined 

assuming the cells are spherical when initially adhered.  When shear stress is applied to 

the cells and the force applied to the microvillus exceeds 45 pN then a membrane tether 
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is formed [130].   The total net force acting on the cells is dependent upon the x 

component of the force determined in equation 4.4a and the torque determined in 4.4b, 

which is equal to the net force acting on the bonds holding the microvillus to the surface 

Fb. 

Fx = Fb cosϑ = 32.054R2τ    (4.4a) 

T = Fb lsinϑ = 43.916R3τ                           (4.4b) 
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with τ is the wall shear stress, l is the lever arm between the center of the cell and the 

microvillus, R is the cell radius, and θ is calculated using equation 4.4c, in which L is the 

length of the microvillus [130], which we assumed to be 0.3 µm [131].   

4.3.7 Blocking Studies  

CB-EPCs or HAECs were stained with Cell Tracker Orange, trypsinized, 

resuspended in DPBS at 250,000 cells/ml, and incubated with integrin specific antibodies 

for 30 minutes prior to dynamic seeding experiment, which was performed as described 

above for 5 minutes durations (instead of 10).  Immediately following the 5-minute 

adhesion period, the cells were subjected to a higher shear stress of 15 dyn/cm2 and the 

number of cells that remained adherent after this higher shear stress was determined.  

Experiments were performed in triplicate.  
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4.3.8 Flow Cytometry  

The surface expression of α5β1, αVβ3, β1, α2β1, and α1β1 integrins present on CB-

EPCs, PB-EPCs, and HAECs was determined by flow cytometry techniques.  The cells 

were trypsinized, incubated with either 10 µg/ml (approximate value) mouse-anti-α5β1, 

10 µg/ml mouse-anti-β1,10 µg/ml mouse-anti-α2β1,10 µg/ml mouse-anti-α1β1, and 20 

µg/ml mouse-anti-αVβ3 antibodies (Chemicon), for 1 hour, rinsed and pelleted, 

incubated with Alexa fluor 488 goat-anti-mouse secondary antibody (1:500, Invitrogen), 

rinsed and pelleted, and fixed in 3.7% paraformaldehyde. For each antibody, 

preliminary experiments were performed to determine the antibody concentration 

necessary to saturate the integrin binding sites.  

Fluorescence intensity per cell produced by the bound antibodies was measured 

using a FACStar Plus flow cytometer (Becton Dickinson, San Jose, CA).  Typically 10,000 

CB-EPCs and HAECs were measured for fluorescent intensity per experiment.  In 

addition, isotype controls (Mouse IgG, Caltag, Burlingam, CA) were performed for each 

sample condition, and the mean fluorescent intensity found for the isotype control was 

subtracted from the mean fluorescent intensity of the antibody bound cells.  

4.3.9 Statistical Analysis  

 Statview 5.0.1 was used to compare data to determine the statistical differences 

between cell sources and conditions used.  ANOVA plus Tukey-Kramer post hoc analysis 
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were conducted to determine significance for all experiments. All values are reported as 

means ± standard error of the mean.  

4.4 Results 

4.4.1 Fibronectin and Collagen I Adsorption onto Va rious SMC Substrates  

 In these experiments we wanted to determine if CB-EPCs were capable of 

adhering to surfaces that ‘modeled’ a denuded region of vasculature under flow 

conditions.  We assessed adhesion to SMCs with and/or without the addition of ECM 

proteins. We focused on three specific ECM proteins: fibronectin (FN), collagen I (Col I), 

and collagen III (Col III) because these three proteins are abundant in damaged regions 

of the vasculature [126, 132], in addition to other ECM proteins.  We measured the 

relative amount of fluorescently labeled FN (Figure 4.1A) or collagen I (Figure 4.1B) on 

SMCs containing adsorbed FN, Col I or Col III or SMCs incubated with ascorbic acid 

(AA), which increases collagen production [132]. Collagen I synthesis due to AA was 

minimal when measured by fluorescent intensity of an anti-Col I antibody (Figure 4.1B).  

The addition of 5µg/ml collagen I to SMCs did significantly increase the amount of 

collagen present on the cells (Figure 4.1B); and increased the static and dynamic 

adhesion (Figure 4.2).  The addition of FN to the SMCs does not significantly increase 

the amount of FN present on the cells (Figure 4.1A) and in fact all conditions had similar 

amounts of FN present.  However, the overall amount of FN present was much greater 
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than Col I levels, this can be seen by comparing Figures 4.1 A and B (and is valid since 

the experiments were run on the same plate).  
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Figure 4.1: Fibronectin and Collagen I measurement on SMCs and ECM surfaces. The 

fluorescent intensity of labeled anti-FN (A) or anti-collagen I (B) antibodies present on 

quiescent SMCs with and without added FN, Col I, Col III, a combination of all three, or 

SMCs grown in AA media. A. SMCs incubated with ascorbic acid (SMCs/AA) had 

significantly less FN compared to SMCs incubated with FN (SMCs/FN) (#p<0.05) and the 

amount of FN on plastic slides incubated with FN alone had significantly less FN compared 

to the SMC surfaces (*p<0.05, n=3) B. SMCs incubated with Col I (SMCs/Col I) had 

significantly more Col I compared to SMCs alone, SMCs incubated with FN (SMCs/FN), 

SMCs incubated with Col III (SMCs/Col III) and SMCs/AA (*p<0.05).  SMCs incubated in FN, 

Col I and Col III (SMCs/FN/Col I&III-SMCs/3) had significantly more Col I compared to 

SMCs/qui and SMCs/FN (#p<0.05, n=3).  
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4.4.2 Static and Dynamic Seeding onto Various SMC S ubstrates  

 Static and dynamic adhesion of CB-EPCs was measured on the various 

substrates of SMCs and basal ECM proteins (Figures 4.2 A and B).  FN and Col I 

adsorbed to plastic resulted in the most adhesion for both conditions and produced 

significantly greater adhesion compared to all SMC conditions.  The addition of FN, 

collagen I, and collagen III to the SMCs (labeled as SMCs/3) did not significantly 

increase adhesion above that produced by collagen I alone on SMCs (Figure 4.2B).  This 

suggests that the addition of Col I had the most significant effect upon dynamic 

adhesion. We chose to pursue the model of SMCs with added FN, collagen I, and 

collagen III, as it had the most adhesion both statically and dynamically (with the 

exception of the ECM on bare plastic) and it exhibited all three ECM proteins that have 

been reported to be in abundance immediately following vessel damage.  
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Figure 4.2: Static (A) and dynamic (B) adhesion of CB-EPCs to ECM proteins or SMCs 

with adsorbed ECM proteins.  (A) The number of attached cells per cm2 was 

determined after 10 minutes of contact between the cell suspension and the surface. (B) 

Dynamic Adhesion of CB-EPCs to ECM proteins or SMCs with adsorbed ECM proteins.  

Cells adhered under dynamic flow conditions for 10 minutes at a shear stress of 0.5 

dyn/cm2. Adhesion to FN, Col I, and Col III was significantly greater than all other 

conditions (*p<0.01). Adhesion to SMCs with adsorbed Col I (SMCs/Col I) or a mixture 

of adsorbed FN, Col I and Col III (SMCs/FN/Col I& III- labeled as SMCs/3) was 

significantly greater than adhesion to other SMC surfaces (#p<0.05), n=3-4.  
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The number of adherent cells was determined along the length of the chamber 

for CB-EPCs at a shear stress of 0.5 dyn/cm2 over SMCs/FN/Col I&III (or SMCs/3) in 

order to determine the role of the position on adhesion.  Figure 4.3 shows that the 

adhesion for our flow system is not dependent on the position within the chamber; this 

is consistent with Zhang et al., who have shown that positional variations in cell-

substrate interactions occurs in the first 20% of the chamber and level off thereafter [129].  
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Figure 4.3: Adhesion with respect to distance from the inlet of cells in a flow chamber. 

CB-EPCs were exposed to a shear stress of 0.5 dyn/cm2 on SMCs/FN/Col I&III for 10 

minutes and the number of adherent cells was determined at various points along the 

flow chamber (n=3). 
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Shear stresses ranging from 0.25 to 1.5 dyn/cm2 were examined to determine the 

dynamic adhesion of CB-EPCs from solution to SMC/FN/Col I&III (Figure 4.4). 

Adhesion increased with shear stress for values less than 0.75 dyn/cm2 and the number 

of adherent cells declined with shear stress from 0.75 to 1.5 dyn/cm2.  The number of 

adherent cells was corrected due to cell flux to the surface.  The reason we corrected for 

cell flux is we wanted to understand if the cells could adhere at the specific shear 

stresses being applied without bias of the larger number of cells in close proximity to the 

surface with lower shear stresses.  The peak in adhesion at 0.75 dyn/cm2 is enhanced 

when the data is corrected with respect to cell flux, which suggests that this specific 

shear stress is favorable for adhesion to take place, which may be attributed to the 

formation of catch bonds.  
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Figure 4.4: CB-EPCs adhesion to SMCs/FN/Col I&III for various shear stress values: 

uncorrected ‘raw’ number of adherent cells and normalized due to cell flux to the 

surface. (*p<0.05, for uncorrected values compared to all other shear stresses except for 

0.5 dyn/cm2 and for cell flux corrected compared to all other shear stresses , and #p<0.05 

compared to a shear stress of 1.5 dyn/cm2 for the uncorrected values). 
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The number of adherent cells over time for the various shear stress values was 

examined over the ten minute flow period, and it was found that there was a steady 

increase in binding for all shear stresses examined (Figure 4.5a). Figure 4.5b is a plot of 

the rate of binding for the different shear stress values, which shows that the optimal 

shear stress of 0.75 dyn/cm2 has the highest binding rate.  The rate of binding exhibited a 

similar trend with the number of adherent cells at 10 minutes for varying shear stress 

(Figure 4.4).  A shear stress of 0.75 dyn/cm2 had a significantly higher binding rate than 

all other shear stress values (other than 0.5 dyn/cm2).  Figure 4.5b also shows the cell flux 

to the surface at the shear stresses examined, which were calculated based off Equations 

4.2a and 4.3a described in the methods section.  The cell flux is much greater than the 

binding rate for all flow conditions except for a shear stress of 0.75 dyn/cm2. In addition, 

the smallest shear stress (0.25 dyn/cm2) results in the greatest cell flux but not the 

greatest amount of adhesion. This suggests that transport to the surface alone does not 

determine if binding will occur, since there is a much greater number of cells 

transported to the surface compared to the number binding to the surface.  Hence, the 

ability of cells to adhere is not dominated by availability of the cells to the surface, and 

instead it may possibly be dominated by interactions with the surface that occur at 

different flow rates. It has been suggested that shear stress may cause the cells and their 

microvillus to deform, which may help with binding to the substrate [133].  These results 
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may suggest that a shear stress of 0.75 dyn/cm2 is optimal in cell/microvillus 

deformation for adhesion to the substrate, and when the cells are exposed to higher 

shear stress values, the adhesion may be limited by the force acting on the cells.  

Another hypothesis is the formation of catch bonds, which are bonds that have a 

prolonged lifetime due to the deformation of the molecules caused by the forces applied, 

which allows them to lock tightly [134, 135], hence an increased force causes an increase 

in bond formation.  However, once an optimum force value is reached the bonds 

transition to slip bonds, which have a shorter tether lifetime [135].  This phenomenon, 

which has been reported with leukocytes [136], would explain why we have an increase 

in adhesion from 0.25 to 0.75 dyn/cm2 and a drop in adhesion above this value.  
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Figure 4.5: (A) Adhesion of CB-EPCs to SMCs/FN/Col I&III at various shear stresses 

over 10 minutes. (B) The binding rate of CB-EPCs as determined by (A) and the 

calculated cell flux at various shear stresses, cell flux was calculated using Equations 

4.2a and 4.3a described in Section 4.3 (*p<0.05, the binding rate for a shear stress of 0.75 

dyn/cm2 was significantly greater than 0.25, 1, 1.25, and 1.5 dyn/cm2, n=3-6).  



 

135 

4.4.3 Comparison of Cell Types  

 The dynamic adhesion of CB-EPCs, PB-EPCs (CAD), PB-EPCs (healthy), and 

HAECs onto SMCs with added FN, collagen I, and collagen III was examined at 0.5 

dyn/cm2 (Figure 4.6).  CB-EPCs had significantly greater adhesion compared to HAECs 

and PB-EPCs (healthy), but not PB-EPCs (CAD).  This greater adhesion observed may be 

partly explained by the size of the cells in suspension. CB-EPCs have a significantly 

smaller projected or cross-sectional area compared to the other three cell types (Figure 

4.7A).  The cell radius, and hence surface area, directly affects the force exerted on the 

cells as determined by the net force equations previously described (Equations 4.4a-

4.4c). Therefore, the CB-EPCs are exposed to smaller net forces than other cells exposed 

to the same shear stress values, and hence are more favorable to adhere (Figure 4.7B), 

which is demonstrated in Figure 4.7C.  At 1 dyn/cm2 the CB-EPCs have a similar net 

force as the PB-EPC (CAD) and HAECs at 0.5 dyn/cm2, and a similar number of 

adherent cells.  In addition, at 1.5 dyn/cm2 the CB-EPCs have a similar net force as the 

PB-EPC (healthy) and a similar number of adherent cells. This suggests that the net force 

on the cells, which is dependent on the cell radius (see Equations 4.4a and 4.4b), is 

largely responsible for differences in adhesion of the EPCs and ECs.  
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Figure 4.6: Adhesion of the various cell types onto SMCs/FN/Col I&III after being 

exposed to a shear stress of 0.5 dyn/cm2 for 10 minutes, (*p<0.05, CB-EPCs is 

significantly greater than PB-EPC (healthy) and HAEC, n=3-6). 
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Figure 4.7: (A) The cross-sectional area of the cells when in solution prior to cell 

adhesion experiments (*p<0.05, CB-EPCs are significantly smaller than all other cell 

types, #p<0.05, PB-EPCs (healthy) are significantly larger than all other cell types, n=3). 

(B) The net fluid force acting on the cells exposed to 0.5 dyn/cm2 (*p<0.05, CB-EPCs 

have a significantly smaller net fluid force compared to PB (healthy)). (C) The total 

number of adherent cells for each cell type and CB-EPCs at each shear stress analyzed 

and their corresponding net force applied. 
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4.4.4 Cell Rolling  

In addition, it was observed that cells that result in adhesion are rolling along the 

surface prior to adherence, however, non-adherent cells did not appear to roll or interact 

with the surface since their measured velocity was equal to or greater than the 

hydrodynamic velocity (both measured and calculated), which is shown in Figure 4.8 

below.  The calculated hydrodynamic velocity for a rigid sphere [127] is less than the 

measured velocity (although not significantly), which is similar to results reported by 

Tempelman et al. [137]. The difference in velocity arises, in part, from the deformability 

of the cells [137]. The cells were found to roll prior to arrest and their instantaneous 

velocity before adhesion is shown in Figure 4.9.  There are a couple of ways that the CB-

EPCs and PB-EPCs (healthy) adhere to the surface; the cells either interacted with the 

surface (interactions determined based on their velocity being less than the 

hydrodynamic velocity) for a few seconds before adhesion or their interactions were 

minimal before firm adhesion. On the other hand, all of the HAECs and PB-EPCs (CAD) 

investigated had similar interactions with the surface before adhering.  The average 

rolling velocity of the cells before they adhere was calculated for the cells in Figure 4.9 

(once they were below the hydrodynamic velocity) and is shown in Figure 4.10A.  We 

also plotted the ratio of average velocity to hydrodynamic velocity for each cell type in 

Figure 4.10B, and since the PB-EPCs (healthy) have the largest hydrodynamic velocity, 
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their ratio is the smallest. Figure 4.10B demonstrates that PB-EPCs (healthy) have the 

most dramatic change in velocity when they start interacting with the surface; however, 

there is no significant difference between the average rolling velocities between the cell 

types examined. 

 

 

 

 



 

140 

 

Figure 4.8: Translational velocity of the cells. Hydrodynamic velocity of the cells 

measured at a shear stress of 0.5 dyn/cm2 over BSA to prevent interactions with the 

surface and the measured cell velocity at a shear stress of 0.5 dyn/cm2 over SMCs (cells 

that did not adhere to the surface). The calculated hydrodynamic velocity of the cells 

was determined using Equation 4.1 (error bars for calculated bars is based upon the 

standard error for the cell area).  
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Figure 4.9: Instantaneous velocity of 8 representative cells for each of the four cell 

types (A) CB-EPCs, (B) PB-EPCs (CAD), (C) PB-EPCs (healthy), and (D) HAECs, that 

adhered onto SMCs/FN/Col I&III surfaces at a shear stress of 0.5 dyn/cm2. 

Measurements were taken for cells that were found to adhere in the field of view and 

started when the cells first entered the field of view.  
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Figure 4.10: (A) Average velocity of each cell type when exposed to 0.5 dyn/cm2 on 

SMCs/FN/Col I&III before their adhesion to the surface. (B) Ratios of the average 

velocity measured in (A) with each cell types hydrodynamic velocity from Figure 4.8. 
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4.4.5 Integrin Expression on EPCs and HAECs  

We determined the presence and relative amount of specific adhesion integrins 

on all four cell surfaces (Figure 4.11) in order determine if one cell type had a 

significantly larger number of integrins that could lead to enhanced adhesion. We found 

that the four cell types had similar levels of β1 and αVβ3, both of which play crucial roles 

in dynamic adhesion (see section 4.4.6 below for more details). However, α5β1 was 

significantly greater for CB-EPCs compared to the other three cell types (p<0.05).  The 

importance of α5β1 in initial adhesion and the significantly greater amount present on 

CB-EPCs helps to explain why CB-EPCs exhibit superior dynamic adhesion.  In contrast, 

α2β1 was higher for PB-EPCs(healthy) and HAECs compared to CB-EPCs and PB-

EPCs(CAD) (*p<0.01).    
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Figure 4.11: Expression of various FN and collagen integrins on the four cell types as 

determined by flow cytometry. (A) beta 1, (B) alpha5 beta1, (C) alpha2 beta1, (D) alpha1 

beta1, (D) alphaV beta3;  all flow cytometry was also run with an IgG control, which was 

subtracted out as background, hence the relative expression can be estimated to be the 

relative amount present (n=3-7).  (*p<0.05, indicates a higher expression level compared 

to other cell types). 
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4.4.6 Integrin Blocking  

 In order to determine the importance of adhesion integrins in the dynamic 

adhesion process of CB-EPCs, we blocked various integrins prior to flow in order to 

examine their role in adhesion.  It was found that α5β1, β1, and αVβ3 all play important 

roles in adhesion as can be seen by the significant decrease in adhesion when these 

integrins are blocked (Figure 4.12).  However, α2β1 and α1β1 did not cause a change in 

the initial adhesion of CB-EPCs.  In addition, it was found that α5β1 and αVβ3 play an 

important role in firm adhesion as can be seen in Figure 4.11B when CB-EPCs were 

exposed to a shear stress of 15 dyn/cm2 after their initial adhesion.  This suggests that 

these two integrins are involved in the capture and adhesion of CB-EPCs to SMCs with 

and without added FN, Col I and Col III.  
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Figure 4.12: (A) Adhesion of CB-EPCs to SMCs/FN/Col I&III when exposed to a shear 

stress of 0.5 dyn/cm2 for 5 minutes and blocked with various integrins antibodies 

(n=3-6, *p<0.001, compared to non-blocking control). (B) Post attachment the cells were 

exposed to 15 dyn/cm2 and the percentage of cells that remained adherent was 

determined (paired with the initial attachment, *p<0.05, compared to non-blocking 

control).  
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4.5 Discussion 

 Experiments with dynamic adhesion of CB-EPCs were conducted to determine if 

they are suitable for cell therapeutic methods to treat patients undergoing arterial repair.  

Our goal was to determine if CB-EPCs in suspension can dynamically adhere under 

flow conditions to ‘modeled’ denuded vessels in order to mimic their injection into the 

bloodstream and adhesion to damaged vasculature.  The exact composition of a vessel 

immediately after denudation from a wire injury or vein bypass grafts is not known. 

However, collagen I, collagen III, and fibronectin are three abundant adhesion proteins 

present on the luminal surface after angioplasty [126]. Quiescent SMCs mimicked the 

vessel wall immediately after injury.  Other ECM proteins present within the vessel wall 

or secreted by activated SMCs may influence EPC and EC adhesion.   

Whereas there has been a large amount of work examining the adhesion of 

monocytes and other leukocytes under flow [128, 129, 138-140], only a few researchers in 

the past have examined dynamic adhesion of ECs to surfaces [45, 69, 141-147], with the 

majority examining rotational seeding to synthetic grafts, which is not comparable to 

our conditions.  However, the number of adherent cells we obtained during our 

dynamic adhesion experiments are comparable to work previously done with other cell 

types as summarized in Table 4.1. A direct comparison of our results with previous 

work is difficult due to variations in experimental parameters, such as number of 
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infused cells, time, shear stress, and surface (most of the surfaces examined in Table 4.1 

are of ECM proteins or antibodies on plastic or glass, not SMCs).  However, some 

specific comparisons can be made.  The results we obtained for CB-EPC adhesion to FN 

or Col I coated plastic were slightly less than those achieved by CD34+ CB cells to ECM 

with thrombi present [45].  CFU-ECs from the peripheral blood of healthy patients were 

found to have a very small amount of adhesion on Col I coated substrates , which is 

dramatically different from our results, this is possibly due to differences in the cell 

types and the adhesion integrins expressed [147].  Our adhesion was comparable to or 

greater than the adhesion of HUVECs [144] and adipose cells [146] to similar ECM 

proteins. We were not capable of achieving adhesion to SMCs above 1.5 dyn/cm2, but 

Blindt et al. was capable of obtaining adhesion of porcine PB-EPCs when exposed to a 

shear stress of 3 dyn/cm2 on FN surfaces.   These results suggest that the adhesion we 

obtained in this Chapter is comparable to other studies and alterations to our substrate 

may further enhance adhesion.  
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Table 4.1: Comparison of dynamic adhesion to various substrates 
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In this chapter we have shown that CB-EPCs are capable of dynamically 

adhering from a flowing solution to a number of substrates that consist of SMCs and/or 

ECM proteins under flow conditions.  These adhesion promoting ECM proteins are 

multidomain molecules that interact with cell surface integrin receptors [148].  The 

greatest adhesion both statically and dynamically occurs on basal FN or collagen on 

plastic surfaces.  Adhesion is somewhat less on surfaces coated with SMCs, even with 

the addition of ECM proteins.  This may be due to the presence of fibrillar FN and 

collagen on SMCs, compared to the conformation of FN and collagen observed when the 

proteins are simply on plastic material [111].  The SMCs may represent a better mimic of 

in vivo conditions. Of all the SMCs models analyzed, the model using SMCs with the 

addition of FN/Col I&III has the greatest adhesion, which is similar to previous studies 

that found FN treated Type I/III collagen coated surfaces to have the most EC adhesion 

[149], while other studies have found that collagen I/III support more rapid and firm 

adhesion of HUVEC to synthetic substrates compared to FN alone [79].  The fluorescent 

intensity measurements of the ECM proteins present on the surface of these models 

suggests that collagen I is the major player in the increased adhesion. Collagen I was 

much more abundant on SMCs with Col I and SMCs with FN/Col I/Col III compared to 

all other models.  The amount of FN present appears to have less of a role as it does not 

significantly change for the various models used.  Other studies have found that 
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dynamic adhesion of adipose-derived stromal cells, which may have a heterogeneous 

population of ECs present, have the greatest adhesion on collagen I surfaces [146].  

It is interesting to note that the major integrin responsible for binding to collagen, 

α2β1, does not appear to have an effect on adhesion to SMCs, as seen in the blocking 

experiments.  Blocking β1 does significantly reduce adhesion; however, this integrin is 

responsible for adhesion to both collagen and FN.  In addition, both α5β1 and αVβ3 were 

found to be greatly involved in the adhesion to this model as seen above.  This suggests 

that although the model with the greatest amount of collagen results with the greatest 

adhesion, the binding to FN is still critically important for cells to arrest and remain 

firmly adherent to the substrate.  Previous in vitro experiments have determined that a 

cleavage site present on collagen I is necessary for fibroblast adhesion to fibronectin 

[150], which suggests that the interaction between FN and Col I allows for FN to have 

enhanced adhesive properties. In addition, FN is known to bind strongly to collagen and 

compete with binding of other proteins [151], hence one could speculate that the 

presence of FN could prevent the adhesion to collagen via the α2β1 integrin, and 

therefore the blocking of this integrin has no consequential response (although we do 

not have direct evidence supporting this claim).  

We examined adhesion of CB-EPCs for shear stresses in the range of 0.5-1.5 

dyn/cm2, and found maximum adhesion occurred at 0.75 dyn/cm2.  In addition the rate 
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of binding was greatest for 0.75 dyn/cm2.  This is interesting because one would 

intuitively think that adhesion would decrease as the shear stress increased.  However, 

similar biphasic trends have been observed for leukocyte adhesion through the L-

selectin ligand under flow [136].  As flow increases, more cells tether and roll due to 

enhanced transport and formation of catch bonds, which are bonds that prolong their 

lifetime in response to force.  Catch bonds enable increasing force to convert short-lived 

adhesive interactions into longer-lived interactions [136].  However, as the shear stress 

rises to an optimum value then slip bonds, which are bonds that shorten their lifetime in 

response to force, dominate.  Rolling velocities increase because the energy barrier for 

the catch bonds is overcome by the high force and they then behave as slip bonds [136].   

There are two important steps in bond formation, transport and reaction.  In a 

flowing solution, diffusion and convection brings the cell into close proximity with the 

surface.  A faster rate of transport produces more collisions but shortens the contact 

duration, which decreases the likelihood of cell tethering via integrins.  Further, at 

higher shear stresses the force acting on the bonds may be too large to maintain arrest.  

Therefore, there may be an optimal condition which would allow for transport to bring 

the cells in close proximity with also allowing enough time for them to tether and form 

catch bonds [136]. Flow has also been found to enhance adhesion of platelets to von 

Willebrand factor on damaged vascular surfaces [152] and hence we can hypothesize 
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that flow enhanced adhesion could be an important biological process.  However, once 

the shear stress reaches a critical value, the contact time to the substrate limits this 

adhesion process, and could account for the drop seen beyond 0.75 dyn/cm2.  The final 

number of cells that adhere to the substrate for various shear stress values is inevitably 

dependent on the number of cells near the surface available for binding, and therefore 

the question is whether transport or reaction is limiting the cell adhesion [153].     

We found that using the equations described in the methods section, the cell flux 

to the surface is the greatest for the smallest shear stress values.  However, the adhesion 

was not the greatest at the smallest shear stress.  In addition, the cell flux was much 

greater than the binding rate for all shear stress values examined except 0.75 dyn/cm2, 

which suggests that the adhesion process is not transport limited, but rather it is reaction 

limited.  This suggests that the transport of the cells to the surface and hence the 

availability of the cells is not the dominating factor in adhesion.  Instead the adhesion 

may be dominated by the formation of catch bonds, which may be optimal at a shear 

stress of 0.75 dyn/cm2.   

Another hypothesis for the increased adhesion obsereved at 0.75 dyn/cm2 is that 

the availability of the integrins presented on the cell surface may be increased through 

the deformation caused to the cell by the shear stress.  Hence a shear stress of 0.75 

dyn/cm2 may cause an appropriate amount of deformation to the cell that allows for an 
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optimal amount of cell surface and microvillus to be present to adhere to the ligands 

available.  However, cell deformation alone can not explain why we observe a peak of 

adhesion at 0.75 dyn/cm2.  

Munn et al. has shown that the cell flux does change with the position in the 

chamber due in part to the sedimentation velocity of the cells and is dependent of the 

shear stress applied. Figure 4.3 shows that we did not observe a difference in the 

number of adherent cells with respect to the distance within our flow chamber.  This 

difference between our work and Munn et al. could be due to the different parameters 

within the two systems, such as the width, height, and length of the flow chambers.  

They measured adhesion at 0-5 cm from the entrance of the cells, whereas we measured 

adhesion from 9-13 cm and hence this chapter does not reflect the differences that can be 

observed in dynamic adhesion with respect to the distance the cells traveled.    

The adhesion achieved was not disturbed when higher shear stresses were 

imposed on the cells after their initial adhesion, as seen in Figure 4.11B when no 

integrins were blocked.  This is important for clinical applications, because once we get 

the cells to adhere to the vasculature or graft in question, possibly with the use of a 

reduced flow rate, it is important that the cells remain adherent once they are exposed to 

higher flow rates.  
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In addition to determining if CB-EPCs can adhere under flow conditions, we 

wanted to determine how their adhesion levels compared with other cell types.  We 

found that CB-EPCs have a significantly greater adhesion compared to PB-EPCs 

(healthy) and HAECs, and a slightly greater adhesion compared to PB-EPCs (CAD).  

This could be due to a variety of reasons.  One explanation could be the presence of 

adhesion integrins on the cells’ surface. Of the three adhesion integrins that were 

determined to be the most involved in the dynamic adhesion of the cells, we found that 

α5β1 is significantly greater in CB-EPCs, while the other two integrins were not 

significantly different among cell types.  While α2β1 was found to be higher in both 

HAECs and PB-EPCs (CAD), this integrin was not found to play a pivotal role in 

dynamic adhesion.  This suggests that the higher expression of the adhesion integrin 

α5β1 may possibly play an important role in the dominant adhesion found in CB-EPCs. 

The fact that α5β1 plays a large role in dynamic adhesion supports our claim that 

the enhanced adhesion at 0.75 dyn/cm2 is caused by the formation of catch bonds. It has 

recently been reported that α5β1 integrins form catch bonds and have an increase in 

bond lifetime with increasing force until an optimal force is reached [154].  Hence the 

larger number of α5β1 present on CB-EPCs may play a very large role in their increased 

adhesion.  
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Another factor affecting the difference in adhesion observed is the size of the 

cells when they are in solution; the CB-EPCs are significantly smaller than the other 

three cell types.  It is well known that the size of the cell is proportional to the net force 

exerted on the cells, so the smaller the cell the smaller the forces exerted on the cell [130]. 

Although all four cell types were exposed to the same shear stress and shear rate, the 

total net force was much less on the CB-EPCs due to their smaller size, which may allow 

the smaller cells to develop firm adhesion with a smaller number of bonds (all cells 

appeared to remain spherical immediately after adhesion).  In addition, the PB-EPCs 

from healthy individuals, which had the smallest amount of adhesion, are the largest of 

the cell types and hence have the greatest net force present, which supports this 

hypothesis.  When the net force on the cells was plotted against the number of adherent 

cells (Figure 4.7C) it can be seen that the net force and the number of adherent cells is 

almost identical for the PB-EPCs from healthy individuals (with a shear stress of 0.5 

dyn/cm2) and the CB-EPCs at a shear stress of 1.5 dyn/cm2. This suggests that the 

dominant factor in adhesion is the net force exerted on the cells, which is directly related 

to the shear stress exposure and the size.  Above a critical net force, the adhesion is 

limited by the stability of the bonds on the cells, which is consistent with the slip bond 

behavior described by Yago et al. [136].  Hence CB-EPCs are ideal for dynamic adhesion 

due to their smaller size.  This theory could be further investigated by measuring the 
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adhesion of PB-EPCs and HAECs when exposed to the net force that resulted in the 

most CB-EPC adhesion.  If all of the cells have the same adhesion at this net force value, 

we could then conclude that the net force is the dominating factor on adhesion, 

however, if differences arise, it may be a result of integrin expression or many other 

factors.  

The adhesion mechanism of CB-EPCs is unknown and slightly complicated as 

we did not find any typical cell rolling without adhesion that is observed with 

monocytes; however, we did observe rolling before firm arrest.  Monocytes undergo cell 

rolling on endothelium in an erratic manner that involves a balance between bond 

formation and breakage and can be seen by random stops in their instantaneous velocity 

[128].  However, we did not observe these brief arrest periods while the cells were 

rolling, although the arrests may be of shorter duration than the frame rate used.  

Instead the cells did appear to roll before they came to a stop on the surface and the non-

adherent cells were moving at a speed at the hydrodynamic velocity suggesting that 

they were not interacting or rolling along the surface, this is similar to observations in 

previous studies [69].  Normally leukocytes adhere under flow to endothelium by 

tethering first to selectins (leukocytes express L-selectin involved in this process, 

whereas ECs express P-selectin and E-selectin) [136], which in turn causes the cells to 

roll along the endothelium and then finally firm adhesion occurs by integrins and their 
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ligands [142].  Selectins are known to typically bind the two cell types first because they 

have a fast association constant, whereas integrins have a slower association-rate 

constant, so they bind slowly once the cells are in close proximity [130].  This suggests 

that selectins are predominately involved in rolling compared to integrins, however, 

others have reported an increase in rolling velocity when β2 integrins and α4 integrins 

are blocked on neutrophils [155], because the lack of these integrins reduces the 

likelihood of firm arrest.  Amos et al. found that stromal cells (which contain a 

heterogeneous population of ECs) do not bind to selectins under dynamic adhesion 

methods [146], and we did not achieve any adhesion of CB-EPCs to TNF-α stimulated 

endothelium (data not shown since no adhesion was found), TNF-α is known to increase 

the expression of important adhesion molecules, which cause monocytes to adhere to 

endothelium [111].  In addition, we have found that unactivated CB-EPCs have very low 

levels of E-selectin [156].  This suggests that monocytes and CB-EPCs/PB-EPCs/HAECs 

adhere in a different manner; whereas monocytes rolling initiates due to the selectins on 

their surface, EPCs/ECs rolling and adhesion may strictly be due to the integrins on their 

surface.  Adhesion through integrins may allow for very firm adhesion which prevents 

the cells from dissociating from the surface.  This is supported by our findings that when 

certain adhesion integrins are blocked, CB-EPCs adhesion is close to obliterated.    
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If one was concerned with the specific rolling mechanisms of CB-EPCs then 

blocking experiments could be performed with specific selectin antibodies in order to 

determine their role in this process.  In addition to the cell rolling that we observed 

before firm arrest, we also observed “landing” adhesion for CB-EPCs and PB-EPC 

(healthy).  Landing adhesion has been observed by Caputo et al., which is when the cells 

are flowing at above hydrodynamic velocity and undergo a very abrupt adhesion event 

[133].  This suggests that there is multiple ways for the cells to adhere to the substrate, 

they can either roll, which will allow for the cells’ integrins to interact with the ligands 

on the surface and allow for firm adhesion, or they can undergo the “landing” adhesion, 

which may be caused by highly available integrins for rapid adhesion to the surface.  

Another interesting finding from the instantaneous velocity measurements, is the 

slower rolling velocity of the PB-EPCs and HAECs compared to the CB-EPCs (although 

it was not found to be significant).  While the rolling velocity would be greater because 

of the greater force being applied to these larger cells; however, this may be 

compensated by a larger number of bonds formed.  These larger cells may have more 

interactions with the surface to form bonds; however, since they are exposed to larger 

forces they are less likely to adhere unless a sufficient number of receptors form bonds 

to the surface (which explains the smaller adhesion values obtained from the larger 
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cells).  Further studies would need to be done to classify these adhesion mechanisms 

and bond formations.  

As previously mentioned we used a very simplified model of a denuded vessel 

by looking at SMCs and ECM proteins known to be present on their surface, this model 

was chosen in order to look at CB-EPC adhesion immediately after vessel denudation 

and before significant platelet adhesion and SMC proliferation.  However, a more 

sophisticated model could also examine CB-EPC adhesion to platelet thrombi similarly 

to the studies by de Boer et al [45].  These studies found a significant increase in 

adhesion of CFU-ECs to extracellular matrix proteins when thrombi were present on the 

ECM surface and the platelets helped the homing and tethering process of the CFU-ECs 

[45].  Future studies may want to examine how the presence of thrombi could increase 

CB-EPCs to our modeled vessels in order to better understand how these cells could 

adhere during various stages after vessel damage.  

It would be advantageous to achieve adhesion at larger shear stress values than 

were measured in this study in order to better mimic physiological conditions; however, 

we were unable to obtain adhesion at these higher flow rates.  It is difficult to say if our 

in vitro model of a parallel plate flow chamber will correlate to adhesion in vivo.  If it is 

found that physiological conditions in vivo are too great for adhesion, it may be feasible 
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to reduce the flow rate to a specific region for a short period of time in order to allow the 

cells a better chance to adhere to the damaged region of the vasculature.  

In conclusion, we have found that CB-EPCs are capable of adhering under flow 

conditions to both SMCs and/or ECM proteins, which is attributed to both the presence 

of FN and collagen.  CB-EPCs are the favorable cell type for dynamic adhesion due to 

their small size and higher expression of the critical adhesion integrin α5β1.  Although, 

PB-EPCs are capable of adhering under flow conditions, the greater amount of adhesion 

achieved by CB-EPCs could make them superior option for preventing restenosis and 

thrombosis in atherosclerotic treated vessels.  
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Chapter 5. CB-EPCs Prevent Thrombus Formation in 
Vein Graft Bypass Surgeries in SCID Mice 

5.1 Chapter Synopsis 

The potential of CB-EPCs to prevent occlusion of vein bypass grafts was 

investigated in this chapter.  Injecting CB-EPCs into the vascular system of mice that 

have undergone vein bypass grafts prevented thrombosis of the vessel; all eight mice 

injected with CB-EPCs had patent vessels at two weeks post surgery and six out of the 

eight mice that received saline alone had thrombosis (p<0.05).  This appears to be 

directly related to the presence of an intact endothelial cell layer.  There was a 

significantly greater amount of ECs present on the inner lumen of mice that received CB-

EPCs compared to all of the saline injected mice.  This significantly greater adhesion can 

be attributed to the presence of the CB-EPCs, since approximately 33% of the ECs 

present in the CB-EPC injected mice were CB-EPCs.  In conclusion, injection of CB-EPCs 

into the vasculature system is a very promising method of preventing vessel occlusion 

after vein bypass graft procedure in SCID mice.   

5.2 Introduction 

The loss of endothelial function and integrity is one of the main factors that 

promotes atherosclerosis and thrombosis of atherosclerotic vessels after clinical 

treatment [56].  There are many approaches to prevent vessel occlusion, as noted in 

Sections 1.2.5-1.2.7, including prevention of SMC growth, the use of drugs to induce 
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homing of EPCs, and incubation of EPCs/ECs with the damaged vessel.  In this chapter, 

we focused on the use of exogenously adding CB-EPCs to prevent vein graft occlusion. 

CB-EPCs have initially proven to be functionally similar to native ECs (Chapter 3) and 

hence are a potential candidate for re-endothelialization of damaged vessels that have 

undergone vascular treatment in order to prevent neointimal hyperplasia and/or 

thrombosis.  

Common treatment methods for atherosclerosis are angioplasty, stenting, and 

vein bypass grafts, all of which can be complicated by restenosis or thrombosis (see 

Chapter 1 for more details).  Occlusion from angioplasty is directly related to EC loss 

and the failure of the endothelium to completely re-cover the area of damage [157].  In 

vein bypass grafts, however, the occlusion process appears to be more complicated. 

When placed in the arterial conduit, vein graft transplants develop neointimal 

hyperplasia because of the hyperdistension, barotrauma [158], and lowered shear stress 

[47], which can all lead to damage of the endothelium.  Macrophage infiltration and 

smooth muscle cell activation further promote intimal hyperplasia [158].  A significant 

portion of the endothelium lining the vein graft in mice undergoes apoptosis after 

surgery [159, 160] possibly due to the sudden elevation in mechanical forces [160] and 

Xu et al., have shown a complete loss of endothelium at 3 days post vein graft bypass 

surgery in mice, which may be partly due to apoptosis and partly due to vessel trauma 
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during the surgery [160].  The damage sustained to the endothelium of the vein graft 

most likely plays a large role in vessel occlusion.  

Thrombosis is a very serious threat that can occur very quickly post vascular 

treatment, and 3 to 11% of saphenous vein grafts in humans fail within the first week 

[160] and roughly 28% fail within the first year [21] due to thrombosis. Thrombosis 

occurs through the deposition of fibrin and platelets; however, a healthy intact 

endothelium is known to prevent this from occurring [14]. Many drug treatment 

methods (discussed in detail in Chapter 1) used for preventing neointimal hyperplasia 

through inhibition of cell proliferation, do prevent SMCs from proliferating and 

narrowing the vessel lumen, but also stop the proliferation of ECs/EPCs and hence 

increase the risk of late onset thrombosis [14, 161].  

The limiting factor that affects long-term patency of vessels that have undergone 

vascular treatment is the development neointimal hyperplasia in the damaged vessel.  

Neointimal hyperplasia is observed after all forms of vascular reconstruction and is 

characterized by SMC proliferation and migration that leads to the formation of a 

thickened fibrocellular layer between the vessel lumen and the internal elastic lamina 

[12] or between the EC and the collagen-rich SMC layer in vein grafts [159]. The 

initiation of neointimal hyperplasia is probably due to the mechanical damage on SMCs 

as well as the removal of the endothelium lining.  This may stimulate the production of 
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mitogenic, growth-stimulatory mediators from the remaining ECs at the edge of the 

damage site [12], and a cascade of events described in Section 1.2.2.  In addition, the 

exposed sub-endothelium facilitates platelet deposition [12].    

Atherosclerotic arterial neointimal hyperplasia and vein graft neointimal 

hyperplasia have inherent differences.  Atherosclerotic neointimal hyperplaia comprises 

a large lipid component, with an abundance of foam cells, macrophages, and variable 

numbers of SMCs.  By contrast, vein graft neointimal hyperplasia is characterized by 

SMC proliferation with an abundance of extracellular matrix [42]. Vein graft neointimal 

hyperplasia very closely resembles SMC proliferation lesions caused by angioplasty [42].  

Moreover, vein graft neointimal hyperplasia appears to form a nidus for accelerated 

atherosclerosis [162].  

Because thrombosis of vein grafts and stented arteries can be attributed to the 

lack of an intact endothelium lining we propose to rapidly re-endothelialize vein grafts 

to prevent this common adverse outcome.  Our hypothesis is that CB-EPCs injected into 

the bloodstream of a mouse that has received syngeneic inferior vena cava interposition 

grafting of the carotid artery will help re-endothelialize the vessel wall and limit 

thrombosis.  
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5.3 Materials and Methods 

5.3.1 Mice  

Both female and male NOD.CB17-Prkdcscid/J mice (Jackson Labs) ages 10-15 

weeks were used for all experiments. Mice were paired according to age and sex for all 

experiments. All animal experiments were performed according to protocols approved 

by the Institutional Animal Care and Use Committee.  

5.3.2 Cell Preparation  

Umbilical cord blood derived endothelial progenitor cells were isolated and 

grown as previously described in Chapter 3.  During the surgical procedure described 

below, CB-EPCs were detached by incubation with 0.025% trypsin (Clonetics) for 5 

minutes, rinsed with trypsin neutralizing solutions (Clonetics) and centrifuged. Cells 

were resupsended in Iscove’s Modified Dulbecco Medium (Invitrogen) at 1 x 106 cells 

per 150 µL.  

5.3.3 Vein Graft Surgery and EPC Injections  

Interposition vein graft surgery was performed by Dr Lisheng Zhang as 

previously described [163] and as depicted in Figure 5.1.  All operative procedures were 

performed aseptically, with pentobarbital sodium (50mg/kg body weight, 

intraperitoneal) anesthesia, using an operating microscope (Zeiss).  From the inferior 

vena cava (IVC) donor mouse, we harvested a 1-cm segment of IVC that we used as an 
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interposition vein graft.  This procedure was done by first harvesting the IVC by making 

bilateral subcostal incisions, separating the anterior chest wall from the diaphragm, and 

dividing the anterior rib cage with heavy scissors on both sides of the sternum from the 

lower rib margins to the clavicles. The heart and IVC were exposed by lifting the 

resulting hinged thoracic door.  Once the IVC adventitia was removed, a 1 cm length of 

IVC, starting at the right atrium, was excised and washed with lactated Ringer’s solution 

containing 50 U/mL heparin.  The IVC was stored in the heparinized solution at room 

temperature until it was transplanted.  In the recipient mouse, the right common carotid 

artery was exposed by ventral midline incision from the lower mandible to the sternum.  

A 15 mm segment of the carotid was isolated from the brachiocephalic to its bifurcation.  

A 5-0 silk suture was used to gently occlude the proximal and distal ends of this 

segment of common carotid artery.  A bent 28-gauge needle and a Vannas angled 

scissors (Roboz Surgical, Inc,) were used to create two arteriotomies (about 2 mm long) 

proximally and distally, 0.8 to 1 cm apart. The carotid artery was then flushed with 

heparinized (50 U/mL) saline through arteriotomies and end-to-side anastomosis 

between the IVC and carotid was performed with 11-0 nylon (Ethicon, Inc), using two 

fixed sutures at the proximal and distal corners of each arteriotomy, and two running 

sutures, each 180 º around the circumference (with 4-6 bites/180º).  Once the proximal 

end was sutured in place and before the distal end was secure, approximately 50 µL of 
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Iscoves solution containing approximately 3.33 x 105 cells (or Iscoves solution with no 

cells as the control) were injected into the graft with a 27 gauge needle.  On average the 

time elapsed from injection of cells to exposure to blood flow was between 5 and 15 

minutes.   

Once both ends of the IVC were anastomosed with the carotid, another injection 

of Iscoves solution with or without cells (approximately 100 µL containing 

approximately 6.6 x 105 cells) was made into the jugular vein.  The carotid segment 

between the IVC anastomoses was ligated at both ends and cut (see Figure 5.1 for a 

drawing of this procedure). This caused stretching within the IVC graft.  Finally the 5-0 

silk ligatures were removed from both ends of the common carotid and patency was 

confirmed in the transplanted graft by observing blood flow through the wall.  The 

incision was closed in two layers with running 5-0 silk sutures.  The total time for 

surgery of each pair of mice was approximately 110 minutes, the IVC harvest averaged 

20 minutes and the carotid interposition grafting averaged 90 minutes. 



 

169 

 

Figure 5.1: Schematic representation of IVC-to-carotid interposition grafting in the 

mouse. A, The right common carotid artery is isolated, ligated both proximally and 

distally, and arteriotomies are placed 1 cm apart; B, End-to-side anastomoses are made 

between the IVC and carotid proximally and distally; C, The carotid artery was ligated 

between the two anastomoses; D, the carotid is cut between interanastomotic ligations. 

(Drawing taken from Zhang et al [163].) 
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At four days postoperatively, mice were injected with 150 µL of Iscove’s media 

containing 1 x 106 cells (or Iscove’s media with no cells as a control) in the tail vein.  

5.3.4 IVC Graft Harvest  

At two weeks postoperatively, mice were anesthetized as previously described 

for IVC graft harvest.  The graft was exposed through the previous surgical incision and 

the thoracic cavity was opened.  The right atrium was incised, and the graft was 

perfused with phosphate buffer saline (PBS) by placement of a 22-gauge butterfly 

angiocatheter in the left ventricle. The graft was subsequently perfused with PBS for 20 

minutes at a constant pressure of 100 mm Hg.  The aortic root and arch were excised 

along with the right common carotid artery, the IVC graft, and the right carotid 

bifurcation in order to facilitate orientation during OCT embedding.  The specimens 

were then frozen and stored at -80ºC.  Sections of 5 µm thickness were obtained roughly 

0.5 mm from the distal anastomosis and subjected to staining.  

5.3.5. Immunohistochemistry  

Serial sections were stained for PECAM (platelet endothelial cell adhesion 

molecule, rabbit anti-human CD31, Abcam) and HLA (rabbit anti-human leukocyte 

antigen, Santa Cruz).  It should be noted that although the antibody for CD31 is anti-

human, it was also found to bind to mouse endothelial cells. Briefly, sections were 

thawed at room temperature and post fixed for 5 minutes in an acetone/methanol 
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mixture (1:1) at room temperature.  The OCT was then washed away from the sections 

by gently rinsing the slides in deionized (DI) water for 20 minutes.  Sections were then 

incubated with either rabbit anti-CD31 (1:2, already prediluted from company), rabbit 

anti-HLA (1:20), and Rabbit serum as the control (1:200) in 0.2% gelatin for 1 hour at 

room temperature.  Sections were then rinsed with DI water and incubated with the 

secondary antibody, goat anti-rabbit Alexa Fluor 488 (1:200) and Hoescht (1:2000) for 1 

hour at room temperature.  Finally the sections were again rinsed with DI water, and 

mounted with Fluorsave (Calbiochem) onto which were placed coverslips.  Rabbit 

serum was used as a negative control for staining.  Mouse aorta was used as a positive 

control for CD31 and human lung sections were used as a positive control for HLA 

staining.  Sections were also stained with hematoxylin and eosin courtesy of Duke’s 

pathology and histology facility.  

Images were taken of each section at various magnifications (10-40x) using a 

fluorescence microscope Nikon eclipse (te-200u).   NIH ImageJ was then used to 

measure the area of endothelial cell coverage. The percentage of EC coverage was 

determined in each serial section by measuring total length of endothelial coverage of 

the lumen and dividing this distance by the total lumen circumference for each vessel 

(n=8 for both CB-EPC and saline injected). Serial sections were then examined for CB-

EPC coverage with the use of an HLA stain. This was done by measuring the coverage 
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of the inner lumen with the HLA stain and dividing this by the total coverage from a 

serial section, which gives us the percentage of ECs that are of human origin (i.e. CB-

EPCs).  

5.3.6. Shear Stress Calculations  

The time averaged shear stress acting on the wall of the carotid artery and vein 

graft was determined based off of the reported radius of the carotid artery and vein 

graft, and reported flow rates within the carotid artery.  This was done using equation 

5.1 below [130], which is valid using the assumptions that the flow rate and pressure are 

not significantly different in the carotid artery compared to the vein graft,  

3

4

R

Q

π

µ
τ =                    5.1 

where µ is the fluid viscosity, R is the radius of the vessel, and Q is the volumetric flow 

rate.  

5.3.7. Statistical Analysis  

Statview 5.0.1 was used to compare data to determine the statistical differences 

between CB-EPC injected and saline injected mice.  A 2-tailed t-test analysis was 

conducted to determine significance between the two treatments and a Fisher’s exact test 

was used to determine the significance between the observed thrombosis. All values are 

reported as means ± standard error of the mean.  



 

173 

5.4. Results 

5.4.1. Patency  

The first major observation of this study was the absence of thrombosis in vein 

grafts from mice that received CB-EPCs, whereas six of the eight vessels in mice that 

received no cells developed thrombosis, (p=0.007).  Representative results are shown in 

Figure 5.2, which is a picture of the whole vessel post-explantation, and Figure 5.3, 

which is a hematoxylin and eosin stain of a cross section of each representative vessel.  

In Figure 5.2, the vessel from a mouse that received the saline (A) is occluded by the 

formation of a thrombus, whereas the vessel from a mouse receiving injections of CB-

EPCs (B) is patent.  
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Figure 5.2: Pictures of the vessels immediately after harvesting (2 weeks post surgery). 

(A) is from a mouse that received no cells and is totally thrombosed, and (B) is from a 

mouse that received CB-EPCs and is patent. 
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Figure 5.3: Hematoxylin and eosin stain of cross-sections from a thrombosed vessel in 

a mouse that did not receive cells (A) and a patent vessel from a mouse that did receive 

CB-EPCs (B).   
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5.4.2 Endothelial Coverage of Vein Grafts  

Endothelialization of the vessel lumen was measured by staining with anti-

CD31, a rabbit-anti-human antibody, which stains both mouse and human endothelial 

cells.  Figure 5.4  shows representative images of CD31 staining for a patent vessel from 

a mouse that received CB-EPCs, a patent vessel from a mouse that did not receive cells, 

and a thrombosed vessel from a mouse that did not receive cells.  Figure 5.5 is a higher 

magnification image of the patent vessels from the saline injected mouse and the CB-

EPC injected mouse, which shows the difference in endothelialization.  Quantification of 

the percent of endothelialization for both vein graft groups is given in Figure 5.6; it can 

be seen that the CB-EPC injected mice have a 5-fold greater endothelialization of their 

vein grafts (*p<0.01).  However, it should be noted that it was difficult to determine the 

inner lumen of the thrombosed vessels and the percentage of endothelium may be an 

overestimation. In Figure 5.4A there is some positive CD31 staining throughout the 

thrombus.  This stain could correspond to angiogenesis in the thrombus, or possibly 

EPCs that adhered to platelets and fibrin that make up the clot formation, or perhaps 

even platelets present within the thrombus since CD31 is known to weakly stain 

platelets as well. The patent vessel from the CB-EPC injected mouse has endothelial 

coverage as evident by the green anti-CD31 stain, although it is not a confluent layer like 
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the positive aorta control, and the patent vessel from the saline injected mouse has a few 

patches of ECs present.  
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Figure 5.4: Anti-CD31 staining (green) and nuclear stain (Hoescht, blue) of a vein 

grafts post explantation. Thrombosed vessel (A), and a patent vessel (B) from mice that 

did not receive cells, a patent vessel from a CB-EPC injected mouse (C), and a patent 

aorta, which serves as a positive control of a confluent endothelium (D).  The arrows 

point to the inner lumen of the vessel, which is thrombosed in panel A. In panel (B), the 

abnormal vessel shape is most likely due to sectioning artifact. 
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Figure 5.5: Higher magnification image of anti-CD31 staining (green) and nuclear 

stain (Hoescht, blue) of patent vessels from a saline injected mouse (A) and a CB-EPC 

injected mouse (B).  The arrows point to the inner lumen of the vessel and it can be seen 

that there is positive staining for CD31 on one side of the vessel in panel (A) but not the 

other side. 
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Figure 5.6: Percent of endothelial cell coverage of the inner lumen for the thrombosed 

and patent vessels from the mice that did not receive cells and the patent vessels from 

the mice that did receive CB-EPCs (*p<0.01, n=8 for CB-EPC injected, 6 for thrombosis 

from saline, but only 2 for patent saline). 
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5.4.3 Presence of ECs and CB-EPCs in Vein Grafts  

The percent of endothelial cells that are of human origin, and hence are the 

injected CB-EPCs, was determined by serial sections of the CD31 stain with a HLA stain.  

All HLA staining was negative in mice that did not receive CB-EPC injection as 

expected.  As seen in Figure 5.7, which is a serial section of a CD31 stain and HLA stain 

of a CB-EPC injected mouse, there are CB-EPCs present in the inner lumen that also 

stain for CD31, however, not all of the ECs are of human origin.  Serial sections of CD31 

and HLA positive staining was compared for all CB-EPC injected mice and it was 

determined that 33.13% ± 6.24% (n=8) of the CD31 positive cells were of human origin.  
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Figure 5.7: Serial sections of the inner lumen of a mouse receiving CB-EPC injection, 

CD31 stain (A) and HLA stain (B). It can be seen that some of the cells staining 

positively for CD31 (A) also stain positively for HLA (B). 
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5.5. Discussion 

The major results of this study were that the injection of CB-EPCs prevented 

thrombosis in vein graft transplants and promoted endothelialization.  We found that all 

CB-EPC injected mice had patent vessels at 2 weeks post-implantation, whereas 6 out of 

8 saline injected mice had thrombosis.  

The NOD.CB17-Prkdcscid/J mice appeared particularly prone to thrombosis. In 

previous studies with BL/6 mice, greater than 95% of the vessels remained patent (n>200, 

direct communication with Lisheng Zhang, and Neil Freedman, [22, 158, 163]).  It is 

known that different mouse strains have various levels of restenosis and susceptibility to 

atherosclerosis [43].  We found that NOD.CB17-Prkdcscid/J mice form thrombosis rapidly 

post carotid artery injury and vein-graft transplants, whereas this post-surgical response 

is reduced in other strains of mice [163]. This thrombotic diathesis made it very easy to 

see the clear beneficial results of the presence of CB-EPCs in the blood stream.  

As discussed in more detail in Section 1.2.2, strategies to prevent occlusion of 

vessels post vascular treatment either focus on re-endothelialization of the vessel wall or 

prevention of SMC proliferation.  The problem with suppression of SMC proliferation 

through local drugs [24] is the resulting suppression of EC proliferation. Common 

methods of re-endothelialization that have been investigated by other researchers 

include the local delivery of VEGF [63] or EC or EPC seeding of angioplasty damaged 
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vessels [12, 65].  Both methods have had some success with re-endothelialization [12, 65], 

and reduction in neointimal hyperplasia [63].   

A limitation of the previously mentioned studies to promote re-

endothelialization is the 30 minutes of static incubation or EPCs/ECs or VEGF required 

within the vessel.  In our studies we incubated the cells within the vessel for 

approximately 15 minutes, which was the length of time it took for the surgeon to suture 

the proximal end of the graft.  Long incubation steps may not be clinically feasible in 

angioplasty procedures.  However, these previous studies suggest the usefulness of 

rapidly re-endothelializing vessels since they achieved a significant reduction in the 

neointimal thickness compared to non-seeded controls [65].  

We can directly relate the prevention of thrombosis to the presence of ECs 

because of the significant difference in vessel lumen coverage by endothelium for the 

two treatment methods.  In addition, we can attribute the increased EC coverage to the 

injected CB-EPCs since ~33% of the ECs are of human origin.  Hence the CB-EPCs added 

to the vasculature appear to be directly responsible for preventing thrombosis, and 

perhaps thereby promoting vein graft-intrinsic EC replication and bone marrow-derived 

EPC recruitment.   

It is possible that the injected CB-EPCs that adhered to the damaged vasculature 

stimulated growth of the host endothelium by secretion of mitogenic growth factors [12].  
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After implanting ePTFE grafts seeded with EC in the carotid of dogs  for 2-3 weeks, the 

grafts contained both the seeded ECs plus the dog’s ECs lining the graft, suggesting that 

the seeded ECs recruited autologous ECs for reendothelialization [164].  Griese et al. 

found that seeded EPCs in an angioplasty damaged vessel decreased overtime but had 

an overall increase in endothelial cell coverage, with approximately 50% EC coverage 14 

days after angioplasty (which is very similar to the EC coverage we observed at 14 days) 

[65].  The author suggested that the seeded cells may have rapid turnover with 

replacement with autologous ECs and that the seeded cells may recruit the autologous 

ECs to the site of damage, although this study did not prove this speculation.   

The short-term benefits of CB-EPCs adhering to the vessel wall in the SCID 

mouse model are apparent since they prevent thrombosis from occurring.   We have 

previously studied and compared some key differences between the two cell types in 

terms of their anti-thrombotic potential and their expression of adhesion proteins as seen 

in Chapter 3.  CB-EPCs were shown to have a low expression of monocyte adhesion 

proteins (VCAM, ICAM, and E-selectin) when unstimulated and it is known that the 

expression of these proteins play a key role in neointimal hyperplasia and leukocyte 

adhesion [22].  Hence the presence of CB-EPCs within the vessel wall may also prevent 

or reduce intimal hyperplasia from occurring at longer time points after surgery.  
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We chose CB-EPCs rather than PB-EPCs and native ECs for of the following 

reasons.  First, microvascular and venous derived ECs are not a suitable option because 

an extensive surgical procedure is necessary to obtain these cells and it takes weeks to 

get a sufficient number of cells. The second option, PB-EPCs have the advantage of 

being autologous, however, they too will require a number of weeks to grow the 

sufficient numbers. While it does take some time to grow CB-EPCs, they could be stored 

and transplanted from donor to recipient by matching up the human leukocyte antigens. 

Thus the time between the decision for surgery and seeding is reduced significantly. As 

discussed in Chapter 1, there is much debate about the availability and functionality of 

PB-EPCs from patients with cardiovascular risk factors. Results from Stroncek et al. 

show that PB-EPCs can be isolated from patients with coronary artery disease with 

roughly a 54% success rate and have high strengths of adhesion [57].  It is hard to make 

definitive claims about PB-EPCs since there is a large discrepancy between the definition 

of an EPC and many previous studies have been on cells referred to as CFU-ECs, but as 

mentioned in the Chapter 1 early outgrowth cells appear to be of a myeloid lineage.  

Nonetheless, the fact that some patients undergo vessel occlusion could possibly be 

related to their lack of available and/or functional circulating EPCs, although this is just 

speculation and further research would need to be done clinically to prove this 

hypothesis.  This hypothesis is supported by a study by Xu et al., who found that 



 

187 

circulating EPCs adhered to vein bypass grafts in mice, whereas this adhesion was 

dramatically reduced, due to a decrease of EPCs in circulation, in ApoE-/- mice, which 

are known to have hyperlipidemia [160].  

Our studies used a population of cells that closely resembles “pure” EPCs 

compared to previous studies that used CFU-ECs, which share traits with monocytic 

blood cells.  This may be critically important to the ability to prevent intimal hyperplasia 

and thrombosis since the introduction of non-endothelial like cells may promote further 

thickening of the vessel wall. In fact, one study in which CFU-ECs were seeded on 

denuded vessels, the cells were present in the interstitial media as well as the inner 

lumen, which suggest that these cells differentiated into SMCs as well [67].  

The fluid dynamics of the vein graft bypass may have made the vessel in this 

study more favorable for cell adhesion.  The flow rates reported in a healthy mouse 

carotid are between 0.28 ml/min [165] and 0.5 ml/min [166, 167].  We have previously 

measured (performed by Lisheng Zhang) the radius of the carotid artery to be roughly 

0.15mm.  Using this information and equation 5.1, we can assume the normal shear 

stress to be between 52 and 94 dyn/cm2, which is slightly higher than other reports of 35 

dyn/cm2 [168].   However, the radius of the jugular vein is roughly 0.47 mm at 2 day 

measurements post transplantation [163], which causes a dramatic decrease in shear 
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stress, to roughly 1.72 to 3.07 dyn/cm2.  Therefore, the lower shear stress being exposed 

to the vessel may facilitate CB-EPC adhesion to the vessel wall.   

The relative difference in size for the vein compared to the artery in the mouse is 

comparable to the difference of the saphenous vein that is commonly used for coronary 

artery bypass surgery in humans [163], which makes the vein graft model suitable for 

comparison.  It should be noted that the anatomical and physiological differences 

between human and mice may play a role in the relative success of this procedure [169].  

It is important to note that we did have some cells statically incubating within 

the graft during the anastomoses of the proximal end of the graft.   The CB-EPCs had as 

long as 15 minutes to adhere before the application of shear stress.  Our study did not 

allow for us to determine which addition of CB-EPCs led to adhesion of CB-EPCs to the 

vessel wall and hence it is not possible to say if the cells are adhering under flow or if 

adhesion occurred during the static incubation period. It has been found that 4 days 

after balloon injury in rats, the expressions of VEGF, VEGF receptor 2, and bFGF 

increases [18], and these growth factors are thought to be involved in the homing 

process of EPCs [18].  In addition, the platelets and fibrin present on the damaged vessel 

wall may help the recruitment of EPCs similarly to their recruitment of leukocytes [45], 

and hence more EPCs can be recruited to the site after initial platelet adhesion.  

However, for the purposes of this study it is not important when the cells adhered, the 
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important point is that some set of CB-EPCs adhered and prevented thrombosis.  Future 

studies should examine which step of this procedure is the one step that is necessary to 

obtain adhesion of CB-EPCs, and it may be discovered that each step results in 

additional EC coverage.  

Whether results from this vein graft study can be generalized and even, 

ultimately, applied to arteries undergoing angioplasty remains to be determined. Like 

arterializing (expanded) vein grafts, artieries that underwent angioplasty are denuded of 

endothelium.  However, atherosclerosis underlying the damaged endothelium 

distinguishes the artery that underwent angioplasty from the vein graft. Moreover, 

shear stress in the artery is greater than in the vein graft, for reasons discussed above.  

In conclusion, CB-EPCs are capable of adhering to the inner lumen of vein 

bypass grafts and their presence prevents thrombosis formation.  This study presents a 

very promising step for the use of CB-EPCs in treating patients that have undergone 

vein grafting.  
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Chapter 6. Proliferation of CB-EPCs Under Laminar 
Shear Stress 

6.1 Chapter Synopsis 

The potential of CB-EPCs to proliferate under steady laminar shear stress was 

investigated. CB-EPCs have the potential to proliferate when exposed to shear stress 

values of 5 and 15 dyn/cm2 when seeded onto fibronectin coated plastic.  In addition, the 

doubling time of CB-EPCs was overall significantly smaller than the doubling time of 

EPCs from peripheral blood (PB-EPCs) and human aortic ECs (HAECs).   However, the 

ability of CB-EPCs to proliferate on smooth muscle cell (SMC) cultures in vitro is limited.  

Neither CB-EPCs nor HAECs proliferated on SMCs either in static or flow conditions.  In 

addition, both CB-EPCs and HAECs formed networks when left in static culture with 

SMCs, even in the absence of growth factors.  The presence of flow diminished the 

formation of these networks, unless growth factors were present in the media.  Although 

we did not observe proliferation of EPCs/ECs on SMCs under flow conditions, we were 

able to maintain a semi-confluent layer over 4 days of shear stress exposure.  In 

conclusion, CB-EPCs are capable of proliferating under flow conditions; however, the 

underlying material (cells or fibronectin coated plastic) plays a role in this proliferation 

potential and further studies will need to be conducted to determine if a more 

sophisticated vessel wall model can result in CB-EPCs proliferation.  
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6.2 Introduction 

The presence of a confluent, healthy endothelium monolayer is necessary for 

optimal vessel performance.  Many vascular treatment options rely on the ability of 

either endothelial cells (ECs) and/or endothelial progenitor cells (EPCs) to proliferate 

and form a confluent monolayer.  For instance, when these cells are used as a cellular 

therapeutic agent, as previously described in Chapter 1 and 4, to prevent occlusion of an 

atherosclerotic treated vessel, they will most likely adhere at sub-confluent densities to 

the underlying vessel. Therefore, it is necessary for the ECs/EPCs to proliferate and form 

a confluent monolayer in order to fully protect the vessel wall.  In addition, it would be 

optimal for seeded ECs/EPCs to proliferate on implanted synthetic bypass grafts and/or 

tissue engineered vessels, since both of these treatments may result in a loss of the 

endothelium lining during implantation.  

It is important to understand the proliferation capabilities of EPCs under flow 

conditions, as spontaneous endothelialization has been observed in animal models 

receiving synthetic vascular grafts but is seldom observed in humans [170], and re-

endothelialization of intimal ECs from host vessels in a graft beyond 2 cm of “pannus 

ingrowth” does not occur [171].  Extensive EC loss will result in proliferation of the edge 

ECs [12], however in rabbits and rats, the re-endothelialization process slows down 

around 4-6 weeks and stops within 8-12 weeks [172].  Reidy et al. determined that the 



 

192 

cause of ceased proliferation was not that ECs underwent senescence, but instead the 

presence of SMCs on the luminal surface inhibited EC growth [172].  The importance of 

EC/EPC proliferation to cover the exposed subendothelium is supported by the 

observation that drug-eluting stents can increase the rate of thrombosis, possibly due to 

the drugs negative effect on EC/EPC proliferation [14, 173].  

In this chapter we investigated the proliferation of CB-EPCs and ECs on two 

different substrates, FN coated plastic and SMCs, which better mimics the re-

endothelialization of a vessel or a tissue engineered vessel.  There have been a number 

of studies that have used a co-culture model of ECs and SMCs under flow conditions.  

These co-culture models involved ECs attached directly to the SMCs in a vessel 

construct [174, 175] or growth of the two cell types on opposite sides of a membranes 

[176], which resulted in some amount of EC proliferation.    

The hypothesis tested by this study was that CB-EPCs are capable of 

proliferating under flow conditions.  We first tested this by investigating their potential 

to proliferate under flow conditions using the simple FN coated plastic model.  This 

provided a common reference to other published studies on EC proliferation.  We 

examined the proliferation of CB-EPCs, ECs, as well as EPCs derived from the 

peripheral blood of patients with cardiovascular risk factors (PB-EPCs (CAD)).  In 

addition, we looked at the proliferation of CB-EPCs and ECs on SMCs under static and 
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flow conditions. Although it has been reported that ECs are incapable of proliferation on 

SMCs under static conditions [175, 177-179], the higher proliferation rate of CB-EPCs 

leads us to hypothesize that CB-EPCs can proliferate on SMCs under flow conditions.  

This study provides some insight about CB-EPCs proliferation over denuded regions 

within the vasculature.  

6.3 Materials and Methods 

6.3.1 Cell Culture  

All cell culture was performed as previously described in Section 4.3.1.  

6.3.2 Proliferation on FN Coated Plastic  

CB-EPCs, PB-EPCs (CAD), and HAECs stained with cell tracker orange were 

seeded onto plastic slide flasks that were previously incubated with 3.3 µg/ml of FN for 

1 hour.  All three cell types were seeded at sub-confluent densities of 25,000 cells/cm2 

(which is roughly 25% of the confluent cell density) and allowed to adhere for 15 

minutes. The slides were then placed inside a parallel plate flow chamber, imaged at 10 

random locations using epi-fluorescence, and exposed to steady flow at 5 or 15 dyn/cm2 

for 2-6 days using the #8 medium described in Table 6.1 (see Chapters 2 and 3 for 

detailed description of flow conditions).  At the end of the experiment, cells were 

imaged to determine the number of cells present. Static samples were also run for all cell 

types, however since the cells under static conditions grew at a faster rate than those 
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exposed to flow, the images were taken everyday until confluent.  The number of cells 

present at days 0, 2, 4, and 6 for static conditions and 0 and 4 for flow conditions were 

used to find the approximate doubling time of the cells, the doubling time was 

calculated by fitting the number of cells at the time points examined to an exponential 

trendline and solving the exponential equation for the doubling time point. It should be 

noted that this is an approximation since some cell types had such small increases in cell 

number we had to extrapolate the results and the use of an exponential trendline may 

not always be suitable.  

In addition to determining the doubling time, we measured the percentage of 

proliferating cells at various time points.  This was done by incubating the cells with 

0.02µM of EDU (Invitrogen) for 4 hours before stopping the experiment. Once the 

experiment was stopped, the cells were fixed with 3.7% paraformaldehyde for 10 

minutes at room temperature and the EdU kit protocol was followed.  Images were then 

taken at 20 random locations throughout each experiment to determine the number of 

proliferating cells present.  This was done by taking an image of the EdU positive cells 

and overlaying it with an image of all cells present as indicated by a nuclear stain (DAPI 

provided in the kit).  
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6.3.3 Proliferation on SMCs  

CB-EPCs and HAECs were seeded onto a confluent layer of quiescent SMCs (see 

Chapter 3 for description of quiescent SMC preparation) at either 25,000 cells/cm2 (1/4 

confluent) or 100,000 cells/cm2 (confluent) and allowed to adhere for 15 minutes and 

exposed to laminar shear stress as described above.  Static conditions were also run as a 

control.  However, the lack of proliferation initially observed led us to test different 

compositions of the media for culture during the flow experiments as listed in Table 6.1.  

In the studies reported in Chapter 3, the flow media did not contain growth factors. In 

order to promote growth, we tested media with the addition of growth factors and/or 

additional FBS, and we also tested Iscove’s medium, which is a basic media without 

additional factors added, unlike EBM.  In addition, EdU assays were run similarly as 

previously described in Section 6.3.2.  

The static CB-EPCs and HAECs on SMCs started to form networks, and this was 

verified by Z-section images with the use of a Confocal Laser Scanning Microscope LSM 

510 (Carl Zeiss) with an Archoplan 40x/0.8 water-immersion objective, similarly as 

previously described [180].  The CB-EPCs/HAECs were detected with a 541 nm laser 

and the SMCs were detected with a 488 nm laser, through the use of the multi-track 

mode. The average intensity of each image (green for SMCs, red fro CB-EPCs/HAECs) at 
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each z plane was calculated and plotted for the z-direction.  ImageJ was used to 

determine the average intensity of each image.  

 The orientation and enlongation of the CB-EPCs and HAECs on SMCs after 

exposure to flow was determined as previously described in Chapter 3.  

6.3.4 Statistical Analysis  

Statview 5.0.1 was used to compare data to determine the statistical differences 

between cell sources and conditions used.  ANOVA plus Tukey-Kramer post hoc analysis 

were conducted to determine significance for all experiments. All values are reported as 

means ± standard error of the mean.  

6.4 Results  

6.4.1 Proliferation on FN Coated Plastic  

In Chapter 3, we established that when CP-EPCs and ECs were cultured on 

SMCs at a confluent density, they remained confluent for up to two days under static 

and flow conditions.  Since it is likely that infusion of ECs will result in lower initial 

surface coverage, the major goal of this chapter was to compare the proliferation under 

static and flow conditions of CB-EPCs, ECs, and PB-EPCs (CAD) when plated at a cell 

density that is about 25% of the confluent density. CB-EPCs are capable of proliferating 

under flow conditions when seeded onto FN coated substrates (Figure 6.1).  Proliferation 

of all cell types was greatest under static conditions, and slowest at higher shear stress 
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conditions (15 dyn/cm2), (#p<0.05, static conditions had a significantly smaller doubling 

time compared to the doubling time when exposed to a shear stress of 15 dyn/cm2).  

Figures 6.1A and 6.1B demonstrate the percentage of cell increase from initial seeding to 

the time point examined for static and flow conditions, and the doubling time calculated 

from these values are shown in Table 6.1.  However, it should again be noted that since 

there were only two points available (before and after flow), we are making the 

assumption that the cells increased exponentially, which was not verified under flow 

conditions.  Although, there may be error in our determination of the doubling time, we 

believe that it is still appropriate for making a comparison between the different cell 

types.  CB-EPCs were found to have the greatest proliferation for all conditions, and this 

was significantly greater than both PB-EPC (CAD) and HAECs at a shear stress of 5 

dyn/cm2 (*p<0.01).  
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Figure 6.1: Percent increase in cells under static and flow conditions. (A) The percent 

increase in cell number from the initial seeding density at day 0 up to 4 days under static 

conditions (B) The percent increase in cell number from initial seeding density to 4 days 

later after exposure to flow conditions. (*p<0.01, CB-EPCs have a greater cell increase at 

5 dyn/cm2 compared to both PB-EPCs and HAECs, n=3-5)   
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Table 6.1: Estimated doubling time (in days) of cells on FN coated surfaces exposed to 

static and flow conditions for 4 days, (*p<0.01, CB-EPCs and PB-EPCs have a smaller 

doubling time than HAECs under the same conditions, #p<0.05, the doubling time was 

smaller under static conditions for all cell types compared to proliferation when exposed 

to a shear stress of 15 dyn/cm2) 
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It is important to determine whether CB-EPCs can proliferate under flow 

conditions; however, the cells must be able to stop proliferating once they reach 

confluency so that they form a monolayer.  We determined the percentage of CB-EPCs 

that are in the S phase during the four hour period of labeling.  This assay is analogous 

to the BrdU assay.  The proliferation decreased significantly and approached zero once 

the cells were confluent (Figure 6.2A), which corresponds to the cell density (Figure 

6.2B).  
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Figure 6.2: Percent of proliferating cells and density over time in static and flow 

conditions. (A) Percentage of cells that are in the S phase as determined by the EdU 

assay for CB-EPCs 2, 4, and 6 days after initial exposure to flow (or static conditions) 

when seeded on FN coated plastic (*p<0.01, percentage of cells in the S phase is 

significantly less than at the 2 day time point, n=3-4) (B) The cell density of CB-EPCs 

when they were initially seeded (day 0) and at 2, 4, and 6 days after flow exposure or 

under static conditions (#p<0.01, density is greater than flow counterpart and early 

timepoints, n=3-4). 
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6.4.2 Proliferation on SMCs  

In addition to proliferating on FN coated surfaces, we wanted to determine if CB-

EPCs could proliferate on SMC surfaces.  Previous reports have suggested that HAECs 

and other ECs sources are not capable of proliferation on SMCs (possibly proliferative 

SMCs) under static conditions, unless 50 µg/ml of ascorbic acid is added to the medium 

[181].  We have also found this to be true for quiescent SMCs, neither CB-EPCs nor 

HAECs are capable of proliferating on quiescent SMCs under static or flow conditions. 

In fact, under static conditions the CB-EPCs and HAECs begin to form networks after 3-

4 days. Figure 6.3 and 6.4  shows that the green SMCs overlay the EPCs/ECs in certain 

regions, which suggests the EPCs/ECs that have burrowed into the SMC layer. In 

addition, the location of the CB-EPCs/ECs and SMCs was determined through z-

stacking and Figure 6.5 demonstrates that there appears to be CB-EPCs/ECs within the 

SMC layer.  This is distinguishably different than the co-culture z-stacks of confluent 

ECs on SMCs reported by Lavender et al., which showed a distinct separation of the 

SMCs (with a peak intensity at 5 µm) and ECs (with a peak intensity at 11 µm) that 

overlapped slightly around 8 µm [180].   
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Figure 6.3: CB-EPCs begin to form networks under static conditions when seeded on 

SMCs for four days (red-CB-EPCs, green-SMCs, (A) CB-EPCs alone, (B) CB-EPCs and 

SMCs images merged together, 10x, media #8 from Table 4.1).  

 

 

Figure 6.4: HAECs begin to form networks under static conditions when seeded on 

SMCs for four days (red-HAECs, green-SMCs, (A) HAECs alone, (B) HAECs and SMCs 

images merged together, 10x, media #8 from Table 4.1).  
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Figure 6.5: Location of CB-EPCs (A) and HAECs (B) in static co-culture with SMCs for 

4 days, with respect to position in the z-direction. It can be seen that both CB-EPCs and 

HAECs are present within the SMC layer (n=1). 
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In contrast, the CB-EPCs and HAECs that were seeded on SMCs for 15 minutes 

prior to flow exposure were capable of spreading and remaining adherent, but no 

proliferation was observed regardless of the seeding density.  When the CB-

EPCs/HAECs were seeded at a confluent density they spread and formed a semi-

confluent layer that lasted up to 6 days on SMCs when exposed to flow conditions, 

without any network formation observed, Figure 6.6.  We measured the cell area after 

adhesion for 15 minutes (right before exposure to flow) to be roughly 588 µm2 for CB-

EPCs and 638 µm2 for HAECS, and 2300 µm2 for CB-EPCs and 2950 µm2 for HAECs 

after flow exposure for six days.  We used the cell area to determine the fraction of the 

surface covered by CB-EPCs/HAECs before and after flow as shown in Figure 6.7C.  

There is an increase in coverage from before and after flow, which is due to the 

spreading of the cells, which is similar to the spreading of HAECs previously observed 

on SMCs over a period of time [112].  However, the cells did not form a completely 

confluent monolayer as determined by the lack of VE-cadherin localized in the junctions 

of the cells shown in Figure 6.6.  
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Figure 6.6: CB-EPCs (A) and HAECs (B) when seeded on SMCs after being exposed to 

a shear stress of 15 dyn/cm2 for four days. CB-EPC/ECs are stained with VE-cadherin 

(green) and cell tracker orange (red). The flow is going from left to right.  
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Figure 6.7: Adhesion and Coverage of CB-EPCs and HAECs after exposure to shear 

stress.  The cells were plated at 75-100,000 cells/cm2 and allowed to adhere for 15 

minutes before exposure to flow. The before flow bars represent images taken 

immediately before flow began. (A) The fraction of cells that remained on SMCs post 

exposure to a shear stress of 15 dyn/cm2 for 4 days (B) The density of the cells on the 

slide before and after flow, and (C) the fraction of surface coverage by the CB-EPCs and 

HAECs before and after exposure to flow.  
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We have previously shown in Chapter 3 that both CB-EPCs and HAECs seeded 

at confluent densities and exposed to flow 24 hours later remain confluent post flow 

exposure.  The CB-EPCs and HAECs in this study did spread over time, but did not 

form a completely confluent monolayer on the SMCs. The differences observed in this 

study compared to Chapter 3 is most likely due to the differences in the seeding time 

before exposure to flow.   

As reported in Chapter 3, we found that both CB-EPCs and HAECs orient and 

elongate in the direction of flow when seeded on FN coated surfaces at a confluent 

density.  However, when plated for 15 minutes on SMCs before onset of flow, the CB-

EPCs do not orient and elongate in the direction of flow to the extent of HAECs.  The 

orientation and elongation was measured and determined (as described in Chapter 3), 

and Figure 6.8 demonstrates that HAECs have both oriented with the direction of flow 

(value closer to 0, p<0.05) and elongated more (value closer to 0, p<0.01), compared with 

CB-EPCs.  
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Figure 6.8: The orientation (angle) and elongation (roundness) of CB-EPCs and 

HAECs when seeded on SMCs and exposed to a shear stress of 15 dyn/cm2 for 4 days.  

Note that an angle of 45 degrees is random and closer to 0 degrees is with the direction 

of flow and a roundness value of 1 is a perfect circle and 0 is a straight line (*p<0.05, 

#p<0.01 compared to CB-EPCs, n=4). 
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A large number of media compositions were examined in an attempt to find a 

composition that would prevent network formation in co-cultures and promote 

proliferation.  The addition of ascorbic acid (AA) was also tested since previous studies 

with bovine ECs and SMCs have shown that AA causes the ECs to proliferate on the 

SMCs under static conditions, which is otherwise not observed [181].  However, the only 

difference observed in our results was due the presence or absence of growth factors, 

which is described in Table 6.2. Hence the only results presented are from flow media #4 

and #8.  While network formation occurred with all media in the absence of flow, 

removal of EBM, which contains VEGF and other growth factors, prevented network 

formation when the cells were exposed to flow.  While the cells did appear to begin the 

early stages of network formation when growth factors are present and exposed to flow 

(Figure 6.9).  
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Figure 6.1: CB-EPCs (A) and HAECs (B) after exposure to flow and growth factors.  

Both CB-EPCs and HAECs appear to start the formation of networks when seeded on 

SMCs and exposed to a shear stress of 15 dyn/cm2 for four days with growth factors 

present in the media. In (A) you can see the fainter cells still have a cobblestone like 

morphology, and the brighter cells have some sprouts at a different plane of focus. 
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Table 6.2: Medium compositions used and tested for proliferation experiments 
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6.5 Discussion  

Flow dynamics play a dominant role in the proliferation capability of ECs [182], 

and it is important that the EPCs adhered to denuded vessels proliferate in order to fully 

re-endothelialize the surface.  Previous studies have shown that ECs and peripheral 

blood derived EPCs transplanted into denuded vessels proliferate under flow [12] [65], 

conversely, a confluent layer of ECs exposed to steady shear stress inhibit EC 

proliferation by causing cell arrest in G0/G1 [183].  Small injuries to the EC lining can be 

re-endothelialized by proliferation of the adjacent ECs [12].  Flow has a negative impact 

on proliferation; however, proliferation is still feasible when ECs are sub-confluent. 

Our hypothesis that CB-EPCs are capable of proliferation under flow conditions 

is only valid in vitro for CB-EPCs and ECs cultured on FN coated slides. CB-EPCs, 

proliferate to a similar extent when exposed to 5 dyne/cm2 or 15 dyne/cm2, and CB-EPC 

proliferation is overall much greater than PB-EPC (CAD) and HAEC proliferation.  The 

proliferation of the CB-EPCs is also controlled by the confluency of the cells; when the 

cells are confluent they will stop proliferating as one would expect due to contact 

inhibition and this is seen by the decrease in the percentage of cells in the S phase over 

time in culture under both static and flow conditions in Figure 6.2 (cells were initially 

seeded at sub-confluent densities).   
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Previous studies have found that BAEC proliferation is virtually arrested when 

exposed to steady laminar shear stress values as high as 13 dyn/cm2 when adhered to 

glass, however they are capable of proliferating when adhered to thermanox polyolefin, 

and the increase in flow causes a decrease in cell density over time [184].  This suggests 

that the underlying material plays an important role in the EC proliferation potential, 

which is what we also found in this study.   

We determined that neither CB-EPCs nor HAECs were capable of proliferating 

on SMCs under both static and flow conditions in this particular study.  This is similar 

as previously reported in the literature, Ziegler et al. found that porcine ECs do not 

proliferate when seeded directly on collagen gels or SMCs embedded in collagen gels 

[177]. Kladakis et al. found that human ECs would not proliferate when seeded directly 

on a three dimensional tissue engineered vessel under static and flow conditions, 

whereas the cells do proliferate on collagen coated glass [170].  However, another study 

has also found that ECs cannot proliferate on either SMCs or pericytes, but are capable 

of proliferating on other cell types, such as fibroblasts [178].  In contrast, ECs are capable 

of proliferating when in proximity to SMCs (e.g. separated by a cellulose membrane) 

[178] [179], and therefore, the direct interaction of ECs with the SMCs may be the cause 

of the reduced proliferation.   
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Before CB-EPCs and HAECs were seeded onto the SMC cultures, the SMCs were 

switched to a quiescent state as previously described in the methods section in Chapter 

3.  This quiescent switch effectively prevents proliferation of SMCs [112].  In addition, 

the SMCs in the co-culture system were also non-proliferative after 4 days under static 

and flow conditions as determined by EdU assays. Confluent, quiescent endothelium 

inhibit SMC proliferation [174] because ECs secrete SMC specific growth inhibitors [12].  

However, other studies have found if the two cell types are separated by a semi-

permeable membrane than ECs actually promote SMC proliferation [42, 185, 186].  While 

this study did not investigate SMCs’ proliferation in response to ECs, in is interesting to 

note that the contact or close apposition of the two cell types may prevent proliferation 

of each other.   

However, others have reported proliferation of HAECs on SMCs seeded collagen 

gel constructs under both static and flow conditions [175], or pre-stressed in a tubular 

PGA scaffold with pulsatile flow before the addition of ECs, although the investigators 

could not distinguish between proliferating cells ECs and SMCs [174].  One explanation 

for EC proliferation on the PGA scaffold can be the source of ECs was bovine, which 

have been previously shown to have a higher proliferation rate compared to ECs of a 

human origin [187].  It is not clear as to why Imberti et al. achieved EC proliferation on 

SMC seeded collagen gel constructs whereas Ziegler et al. and Kladikis et al. did not, 
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however, it could be related to the subtle differences in the cell culture media, for 

instance Imberti used 5% more FBS than the other studies.  However, we did not find 

any differences in EC or CB-EPC proliferation on SMCs with any changes in the media 

content (as seen in Table 6.1).  

Under static conditions both cell types begin to form networks within the SMCs 

and this effect was not seen when the cells were exposed to flow conditions. However, 

when growth factors were present in the media and exposed to shear stress it appeared 

that networks were beginning to form (Figure 6.9).  Others have found that EPCs 

(derived from peripheral blood) form capillaries on fibroblasts in static conditions, 

which is more pronounced when VEGF is present in the media [188]. ECs seeded onto 

collagen matrices do not incorporate into the matrices and begin capillary formation 

when simply exposed to flow conditions, however when flow is coupled with the 

presence of VEGF the beginning stages of capillary formation are observed [189].  This is 

similar to what we observed with our co-cultures, flow alone prevented network 

formation compared to static conditions, but VEGF, and other growth factors present in 

EBM, together with flow started the formation of networks. In addition, the direct 

contact of ECs and SMCs has been shown to increase the gene and protein expression of 

VEGF in ECs [190], hence the co-culture model used appears to drive network formation 

through VEGF expression.  
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We could maintain a semi-confluent layer of both cell types when exposed to 

flow conditions, but sub-confluent layers were not capable of proliferating on the SMCs. 

We found a slight decrease in the number of CB-EPCs and HAECs present on the SMCs 

after exposure to flow for 4 days, however, this could be attributed to the cells spreading 

on the surface, as described in Figure 6.7, since the average cell area and number of cells 

present almost covers the entire surface.  Although the CB-EPCs and HAECs had similar 

coverage on the SMCs when exposed to flow, the HAECs had significantly greater 

orientation and elongation with the direction of flow when seeded on the SMC surface.  

These in vitro results differ from reported in vivo studies.  Reidy et al. have found 

that denuded vessels in rabbits have rapidly proliferating ECs present 6 weeks later and 

the majority of the proliferating cells were not found at the edge of the denuded region 

but instead in the interior region [191].  The authors suggest that the proliferating ECs 

documented were perhaps EPCs from the peripheral blood that have adhered to the 

damaged region and proliferated, however this was not proven and is only a 

speculation.  Another study found that translumenal seeding of ECs increased EC 

coverage from 12% at 1 week to 78% at 3 weeks following balloon angioplasty, which 

suggests that either the cells that were seeded onto the damage vessel proliferated or 

recruited other cells to the cite of injury [12].  Therefore, seeded cells appear to replicate 

on the damaged vessel fairly easily, and the seeded cells may stimulate growth of the 
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host ECs through secretion of mitogenic growth factors or recruitment of EPCs [12].  

Greise et al. found that EPCs can proliferate in vivo when seeded onto damaged vessel 

walls [65].   

These in vivo results suggest that our co-culture model is not completely 

representative of the in vivo model as it is known that HAECs are capable of migrating 

and proliferating over small damaged regions, which could be due to the fact that in vivo 

the ECs are not in continuous direct contact with the SMCs as they are in our model 

[181].  However, the lack of correlation from in vivo reports and this study could be 

related to the short attachment times before the cells are exposed to flow, whereas cells 

already in the vasculature are already adapted to the flow conditions.  In addition, the 

SMC/EC interactions in vivo may be more complex and the SMCs may be secreting 

substances that could be interfering with proliferation or the contacts being made 

between the ECs and SMCs could be the limiting factor in proliferation.  Niwa et al. has 

suggested additional production of collagen IV through the addition of ascorbic acid to 

the co-culture media will cause the ECs to proliferate on SMCs in static culture, however 

we did not achieve these results, perhaps the discrepancy is because Niwa et al. used 

bovine cells [181].  Niwa et al. study is also interesting because they noted a significant 

increase in SMC proliferation when the ECs are totally confluent on the SMCs, which is 
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contradictory to other work previously mentioned, hence his specific media composition 

and bovine cells do not compare well with our present study.  

The current study was a simple proof of concept study to show that CB-EPCs are 

capable of proliferating under flow conditions; however future studies may be 

interested in the molecular pathways involved in this proliferation.  There have been 

some studies into the molecular mechanisms to explain why and how shear stress 

regulates proliferation.  It has been suggested in bovine aortic ECs that the transcription 

factor p53 may play a large role in this process. When the ECs are exposed to a shear 

stress of 3 dyn/cm2 or higher there was an increase in p53, which induces an 

upregulation of GADD45 (growth arrest and DNA damage inducible protein 45) and 

p21cip1[192]; p21cip1 causes an inhibition in cyclin-dependent kinases (cdk), which can 

cause retinoblastoma hyophosphorylation that is known to occur in cells at the G0/G1 

phase [193].  Hence the increase in shear stress led to a sequence of events that caused 

EC cycle arrest [192]. 

Proliferation in vivo is more complicated than this study suggests, due to the 

dynamic geometry of the vasculature.  The straight regions of vessels undergo laminar 

shear stress, however, the curved and bifurcated regions undergo a more complicated 

oscillatory shear stress [183].  Laminar flow is known to arrest cells in the G0/G1 phase, 

whereas oscillatory shear stress promotes cell cycle progression [183].  The reason for 
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these differences may be the regulation of different pathways; in laminar flow both the 

AMPK pathway, which suppresses proliferation and Akt pathway, which stimulates 

proliferation, are upregulated and maintain endothelial homeostasis.  Under oscillartory 

flow only the Akt pathway is upregulated and hence proliferation will take place [183].  

There are possible shortcomings of our co-culture model, for instance no 

fibroblasts were present, which are known to be prevalent in the outer part of the vessel 

[170] and ECs have been found to be capable of proliferating on fibroblasts while 

incapable of proliferating on SMCs [178].  Although ECs and fibroblasts are separated by 

SMCs in vivo, their presence may influence proliferation, and may be worth testing in 

the future.  Other considerations of our study are the steady laminar flow that was 

applied to the EC/SMC cultures, instead of the more physiologically relevant pulsatile or 

oscillatory flow.  Future studies may want to examine if the proliferation capabilities of 

EPCs and ECs change under different flow conditions.  

This study was not intended to investigate network formation, however, we did 

discover early network formation for our co-culture system under all static conditions 

tested and when additional VEGF and other growth factors are present in the media for 

flow experiments, which seems to be consistent with similar previously reported results 

discussed above.  One study has suggested that the compliance of the substrate is an 

important factor in EC network formation, with networks forming easily at 1000 Pa and 
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below even in the presence of many substrate bound ligands (which otherwise 

negatively inhibit network formation) [194].  The SMCs used in this study have been 

previously determined to have an elastic modulus of roughly 2000 Pa [109], which is in 

between the values examined in the Califano et al. study[194], however, the compliance 

of the SMCs may positively influence network formation.   

Future studies may want to focus on why flow conditions turn off the EC/EPCs 

ability to form networks. This may be that one of the gene pathways that upregulate the 

VEGF receptor, which is known to be directly involved in angiogenesis [195], is 

inhibited by flow conditions similarly to the reduction of proliferation when the cells are 

exposed to flow.  This is supported by the reduction in network formation seen in Figure 

6.9 when the cells were exposed to both growth factors and flow compared to Figure 6.3 

and 6.4 when the cells were under static conditions (note there was no discernable 

difference between static conditions with and without growth factors present).  Perhaps 

the flow was reducing the proliferation of network formation but the growth factors 

present in the media was overriding this suppression.  The other hypothesis is that flow 

simply slows down the network formation process and if we were to allow the flow 

experiments to run for longer periods of time we could observe network formation even 

without the presence of growth factors.  However, this second hypothesis may be 
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unlikely since ECs naturally reside both on and within close proximity to SMCs in many 

vessels that are exposed to shear stress without the formation of networks.  

In conclusion, CB-EPCs are capable of proliferating under flow conditions, 

however, the substrate they are seeded on will effect this proliferation, and hence it is 

hard to make direct comparisons for in vivo applications other than synthetic vascular 

grafts.  Future studies will need to investigate the potential of EPCs/ECs on a more 

defined in vitro vessel model, which should include fibroblasts in addition to SMCs.  

Finally, it is interesting to note that flow exposed to the co-culture model (when growth 

factors are not present) prevents the formation of networks.  This is ideal, as one would 

hope that when ECs/EPCs are lining the vasculature and exposed to flow, they would 

remain in a confluent layer instead of burrowing into the vessel wall to form networks.  

Finally, this study did show that CB-EPCs have an overall higher proliferation potential 

compared to PB-EPCs (CAD) and HAECs and therefore, may be ideal for vascular 

treatment methods.  
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Chapter 7. Dissertation Summary and Future Work 

7.1 Dissertation Summary 

The global hypothesis motivating this research is that CB-EPCs adhere to 

damaged vessels and can prevent occlusion of the vessel. This research tested the 

following hypotheses: (1) ECs form very strong adhesion to underlying substrates and 

remain adherent upon the exposure to physiological shear stresses, (2) CB-EPCs, have 

similar adhesion strength compared to ECs, and express anti-thrombotic and anti-

inflammatory genes at similar levels to ECs, (3) CB-EPCs adhere to damaged vasculature 

under flow conditions both in vitro and in vivo, and prevent thrombosis, and (4) CB-

EPCs that adhere to the damaged vasculature proliferate and form a confluent 

monolayer while continually exposed to shear stress. The specific aims of the research 

are: (1) To optimize conditions in order to achieve strong adhesion of ECs when exposed 

to laminar shear stress, (2) To determine if the adhesion strength of CB-EPCs is 

comparable to values obtained in aim 1, and measure their anti-thrombotic and anti-

inflammatory potential, (3) To examine the adhesion of CB-EPCs under flow conditions 

in vitro, (4) To determine if CB-EPCs assist in re-endothelialization and prevention of 

thrombosis in vein bypass grafts performed in SCID mice, and (5) To determine if CB-

EPCs proliferate under laminar flow conditions.  
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In Chapter 2, we showed that when ECs are treated with with 0.025% trypsin, 

they are capable of developing rapid and firm adhesion to FN coated substrates.  We 

obtained greater than 80% cell retention when the cells were detached by incubating 

with 0.025% trypsin for 5 minutes and exposed to shear stress values as high as 100 

dyn/cm2, compared to less than 30% retention obtained when 0.5% trypsin was used. We 

also determined that when the lower trypsin concentrations were used, a significantly 

greater amount of α5β1 integrins were present on the EC surface, which are known to 

play an integral role in adhesion, and may explain the greater adhesion observed.  In 

addition, we found that focal adhesions formed more rapidly, as evident by vinculin 

immunostaining, when 0.025% trypsin is used in comparison to 0.5% trypsin.  These 

findings show that when ‘mild’ trypsinization techniques are implored, strong EC 

adhesion can be obtained, which may be explained by the greater number of adhesion 

integrins present and/or the rapid formation of focal adhesions. Thus, the results in 

Chapter 2 confirm the hypothesis that ECs can develop very strong adhesion to 

underlying substrates and can remain adherent under supraphysiological flow 

conditions. The findings of this chapter are critically important since the methods 

developed here were used for the remaining chapters in order to achieve firm adhesion.  

Results from Chapter 3 suggest that CB-EPCs can also develop rapid and firm 

adhesion to underlying substrates (both FN coated Teflon-AFTM and SMCs) when using 
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0.025% trypsin, and this adhesion is very similar to that observed with HAECs.  This too 

can be attributed to a large number of α5β1 integrins present on the cell surface; CB-EPCs 

exhibit a significantly higher number of these integrins compared to HAECs. As 

assessed by quantitative real-time RT-PCR, CB-EPCs express similar levels of key anti-

thrombotic genes when exposed to laminar shear stress and seeded on both FN coated 

substrates and SMCs.  In addition, we determined that the expression of nitric oxide 

(measured through the production of nitrites and nitrates in the media) was similar for 

both CB-EPCs and HAECs under static and flow conditions.  We also measured the 

relative amounts of E-selectin, ICAM, and VCAM protein expression when the cells 

were exposed to static and flow conditions in the presence of TNF-α, and it was 

determined that there was no significant difference in the expression of these proteins 

that promote leukocyte adhesion to the endothelium.  These results suggest that CB-

EPCs do exhibit very high adhesion strengths and similar levels of key anti-thrombotic 

genes and inflammatory protein expression; therefore, confirming our second 

hypothesis.  

Results from Chapters 2 and 3 suggest that CB-EPCs are capable of a very high 

strength of adhesion.  Therefore, we hypothesized that CB-EPCs in suspension adhere to 

SMCs and/or ECM proteins under flow conditions. In chapter 4, we determined that CB-

EPCs adhere to various substrates of SMCs and ECM proteins, and this adhesion is 
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dependent on the shear stress being applied to the cells.  The number of adherent cells 

increased with shear stress from 0.25-0.75 dyn/cm2 and decreased at higher values.  In 

addition the cell flux to the surface was found to be much greater than the binding rate 

for most shear stress values examined. These results suggested that the transport of the 

cells to the surface is not the dominant factor in adhesion, conversely the adhesion 

appears to be reaction limitd.  The availability of adhesion integrins (due to cell 

deformation) may be optimal at a shear stress of 0.75 dyn/cm2, or the enhance adhesion 

can be due to catch bond formation.  We also found that CB-EPCs had greater adhesion 

than PB-EPCs and HAECs, which may be attributed to the size of the cells.  CB-EPCs 

have the smallest area in suspension (and hence the smallest radius), which correlates to 

smaller net forces being applied to the cells and possibly makes them more favorable for 

dynamic adhesion.  In addition, we found that CB-EPCs have significantly higher 

expression of α5β1 integrins, which was shown through blocking studies to play a 

pivotal role in adhesion.  Thus, CB-EPCs are capable of binding to SMCs and ECM 

proteins under a range of shear stress values and the intrinsic properties of the CB-EPCs 

(small size and large number of α5β1 integrins) make them favorable for adhesion.  These 

results support the use of CB-EPCs in binding to damaged vessels in vivo.  

In Chapter 5, we used syngeneic inferior vena cava interposition grafting of the 

carotid artery in NOD.CB17-Prkdcscid/J mice to test the hypothesis that CB-EPCs can 
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produce rapid re-endothelialization and reduce thrombosis. To accelerate vein graft re-

endothelialization, we injected 1×106 CB-EPCs, into the vein graft lumen and the jugular 

vein at the time of implantation and 4 days later in the tail vein.  Vein grafts were 

harvested 2 weeks post-operatively and we found that CB-EPCs dramatically reduced 

vein graft thrombosis.  We found complete luminal thrombosis in 6 of 8 vein grafts 

harvested from vehicle-injected SCID mice, but no thrombi whatsoever in any of 8 grafts 

placed in CB-EPC-injected SCID mice (p<0.05).  (Dr Zhang and Dr Freedman’s vein graft 

procedure yields >95% graft patency in B6 mice (n>200).)  Factor VIII-immunopositive 

cells (ECs) covered 58±9% of the vein graft luminal perimeter in grafts harvested from 

hCB-EC-injected mice, but covered only 5-17% of the luminal perimeter in grafts 

harvested from control mice (p<0.01).  Moreover, 33.3±10% of vein graft endothelium 

was of human origin, as judged by human MHC I immunofluorescence (which yielded 

no signal in mouse aorta or vein).  We conclude that CB-EPCs specifically adhere to the 

vein graft, accelerate vein graft re-endothelialization, and minimize vein graft 

thrombosis.  Thus, CB-EPCs may represent novel therapeutic possibilities for vein graft 

thrombosis. 

Chapter 6 was an initial study to determine if CB-EPCs could proliferate when 

exposed to laminar shear stress.  The proliferation of CB-EPCs is important since the 

cells adhered in vivo (for conditions similar to Chapter 5), will do so at sub-confluent 
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densities and will need to proliferate in order to form a healthy, confluent endothelium 

monolayer.  I examined the proliferation of CB-EPCs on both FN coated surfaces and 

SMCs.  CB-EPCs are capable of proliferating on FN coated surface under both static and 

flow conditions, with the static conditions resulting in the greatest adhesion.  In 

addition, when examining the overall conditions, CB-EPCs were found to proliferate 

significantly more than HAECs and PB-EPCs (CAD).  However, neither CB-EPCs nor 

HAECs were capable of proliferating on SMCs under the static and flow conditions 

examined.  In fact, both cell types appear to have started the formation of networks on 

SMCs when left under static conditions.  When both cell types seeded on SMCs were 

exposed to a shear stress of 15 dyn/cm2 for four days, they were found to maintain a 

semi-confluent monolayer with no network formation observed.  Further studies would 

need to be performed in order to determine why flow appears to prevent the formation 

of CB-EPCs/HAECs networks forming on SMCs.  The results presented here suggest 

that CB-EPCs are capable of proliferating under flow conditions, however, this 

proliferation was not observed when seeded onto SMC surfaces and further studies 

would need to be performed to determine if this is simply a limitation of our co-culture 

model.  

Overall, the results within this dissertation illustrate that CB-EPCs are a potential 

cell source for re-endothelialization of damaged vessels and preventing vessel re-
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occlusion. Specifically, we found that CB-EPCs are capable of strong adhesion to 

underlying materials and are capable of binding to these materials when exposed to low 

shear stress conditions.  In addition, CB-EPCs appear to exhibit similar anti-thrombotic 

and inflammatory properties that would make them ideal for lining a vessel.  Our 

animal studies suggest that the adhesion of CB-EPCs can be translated to in vivo 

systems, and have the ability to prevent thrombosis from occurring.  Therefore, we 

believe that CB-EPCs are an optimal cell choice for re-endothelialization of vein graft 

transplants (and possibly other vascular treatment methods, such as angioplasty, stents, 

and synthetic vascular grafts) in order to prevent vessel occlusion.  

7.2 Future Work Needed to Complete Current Studies 

 The results within Chapter 4 indicate that CB-EPCs have an increased adhesion 

compared to other cell types, which may be attributed to the smaller net force applied to 

the CB-EPCs, due to their smaller size.  This was supported by Figure 4.7, which shows 

that PB-EPCs (CAD) and HAECs have similar adhesion levels when exposed to similar 

net forces as the CB-EPCs, however the shear stresses were very different.  It would be 

beneficial to investigate the adhesion of PB-EPCs (CAD) and HAECs at a shear stress 

that would result in a net force similar to the one that produced the most adhesion in 

CB-EPCs.  If both cell types have similar adhesion as the CB-EPCs when exposed to 

similar net forces, we can then conclude that the net force imposed on the cells is one of 
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the dominant factors affecting adhesion.  However, if we determine that the adhesion of 

PB-EPCs (CAD) and HAECs is still less than CB-EPCs when exposed to the same net 

force, then we can conclude that the cell’s surface properties (i.e. integrin availability) is 

also playing an important role in the enhanced adhesion observed for CB-EPCs.  

As previously mentioned, the ability of CB-EPCs to proliferate once they adhere 

to damaged vessels is imperative to developing a healthy, confluent monolayer.  

However, we were unable to achieve proliferation of CB-EPCs when seeded on SMCs in 

vitro and exposed to laminar shear stress.  Further studies could expand the co-culture 

model to a 3-dimensional construct to more closely resemble a vessel and determine if 

the cells are capable of proliferation.  In addition, our study examined proliferation 

using steady laminar shear stress, however, the shear stress exposed to the cells in vivo 

would most likely be pulsatile or oscillatory, and it would be advantageous to examine 

the proliferation of CB-EPCs on SMCs when exposed to these different flow conditions.  

We found that CB-EPCs and HAECs appear to begin the formation of networks 

when seeded on SMCs under static conditions, and very early stages of network 

formation was observed when the co-cultures were exposed to laminar shear stress with 

growth factors present in the media.  The focus of this dissertation was not on capillary 

or network formation, however, future studies may want to focus on why network 

formation is observed under static conditions and not flow conditions (when growth 
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factors are not present), and determine if the presence of flow down regulates genes 

required for network formation to begin.  

7.3 Functional Implications of This Research 

 The results presented in this dissertation illustrate some key findings that may 

aid in the re-endothelialization of damaged vessels and prevent thrombosis from 

occurring.  As mentioned in Chapter 1, many patients with atherosclerosis will undergo 

angioplasty or stenting procedures, or receive vein bypass grafts.  All of these 

procedures can result in vessel occlusion either through thrombosis or intimal 

hyperplasia, which is related to the loss of an intact endothelium. Therefore, it is 

extremely important to promote re-endothelialization of the vessel wall in order to 

prevent occlusion from occurring.  We found that the injection of CB-EPCs in the vessel 

lumen and vasculature of NOD.CB17-Prkdcscid/J mice that underwent syngeneic inferior 

vena cava interposition grafting of the carotid artery increased the re-endothelialization 

of the vessel lumen and prevented thrombosis from occurring (whereas 6 out of 8 mice 

that did not receive CB-EPCs resulted in thrombosis).  Therefore, CB-EPCs have the 

potential to be used as a cellular therapeutic agent.  In the future one could envision a 

bank of CB-EPCs readily available to cardiologists and surgeons before 

angioplasty/stenting or bypass graft procedures, and the doctor could order CB-EPCs 
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that match the patients HLA markers and use them during the procedure to promote re-

endothelialization of the damaged vessels.  

The positive in vivo results obtained in this study are supported by the previous 

in vitro work done.  We have found that CB-EPCs are capable of strong adhesion when 

exposed to high shear stress values, which is important since the cells need to remain 

adherent to the vessel even if the shear stress increases. In addition, we found that the 

CB-EPCs are capable of binding to SMCs and ECM when in suspension and flowing 

over these substrates.  This is also important since it is not always feasible for the 

surgeon to block blood flow to allow these cells to adhere, but may be capable of 

momentarily reducing the blood flow in an attempt to make the CB-EPCs favorable for 

adhesion.  In addition, these dynamic adhesion studies allowed us to develop a better 

understanding of the adhesion mechanisms, which may help us to better understand 

adhesion obtained in vivo.  

The functional characteristics of the CB-EPCs is also of critical importance since 

they will be lining the vessel walls and we therefore want them to exhibit typical 

properties of a healthy endothelium.  In Chapter 3 we found that CB-EPCs exhibit 

similar anti-thrombotic and anti-inflammatory characteristics compared to HAECs.  This 

suggests that when the CB-EPCs adhere to the damaged vessels in vivo, they will behave 

similarly to a healthy endothelium, which will prevent vessel occlusion.  
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I believe that overall this dissertation has very direct functional implications of 

the use of CB-EPCs as a vascular treatment method.   

7.4 Future Direction of CB-EPCs use to Prevent Thro mbosis 

Given the importance of re-endothelialization of damaged vessels and the 

success of re-endothelialization and thrombosis prevention achieved in this dissertation, 

I would suggest that future studies continue to explore the use of CB-EPCs in prevention 

of vessel occlusion. One pitfall of animal studies is the biological difference between the 

animal model and humans.  In this study we used NOD.CB17-Prkdcscid/J mice, however, 

it would be advantageous to study mice that are also prone to developing 

atherosclerosis in order to determine how CB-EPCs prevent occlusion with the presence 

of elevated cholesterol or other atherosclerotic prone variables.  Similar studies as 

performed here and/or wire injury studies could be done on nude/Apoliprotein E-

deficient (ApoE-/-) mice fed a high-fat atherogenic diet for 5 weeks prior.  This special 

breed will allow us to use human CB-EPCs in a hypercholesterolemic and 

atherosclerosis prone mouse model without immune rejection.  ApoE-/- mice have 

spontaneous elevations in plasma cholesterol when fed a high fat diet and will develop 

fibroproliferative atherosclerotic lesions histologically similar to human atherosclerosis 

[196].  It has been suggested that CD4+ T cells play a role in atherosclerosis progression 

[197], however, the importance of this role appears to diminish when nude/ApoE-/- mice 
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are fed a high fat diet as indicated by no difference in lesion size and progression of 

fibrous lesions when compared to ApoE-/- mice with an intact immune system [196].  

This will allow us to determine if CB-EPCs are capable of preventing thrombosis and 

possibly intimal hyperplasia in an animal model that were more closely mimic humans 

with atherosclerosis.  

In addition, it would be interesting to know where all of the CB-EPCs that are 

injected into the vasculature end up, since not all of the cells will adhere to the lining of 

the damaged vessel, although from previous studies reported we can assume they will 

be in the spleen or liver [5].  We can radiolabel the EPCs with indium111 (111In)-oxine, 

which has been proven to be safe in humans [28], and determine the cell localization 

with the use of high-resolution whole-body helical single photon emission computed 

tomography (SPECT) [28].  111In-Oxine’s long half-life of 67 hours [198], will allow us to 

visualize the location of the EPCs one week after administration.  This will allow us to 

determine where the injected EPCs have localized if they are not present in the injured 

vessel.   

The number of injected CB-EPCs may increase in the injured vessel since 

Vemulapalli et al. found an increase in localization of administered bone marrow cells in 

the aortas of apolipoprotein E-deficient mice who were fed high-fat atherogenic diets, 

and less cells localized in the liver and spleen in these mice compared to the wild-type 
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[28].  This suggests that the presence of the atherosclerotic vessel caused an increase in 

localization of cells in diseased vessels compared to undiseased vessels.  

Additional points of interest would be to fully understand the re-

endothelialization process in the damaged vessel.  In our study, the mice were subjected 

to exposure of CB-EPCs at three different time points: cells were placed in the lumen 

during the suturing of the proximal end of the graft, cells were injected into the jugular 

vein immediately after flow was restored in the graft, and cells were injected into the tail 

vein 4 days after the surgery took place. It would be beneficial to determine which of 

these sets of exogenously added cells contributes the most to the re-endothelialization 

process.  This is important since the incubation of cells during the suturing procedure is 

not possible for angioplasty and stent procedures, hence the results obtained here may 

not correlate to benefiting these patients.  In addition, it would be interesting to know 

the time course of re-endothelialization. Do the CB-EPCs adhere immediately or does 

this take days to occur? Is the number of CB-EPCs present at 2 weeks the actual amount 

that adhered or did a smaller fraction adhere and then proliferate? These questions 

could possibly be answered by analyzing vessels from mice that received vein bypass 

grafts at various time points from 0 to 2 weeks.  However, this would require a large 

number of surgeries and mice, which may not be feasible.  
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Finally, the next step of this study would be to move on to larger studies, since 

ideally the goal is to reach clinical use.  However, moving on to a larger animal is not 

simple since we are studying human cells that will be rejected from animals that have an 

intact immune system.  These studies could be performed in one of two ways, 

suppressing the immune system (through radiation treatment or immunosuppressant 

drugs) of the larger animal while these studies are taking place, or using the EPCs 

isolated from that particular species’ umbilical cord blood.  The problem with the second 

suggestion is the differences that may arise in the EPCs from the umbilical cord blood of 

different species.  

I believe that the work presented in this dissertation is very promising in the 

development of the use of CB-EPCs as a therapeutic method of treating patients with 

atheroscloserosis and there are many exciting steps that can be taken to achieve this final 

goal.  
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