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ABSTRACT 

Autologous venous grafts are preferred conduits in bypass surgery due to their length, easy 

harvesting, and feasibility. However, development of intimal hyperplasia decreases long-term 

patency rate in venous grafts prompting close clinical surveillance and further intervention. 

Mechanical forces, inflammation, and shear stress responses in venous grafts after surgical transfer 

may be involved in the development of intimal hyperplasia.  

This thesis focuses on inflammatory reactions in venous grafts. We hypothesized that 

interactions between leukocytes, platelets and endothelial cells induce intimal hyperplasia resulting 

in venous graft failure. 

We demonstrate that VGs obtained by end-to-end anastomosis of the inferior vena cava (IVC) 

from donor mice grafted to the abdominal aorta in recipients suffer extensive endothelial injury, 

platelet deposition and leukocyte invasion early after grafting. Re-endothelialization of interposed 

venous grafts was completed after 4 weeks. Regenerated endothelium displayed normal resistance 

to recruitment of leukocytes. Thus, we found that there is a time window during the first weeks 

following grafting in which venous grafts are susceptible to vessel injury and inflammation.  

Leukocyte recruitment on inflammatory endothelium initiates with margination, capture 

followed by rolling, firm adhesion and transmigration. We hypothesized that absence or function-

blockage of leukocyte adhesion molecules P-selectin and E-selectin that are important for rolling 

may influence development of intimal hyperplasia in venous grafts by reduction of the recruitment 

of leukocytes. Indeed, intimal hyperplasia was significantly reduced in E- and P-selectin double 

deficient mice compared to WT both at 28 days and 63 days after VG transfer. This was paralleled 

by a reduction in the recruitment of leukocytes to the graft wall. Similar findings were made in WT 

mice treated with a combination of function-blocking antibodies against P- and E-selectin. The 

effect of P-selectin alone was addressed using P-selectin deficient mice. We found that intimal 

hyperplasia was significantly attenuated in mice deficient in P-selectin compared to WT mice 28 

days after surgery concomitant with decreased leukocyte invasion. Interestingly, single-dose 

blockage of P-selectin or its leukocytic ligand PSGL-1 at the time of surgery could block the 

function of these molecules for up to 10 days and reduced later formation of intimal hyperplasia. 

Hence, early inhibition of these molecules has potential therapeutic effects on long-term vein graft 

failure. 

Platelets strongly influence haemostasis, inflammation and tissue regeneration after vascular 

injury, which are all represented in the period of re-endothelialization after venous graft transfer. We 

tested whether absence or function-blockage of platelets could influence intimal hyperplasia in 

venous grafts. We first used antiserum depletion of platelets for 12 days following surgical grafting. 

Indeed, IH and leukocyte invasion were reduced in platelet-depleted mice. Moreover, inhibition of 

integrin αIIbβ3, the main aggregation receptor on platelets, also reduced IH and leukocyte 

recruitment in the graft wall. The reduction of intimal hyperplasia in mice treated with the antibody 

against integrin αIIbβ3 was paralleled by radical reductions of the number of adherent platelets and 

leukocytes on the luminal surface of grafts one hour following grafting.  

In summary, our work emphasizes the role of interactions between leukocytes, platelets and the 

vessel wall in venous grafts during their adaptation to the arterial circulation. These mechanisms 

constitute attractive targets for the development of further preventive pharmacological strategies 

against vein graft failure. 
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SAMMANFATTNING 

Autologa vener är de mest använda graften vid bypasskirurgi. Utvecklingen av intimal 

hyperplasi minskar emellertid den långsiktiga funktionen i vengrafts (VGs) vilket föranleder 

återkomst av symtom hos många patienter. Fysiska krafter i den arteriella cirkulationen som leder 

till inflammation i venösa grafts kan vara inblandade i utvecklingen av intimal hyperplasi. 

Denna avhandling fokuserar på inflammatoriska reaktioner i venösa grafts. Vår frågeställning 

var om interaktioner mellan leukocyter, trombocyter och endotelceller inducerar utvecklingen av 

intimal hyperplasi och förlust av graftens funktion. 

Vi visar att VGs som erhållits genom end-to-end anastomos av vena cava inferior (IVC) från 

donatormöss graftade till bukaorta hos mottagare tidigt efter kirurgi drabbas av omfattande 

endotelskada, samt adhesion av trombocyter och leukocyter. Regenerering av endotelet i vengrafts 

är komplett efter 4 veckor och det fanns ingen ökad adhesion av leukocyter i dessa sena grafts. 

Således fann vi att det finns ett tidsfönster under de första veckorna efter kirurgi där vengrafts är 

särskilt känsliga för kärlskada och inflammation. 

Leukocytrekrytering på inflammatoriskt endotel initieras med margination, capture, följt av 

rullning och adhesion på endotelet. Vi undersökte om frånvaron eller funktionsblockering av 

adhesionsmolekylerna P-selectin och E-selectin som är viktiga för rullning kan påverka 

utvecklingen av intimal hyperplasi i venösa grafts genom en minskad rekrytering av leukocyter. Vi 

fann att intimal hyperplasi minskade avsevärt i möss som saknar E- och P-selectin jämfört med WT 

både 28 dagar och 63 dagar efter kirurgi. Detta parallellt med en minskning av rekryteringen av 

leukocyter till kärlväggen i grafts. Liknande fynd gjordes i WT möss behandlade med en 

kombination av funktionsblockerande antikroppar mot P- och E-selectin. Effekten av P-selectin 

enbart undersöktes därefter. Vi fann att intimal hyperplasi var signifikant minskad i möss som 

saknar P-selectin jämfört med WT möss 28 dagar efter operation samtidigt som dessa möss hade en 

minskad invasion av leukocyter i graften. Liknande resultat kunde uppnås med en engångsdos av 

antikroppar mot P-selectin eller dess leukocytligand PSGL-1 administrerade vid tiden för 

operationen. Således kunde blockad av dessa molekyler under den tidiga fasen efter kirurgi ha 

effekter på senare utveckling av intimal hyperplasi. 

Trombocyter påverkar hemostas, inflammation och vävnadsläkning efter kärlskada, vilka alla 

är representerade i den tidiga fasen efter bypasskirurgi. Vi testade om frånvaro eller 

funktionsblockering av trombocyter kan påverka intimal hyperplasi i venösa grafts. Vi använde först 

antiserum för att minska antalet trombocyter under 12 dagar efter kirurgisk transplantation. IH och 

invasion av leukocyter minskade i möss behandlade med antiserum. Blockad av αIIbβ3 integrin, den 

huvudsakliga aggregationsreceptorn på trombocyter, kunde också minska IH och 

leukocytrekrytering i vengrafts. Minskningen av intimal hyperplasi hos möss som behandlats med 

antikroppen mot αIIbβ3 sågs parallellt med radikala minskningar av antalet trombocyter och 

leukocyter på den luminala ytan av vengrafts en timme efter kirurgi. 

Sammanfattningsvis betonar vårt arbete rollen av interaktioner mellan leukocyter, trombocyter 

och kärlväggen i venösa grafts. Dessa mekanismer utgör attraktiva mål för utvecklingen av 

ytterligare förebyggande farmakologiska strategier mot intimal hyperplasi och förlust av 

kärlfunktion efter bypasskirurgi. 
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AIMS OF THIS STUDY 

Previously, our group had made significant efforts to describe recruitment of leukocytes 

under pro-inflammatory conditions in large veins and atherosclerotic arteries using various 

mouse models (1, 2). In designing this thesis project, we extended our focus to the role of 

these processes in VGs. The overaching goal of this thesis was to therefore to explore and 

characterize inflammatory processes in the development of IH in VG after bypass surgery. In 

more detail, the aims of the thesis were to: 

1. Etstablish a VG bypass mouse model that would permit analysis of leukocyte 

recruitment into the vessel wall with intravital microscopy. 

2. Characterize endothelial cell integrity and recruitment of inflammatory cells in 

mouse infrarenal aortic VG bypass. 

3. Investigate the molecular mechanisms behind leukocyte recruitment in VGs and 

subsequent formation of VG IH using knock-out mouse strains for E- and P-

selectin. 

4. Test the hypothesis that platelets influence leukocyte recruitment and development 

of VG IH by inhibiting platelet function in a VG bypass mouse model.   
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INTRODUCTION 

1.1 Epidemiology of cardiovascular disease 

According to the WHO, cardiovascular disease (CVD) is defined as disorders of the 

heart and blood vessels including coronary heart disease (CHD), cerebrovascular disease, 

high blood pressure (hypertension, HTN), peripheral artery disease (PAD), rheumatic heart 

disease (RHD), congenital heart disease and heart failure (HF). The risk factors of CVD are 

alcohol abuse, insufficient physical activity, excessive salt intake, hypercholesterolemia, 

tobacco use, hypertension, diabetes and obesity (Global status report on noncommunicable 

disease 2014, WHO).  

CVD is the number one cause of death globally and in the 2011 WHO report, an 

estimated 17.3 million people died from CVDs in 2008, representing 30% of all global deaths. 

Of these deaths, 42% were due to CHD and 36% by stroke. In 2012, 38 million of a total of 

56 million deaths (67.9% of total deaths) were due to noncommunicable disease (NCD) such 

as heart disease, stroke, cancer, chronic respiratory disease and diabetes. Among the causes of 

NCD in 2012, 17.5 million deaths, or 46.2% of deaths of NCD, were due to CVD. For people 

under the age of 70 years, CVD is responsible for 37% deaths (Figure 1). CVD mortality has 

declined since the 60s in the Western world, but it has increased in low- and middle-income 

countries where now over 80% of CVD deaths take place. CVD is projected to remain the 

leading cause of death globally and by 2030, almost 23.6 million people are expected to die 

from CVD, most of them from heart disease and stroke. 

 

Figure 1: Proportion of global deaths under the age 70 years, by cause of death, 

comparable estimates, 2012. 
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1.2 Atherosclerosis 

Atherosclerosis is the cause of CVD. This systemic disease is an inflammatory process 

in the vascular wall with accumulation of lipids in the inner layer of the vessel wall (tunica 

intima), followed by inflammation, cell death and fibrosis (3). Lesions, atherosclerotic 

plaques, are formed with a lipid core surrounded by a fibrotic cap with smooth muscle cells 

(SMCs), which narrow the lumen of affected vessels (Figure 2) (4). Stable atherosclerotic 

plaques in large- and medium sized arteries can limit blood flow and cause reduced perfusion 

of organs and ischemic symptoms. Enhanced inflammation and protease activity degrade 

collagen in the fibrous cap which may cause plaque instability and rupture. Plaque rupture 

exposes prothrombotic contents of the plaque to the blood leading to thrombosis, occlusion of 

the vessel and sudden blood flow disturbance. Atherosclerosis in coronary arteries causes 

angina pectoris, acute myocardial infarction (AMI) and cardiac failure (3). The lesions in the 

cerebrovascular system or in carotid arteries lead to ischemic stroke and transient ischemic 

attacks (TIAs). PAD, refers to atherosclerosis in the lower extremities. The progression of 

PAD leads to poor quality of life such as intermittent claudication, and in advanced disease 

with critically low perfusion persistent pain at rest, ulcers and gangrene (5). 

 

Figure 2: Atherosclerosis starts with accumulation of lipids in the subendothelium (A) 

and inflammatory cells (monocytes; B), which aggregate in the intima and turn into lipid 

filled foam cells (C). More inflammatory cells (T cells) are recruited and smooth muscle cells 

(SMC) form a fibrous cap over the lipid rich core (D). An advanced lesion is formed with a 

large inflammatory core of lipids, necrosis and calcification (E), which can become unstable 

with rupture of the fibrous cap and thrombus formation (F).   

1.3 Surgical treatment of cardiovascular disease 

Coronary artery bypass surgery (CABG) is a surgical procedure that uses grafts conduits 

on coronary arteries to bypass the atherosclerotic luminal stenosis to improve blood perfusion 

to the myocardium. There were about 800,000 patients undergoing CABG worldwide every 

year (6). CABG is an effective procedure at relieving symptoms in severe coronary artery 

disease (CAD) and a better choice in treatment of multivessel CAD than percutaneous 
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coronary intervention (PCI) as was demonstrated in the Surgery or Stent (SoS) and SYNTAX 

trials (7, 8). Although PCI with drug-eluting stents is less invasive, requires shorter hospital 

(9-11) time and less operative risk, patients undergoing CABG have lower rates of death and 

myocardial infarction and had low risk of repeat revascularization in 30 days (12, 13). 

ACC/AHA 2004 guideline still states that CABG is the recommended treatment for 1). 

Disease of the left main coronary artery. 2). Disease of all three coronary vessels. 3).Diffuse 

disease not amenable to treatment with PCI (the ACC/AHA 2004 guideline update for CABG 

surgery) (9), and further state that CABG is the treatment of choice for high-risk patients such 

as those with severe ventricular dysfunction or diabetes mellitus (the ACC/AHA 2011 

Guideline for CABG surgery) (14).  

The first CABG was performed at Albert Einstein College of Medicine-Bronx 

Municipal hospital in 1960 by Dr. Robert H Goetz who used the internal mammary artery as 

donor conduit trying to bypass stenotic vascular segments with use of the metal Rosenbach 

ring (15). The first successful CABG with internal mammary artery autografts was performed 

at Leningrad (St. Petersburg) USSR in 1964 by Dr. Vasilii Kolesov using a standard suture 

technique (16, 17). The first CABG with saphenous vein autografts to bypass diseased 

segments was performed by Dr. René Favaloro at the Cleveland Clinic in 1967 (18). CABG 

surgery with the use of saphenous vein autografts was further developed by Dr. René 

Favaloro and has become the standard CABG procedure (19). 

Peripheral artery occlusive disease (PAOD) refers to the obstruction of arteries 

specifically to atherosclerotic narrowing of arteries of the lower extremity. The treatment 

depends on the severity of the PAOD; however, it includes cessation of smoking, 

management of diabetes and hypertension, management of cholesterol levels etc. For patients 

with failed medical treatment, vascular or endovascular surgery is an option (the 2011 

ACCF/AHA Focused Update of the Guideline) (5). In 1959, Dr. Rob CG developed in situ 

saphenous vein graft with vein stripper-destroyed venous valves as a conduit for arterial 

revascularization in the lower extremities (20). In situ saphenous vein graft bypass surgery 

has advantages to prolong amputation-free survival and overall survival in carefully selected 

patients (5, 20). In the Bypass versus Angioplasty in Severe Ischemia of the Leg (BASIL) 

trial in 2010, bypass surgery with VGs demonstrated superior results compared to a balloon 

angioplasty-first revascularization strategy and was also superior to bypass surgery with 

prosthetic grafts (21). Thus to date, vein grafts (VGs) are still of major importance in bypass 

surgery. 

1.4 The use of vein grafts in cardiovascular disease 

Vein grafts (VGs) are venous conduits for reconstruction of arterial flow in patients with 

cardiovascular disease (22). However, VGs display a limited patency (23) carrying occlusion 

rates of approximately 10%-20% in one year, 30% in 5 years and 50% in 10 years after 

grafting (24-26). This limited patency is largely due to narrowing of lumen by the formation 

of intimal hyperplasia (IH) which develops as early as 6 weeks after grafting in human VGs. 
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IH leads to narrowing of the vessel lumen through proliferation and deposition of 

extracellular matrix by vascular smooth muscle cells (SMCs) (27, 28). In contrast to VGs, 

arterial vascular grafts (AGs) such as free radial artery grafts or in situ internal mammary 

artery grafts are less sensitive to IH and display lower occlusion rate and better long-term 

patency rates (29). Apparently, transfer of veins into a high pressure, high shear stress arterial 

circulation system triggers responses intrinsic in veins that ultimately lead to the formation of 

IH (28). However, because of the limited availability of AGs, VGs are still the main conduits 

used in vascular grafting. 

1.5 Intimal hyperplasia 

Intimal hyperplasia is a general response to injury in the vascular wall with the thickness 

of the tunica intima. Formation of IH (30) in VGs can in the initial stages be regarded as an 

adequate response of smooth muscle cells to the transfer into a high pressure system 

including several physical factors, shear stress, inflammation and endothelial dysfunction (31, 

32). Smooth muscle cells migrate and proliferate in the intimal layer in response to vascular 

wall stress. The proliferation of SMCs is followed with extensive deposition of matrix. 

Proliferation of SMCs together with deposition of extracellular matrix build up IH and 

narrows the vascular lumen (33). In VGs, smooth muscle cells in IH are criss-crossed instead 

of the circumferential shape in the tunica media (32). In this way, IH quickly enforces the 

venous wall against arterial stress after grafting. Indeed, re-endothelialization of the graft 

when the graft has gained structural strength may reduce platelet and leukocyte infiltration 

and attenuate proliferative responses of SMCs (34, 35). However, establishing IH in grafts 

forms the basis for further intimal growth, the onset of accelerated atherosclerosis and future 

loss of vessel patency.  

1.6 The development of vein graft disease 

Vascular responses in VGs can be broadly described to occur in certain stages following 

grafting. Stage 1: Endothelial injury and platelet adhesion, stage 2: Leukocyte recruitment 

and onset of inflammation, stage 3: Activation of coagulation, stage 4. SMC migration and 

proliferation (Figure 3) (22, 28, 36). 

Stage 1: Veins used as graft conduits are adapted to a low pressure, low shear stress type 

of circulation. When VGs are transferred to the arterial high-pressure system, grafts are 

distended by circumferential stress resulting in endothelial injury and subsequent adhesion of 

platelets (36, 37).  

Stage 2: Endothelial injury and activation together with platelet adhesion trigger 

expression of leukocyte recruitment molecules on cells lining in the luminal surface of the 

graft. Selectins are exposed on the surface of activated endothelial cells and are also 

translocated to the platelet surface from -granules. Leukocytes may then roll along the 

vascular luminal wall by PSGL-1 interacting with the exposed luminal P-selectin. Firm arrest 
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of leukocytes is mediated by integrin 2 on leukocytes that bind to undetermined ligands. 

Leukocyte chemotaxis is mediated by chemokines such as IL-8 and MCP-1 that are secreted 

from the injured vessel wall (30, 38-41).  

Stage 3: The endothelial injury afflicted to VGs in the early phases following grafting 

cause exposure of sub-endothelial tissue factor in the vessel wall. This causes the activation 

of factor VII/VIIa and the onset of coagulation through subsequent activation of factors X/Xa 

and thrombin (22, 28, 42) on the injured endothelial surface.  

Stage 4: Platelet adhesion and activation, generation of chronic inflammation and 

coagulation all induce a change of medial SMCs from a stable contractile state into a 

migratory and secretory phenotype. SMCs migrate into the vessel intima and increase their 

mitosis frequency from below 0.1 to up to 30 per day. During the first month following 

grafting, this massive increase in proliferation and cellular buildup establish early IH. 

Molecular mediators involved in the activation of SMCs include metalloproteinases and 

remodeling of the extracellular matrix (43) and PDGFs, bFGF, TGF-, thrombin, and 

proinflammatory cytokines IL-1 and IL-6 (40, 44, 45).  

 

Figures 3: The scheme demonstrates the process of VG failure after transfer by time. 

The factors in surgery affecting the failure of VGs have shown in the left of picture. After 

grafts transferred to arterial circulation, denudation of endothelium occurs with deposition of 

platelets followed by recruitment of leukocytes. VGs adapt to arterial environments with the 

development of IH. However, IH results the narrowing of lumen and furthermore leads to 
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atherosclerosis and atherosclerotic plaque years after surgery. Reproduced from ref (28), with 

permission. 

1.7 The impact of hemodynamics 

Blood vessels are exposed to various types of hemodynamic forces including fluid shear 

stress, cyclic stretch, and hydrostatic pressure. Shear stress is the force per unit area created 

when a tangential force (blood flow) acts on a surface. The Equation to calculate average 

shear stress is “τ =F/A” where τ is the shear stress, F is the applied force and A is the cross-

sectional area with area parallel to the applied force. The shear stress in fluid (FSS) is 

calculated with the Equation “τ(y) =μ*(δu/δy) “where μ is the dynamic viscosity of the fluid, 

u is the velocity of the fluid, and y is the height above the surface (46). FSS is proportional to 

blood viscosity (μ) and blood flow velocity (δu) and inversely related to the cube of the 

vessel radius (δy). Hence, increased blood flow directly (increased δu) results in increased 

FSS (increased τ) as long as vessel lumen diameter (δy) and blood viscosity (μ) are 

considered as ideally constancy. 

 

Figure 4: FSS and wall tension in VGs. The pulsatile arterial flow extended the diameter 

of VGs and decreased the shear stress but increased the wall tension. IH increased the wall 

thickness and decreased the wall tension in VGs. Reproduced from ref (47), with permission. 

Blood flow in vessels is similar to a Newtonian fluid in a continuum mechanics where 

the viscous stress is raised from its flow proportional to the local rate of changes in its 

deformation over time. The FSS Equation could be rewritten to “τ=(4μQ)/(πr3) and wall 

tension is “γ= Pr/w” where Q is velocity of flow, r is radius of vessel, μ is the dynamic 
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viscosity of the fluid, P is the pressure on the wall and w is the thickness of wall (Figure 4) 

(47). 

Straight laminar flow and sustained high FSS in straight vessel segments modulate EC 

function and protect against atherosclerosis whereas disturbed, oscillating shear stress, as 

seen in vascular branch points, in VGs and other regions of complex flow, predispose areas to 

atherosclerosis and the development of IH. In VGs, the grafts are stimulated with luminal 

distension, surgical trauma at anastomosis, and continuously physical extension under arterial 

circulation (48). These mechanical and different physical environments in VGs after transfer 

are accompanied with increased FSS followed by vasodilatation, in turn leading to increased 

vascular diameter and hence reduced shear stress (33). Such kind of hemodynamic changes in 

VGs result in endothelial injury associated with inflammation, smooth muscle cell migration 

and proliferation, deposition of extracellular matrix at tunica intima and, in severe cases, 

thrombus formation in the lumen of VGs (49). These processes not only happen in VGs but 

also in the venous side when arteriovenous fistulas (AVFs) are created for hemodialysis in 

end-stage renal disease. Here, blood flow increases to more than 10-50 times on the venous 

side of AVF obtained by deviating arterial flow into the low-resistance venous circulation (50, 

51). Interestingly, development of IH in the venous side of AVF induced by hemodynamic 

change is the key point for maturation of AVF for hemodialysis that is emphasized by the 

guideline of the National Kidney Foundation (NKF-K/DOQI Guidelines- Updates 2006) (50, 

52) .  

1.8 Leukocyte recruitment 

Exogenous or endogenous stimuli induce interactions between leukocytes and 

endothelial cells in affected vessels. This interaction between leukocytes and endothelial cells 

ensures that leukocytes target inflammatory foci (53). There are several adhesive molecules 

involved in this process including selectin families for leukocyte rolling, integrins families for 

slow rolling and firm adhesion, junctional adhesive molecules (JAMs) for firm adhesion and 

transmigration, intercellular adhesion molecule-1 (ICAM-1, αLβ2) and vascular cell adhesion 

molecule-1 (VCAM-1,α4β1) for firm adhesion, and CD31 (Platelet endothelial cell adhesion 

molecule-1, PECAM-1) and CD99 for transmigration (Table 1) (54, 55).  

Leukocyte margination, meaning the flow of leukocytes located close to the endothelial 

surface, is of importance in the initiation of leukocyte recruitment in postcapillary venules. 

Molecules of the selectin family mediate tethering and rolling of leukocytes along the luminal 

surface of vessels and thus mediate the deceleration of circulating leukocytes (Figure 5). 

Adhesion molecules on endothelial cells (P-selectin, E-selectin, and VCAM-1) bind to 

counter receptors expressed on the surface of leukocytes (P-selectin glycoprotein ligand-1 

(PSGL-1), E-selectin ligand-1 (ESL-1) and integrin α4) (40) to capture leukocytes from the 

free flow and subsequently mediate rolling on the luminal surface. E-selectin and ICAM-1 

expressed on the surface of endothelial cells interact with CD44, ESL-1 and integrin β2 on 

leukocytes to decrease the velocity of rolling leukocytes and to activate the polarization of 
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these cells (Table 1). A genetically impaired biosynthesis of selectin ligands (the type II 

leukocyte adhesion deficiency (Type II LAD)) influences leukocyte rolling and subsequent 

recruitment of cells to inflamed sites (56, 57). Patients having this congenital disease display 

defects in leukocyte rolling due to lack of functional fucosylated selectin ligands caused by 

mutation in the specific fucose transporter GFTP (GDP fucose transporter) and suffer severe 

recurrent bacterial infections with leukocytosis and absence of pus formation (56, 58, 59).  

 

Figure 5: The recruitment of leukocytes on endothelium includes tethering, rolling, 

adhesion, and transmigration through the monolayer of endothelium. Selectins, integrins and 

chemokines participate the process of leukocyte homing to target lesions. Reproduced from 

ref (53), with permission. 

Integrins form heterodimers with one α- and one β-chain. Integrin dimers go through 

conformational changes to gain adhesive functions upon activation (60, 61). Leukocytes 

express β2 integrin families on the surface of cell membrane including αLβ2 (Lymphocyte 

function-associated antigen-1 (LFA-1), CD11a/CD18), αMβ2 (Macrophage- antigen (Mac-1), 

CD11b/CD18), αXβ2 (CD11c/CD18), and αDβ2 (CD11d/CD18) (Table 1) (62, 63). These 

adhesive molecules bind to counter ligands expressed on the surface of activated endothelium 

(64). Chemokines derived from inflammatory tissue including CC, CXC, CX3C or C 
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chemokine families are deposited on the luminal surface of the endothelium and, by binding 

to receptors on leukocytes, they induce inside-out integrin activation by activating G-protein 

coupled chemokine receptors (65, 66). The genetic absence of integrin β2 in humans results in 

impaired leukocyte recruitment referred to as type I leukocyte adhesion deficiency (type I 

LAD) (67, 68). Because leukocytes could not adhere on endothelium and transmigrate to 

inflammatory foci in these patients, people with congenital type 1 LAD suffer recurrent life-

threatening bacterial infections (69, 70).  

The subsequent step in the leukocyte recruitment cascade is transmigration through 

endothelium (71). The transmigration of leukocytes could be paracellular or transcellular 

through the endothelial monolayer (72, 73). There are three types of transmembrane 

molecules at endothelial tight junction that form the endothelial barrier including occludin, 

claudins, and JAMs (64, 74). The important gatekeeper in modulating the transmigration of 

leukocyte is VE-cadherin (vascular endothelial-cadherin, CD144) and PECAM-1 (75-77). 

JAMs, VE-cadherin and PECAM-1 would regulate the passage of leukocyte by inducing 

cytoskeletal remodeling leading to changes in the integrity of endothelial junction  (Table 1) 

(76, 78-80).  

 



 

 26 

Table1: Adhesion molecules involved in leukocyte recruitment and platelet activation, 

adhesion and aggregation. 

1.9 Platelets 

Thrombus is the primary cause of graft failure within 1 month after CABG surgery and 

is also the main threat to stented coronary arteries (28, 81). The accumulation of platelets and 

fibrin on denuded or inflamed endothelium induces acute thrombosis and consequent vSMCs 

migration and myointimal proliferation (48). Thrombi contain adherent platelets, leukocytes 

and red blood cells and secrete compounds like platelet-derived growth factor (PDGF), 

thromboxane, endothelin-1, cytokines, thrombin, leukotrienes, superoxide and many more. 

These inflammatory molecules trigger migration of vSMCs into intima layer forming IH (45, 

82).  

Beyond the crucial role in the coagulation cascade (83), platelets participate largely in 

chronic inflammatory reactions as an immune cell (41, 84-86). In the development of 

atherosclerosis, platelets adhere to atherosclerotic prone endothelium of the carotid artery 

even before the recruitment of leukocytes (87-89). Furthermore, platelets play pivotal roles in 

immune reactions by interaction with leukocytes, activated endothelium, the free 

subendothelial matrix, and other platelets (90-92). When platelets adhere to endothelium, 

activation cause cells to release growth factors, chemotactic substances, cytokines, and 

chemokines which could directly stimulate endothelium and recruit leukocytes (93-95). The 

strong interaction between platelets and leukocytes could enforce the recruitment of 

leukocytes in inflammation and atherogenesis (Figure 6) (41, 96). In these processes, P-

selectin, GP Ib (CD42) and GP IIb/IIIa (integrin αIIbβ3, CD41/CD61) on the surface of 

platelets bind to their counter ligands on leukocytes either directly or by using a bridging 

molecule such as fibronectin. In this way, platelets amplify the number of firm adherent 

leukocytes on endothelium in inflammation (42, 97-99).  

Platelets are recruited to the vessel wall in a similar manner as leukocytes (40). Unlike 

leukocytes, however, platelets seem not to transmigrate through endothelium to reach the 

vascular wall. The concept of platelet adhesion on endothelium differs to platelet aggregation. 

The adhesion of platelets refers to the interaction between endothelial cells and platelets. The 

adherent platelets on endothelium subsequently interact with other platelets or leukocytes and 

then develop a platelet-platelet or platelet-leukocyte complex (100). The initial step to form a 

thrombus is based on the adhesion of platelets on endothelium (101, 102). As we previously 

mentioned, adherent platelets amplify the number of recruited leukocytes in inflammation 

and guide leukocytes to injury sites (98, 103). Several adhesive molecules are involved in the 

process of platelet adhesion to endothelium including P-selectin, E-selectin, von Willebrand 

factor (vWF), GP Ibα (CD42b), GP Ib-V-IX complex, GP VI, integrin αIIbβ3, integrin αvβ3, 

integrin α2β1, integrin α5β1, integrin α6β1, ICAM-1 and more (40, 104, 105). Among a variety 

of adhesion molecules aforementioned, P-selectin is of major importance due to its dual roles 

in platelet binding to endothelial cells and in platelets binding to leukocytes (54, 106, 107).  
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 Figure 6: Transplatelet leukocyte migration. Leukocytes homing to inflammatory 

lesions occurs not only directly on activated endothelium but also on exposed subendothelial 

structure by transplatelet migration. The denudation of endothelium in VGs occurs since VGs 

are exposed to arterial circulation. Reproduced from ref (42), with permission. 

1.10 Selectins 

The selectin family (CD62) consists of three related molecules such as E-selectin 

(CD62E), L-selectin (CD62L) and P-selectin (CD62P). P-selectin is stored in α-granules in 

platelets and in Weibel-Palade bodies in endothelial cells (108). P-selectin is rapidly 

translocated to the surface of platelets or endothelial cells following stimulation (109). Unlike 

P-selectin, E-selectin is not being stored inside endothelial cells, however, it is induced by 

transcription, translation and transportation to the cellular surface after inflammatory 

stimulation (110, 111). P-selectin and E-selectin mediate leukocyte capture, rolling and 

activation by binding to counter receptor on leukocytes (112-114). L-selectin is expressed on 

most leukocytes and works as a “homing receptor” to guide lymphocytes to lymph nodes 

(115, 116). It also enhances leukocyte recruitment in inflammation by mediating leukocyte-

leukocyte interactions. (117, 118).  

The binding between P-/E-selectins on endothelial cells and PSGL-1 on leukocytes 

slows down leukocytes so they can probe for chemokines or chemoattractants presented on 

the endothelial surface. If chemokines are indeed present on the endothelium, signaling 

through a chemokine-chemokine receptor interaction may trigger the switchblade-like 

conformational change of integrins from the bended form to the fully extended structure (119, 

120). After this conformational change, the extended α and β integrin subunit increase their 
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affinity to endothelial transmembrane glycoproteins belonging to the immunoglobulin 

superfamily leading to the firm arrest of leukocytes on endothelium (119). In this process, 

integrins on leukocytes selectively bind to endothelial counter ligands, αLβ2 binding to 

ICAM-1, α4β1 binding to VCAM-1, and α4β7 binding to VCAM-1 and mucosal adressin cell 

adhesion molecule-1 (Table 1) (112, 121).  

Deficiency in P-/E-selectin in mice leads to elevated numbers of monocytes and 

polymorphonuclear leukocytes and elevated cytokine levels in blood. Leukocyte rolling and 

adhesion are impaired and the susceptibility to bacterial infection is decreased (122, 123). 

Similar to the finding in P-/E-selectin deficient mice, P-selectin deficient mice demonstrate 

total absence of leukocyte rolling and delay neutrophil extravasation with compensatory 

elevated circulating neutrophils (1, 124). Furthermore, P-selectin deficient mice display 

defective hemostasis, delayed fatty streak formation in atherosclerosis and less neointimal 

formation in an artery injury model (125-127). 

 

Figure 7: There are two scenarios in recruitment of leukocytes to inflammatory 

endothelial cells. A). Leukocytes bind to endothelial cells directly with cellular adhesion 

molecules such as PSGL-1 to P-/E-selectins, Mac-a/LFA-1 to ICAM, VLA-4 to VCAM. B). 

Leukocytes bind to adherent platelets with PSGL-1 to P-selectin, Mac-1 to GP Ib or to 
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fibrinogen-bound integrin αIIbβ3. Reproduced from ref (54), under the terms of the Creative 

Commons Attribution License. 

P-selectin also has crucial roles in platelet-mediated leukocyte-endothelial cell 

interaction and, consequently, in the response to vascular injury and in the process of 

haemostasis (125, 128, 129). In clinical practice, P-selectin inhibitors are promising drug 

candidates. (130, 131). For instance, the pan-selectin antagonist GMI-1070 reverses 

microemboli formation in acute vascular occlusion in a mouse model of sickle cell disease 

and successfully increases blood flow and decreases biomarkers of endothelial activation and 

leukocyte activation in patients with sickle cell anemia in a phase 1 clinical trial (132, 133). 

Platelet P-selectin binds to PSGL-1 on leukocytes similar to the same reaction in cellular 

surface of endothelial cells (89, 134). The rapid expression of P-selectin from α granules in 

platelets provide an easier way for leukocytes to recruit stably to the adherent activated 

platelets on the luminal surface of stimulated vessels (135-137). Through binding to PSGL-1, 

platelet P-selectin triggers the activation of leukocyte integrins leading the stabilization of the 

interaction with platelets. For example, the integrin αMβ2 (CD11b/CD18, Mac-1) binding to 

platelet integrins GP Ib and to platelet integrin αIIbβ3 with a bridge of fibrinogen (Figure 7) 

(138-140). The signaling triggered by P-selectin/PSGL-1 binding between endothelial cells 

and leukocytes also activate the inside-out expression of leukocyte LFA-1 (αLβ2, 

CD11a/CD18) and Mac-1 (αMβ2, CD11b/CD18) and bind to endothelial ICAM-1 and ICAM-

2 resulting in the stable firm arrest of leukocytes (66, 141-143). 

1.11 Integrins 

Integrins have two separate subunits, one from α family and one from β family. Integrins 

are transmembrane receptors that function in an activated form as a bridge to mediate or 

regulate cell-to-cell or cell-to-extracellular matrix interactions (60). When integrins are 

activated by binding to counter receptors, serial signal tranductions cause a variety of cellular 

reactions in response to stimulation such as regulating cell cycle, changing cell shape, altering 

cell locomotion, or activating the second receptor on the cellular membrane (144-146). As 

aforementioned, the integrin family of cell surface molecules participate in the process of 

firm adhesion of leukocytes as well as in the interaction between leukocytes and endothelial 

cells and the interaction between platelets and endothelium and platelets and leukocytes (91, 

147, 148). The failure of all integrin β activation results in type III leukocyte adhesion 

deficiency (type III LAD) which is an inherited molecular defect that display symptoms of 

recurrent life-threatening bateriral infection similar to type I LAD and the bleeding disorder 

similar to Glanzmann thrombasthenia (149, 150). The cause of type III LAD is due to 

mutations in kindlin-3 in hematopoietic cells resulting in the defect of activation of all 

integrin β subunits (151). In this thesis, we focus on the integrin αIIbβ3 due to its triple roles in 

thrombogenesis, in interaction between leukocytes and platelets and in interactions between 

platelets and endothelium (152-154).  
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Integrin αIIbβ3, previously known as GP IIb/IIIa, is a platelet integrin that can bind to 

fibrinogen or vWF following platelet activation (154). The activation of platelets cause 

conformational rearrangements of integrin αIIbβ3 through an outside-in and inside-out 

signaling process (119, 154). Integrin αIIbβ3 antagonists decrease cardiovascular events and 

stroke and improve the coronary blood flow after PCI procedures (81, 155-159). However, 

bleeding complications may limit their use (160, 161). Defects of integrin αIIbβ3, either 

quantitative or qualitative, cause Glanzmann thrombasthenia which is characterized by 

spontaneous mucocutaneous bleeding, excessive bleeding in normal procedure or physiology 

such as menorrhagia, dental extraction, epistaxis and an exaggerated bleeding in trauma-

related injury or post-operation (162-165).  

Platelets carry a number of 60,000 to 80,000 copies of integrin αIIbβ3 on the cellular 

surface and even more integrin αIIbβ3 is stored in an intracellular granular pool (152, 166, 

167). Integrin αIIbβ3 has high affinity to counter receptors or substances like vWF, fibrinogen, 

fibrin, thrombospondin, vitronectin and fibronectin (120). Due to this high affinity and 

abundant numbers on the cellular surface, integrin αIIbβ3 reacts rapidly to microenvironmental 

changes resulting in platelet adhesion, aggregation, leukocyte recruitment and thrombus 

formation (144, 152). The interaction between leukocytes and platelets is stabilized by 

leukocyte integrin αMβ2 (Mac-1) and platelet integrin αIIbβ3 binding to fibrinogen as a 

bridging molecule. Furthermore, platelets adhere firmly on endothelial cells via the 

fibrinogen-bridged platelet integrin αIIbβ3 anchoring on endothelial integrin αVβ3 or ICAM-1 

(168). In the injured vascular wall, the exposed subendothelial matrix components interplay 

with platelets through a variety of adhesive molecules such as GP Ib-IX-V complex, integrin 

α2β1 and GP VI/FcRγ. Under these circumstances, interaction between integrin αIIbβ3 and 

vWF establishes a stable connection between extracellular matrices and platelets to anchor 

the whole thrombus (103, 169, 170). The functions of platelets are thus beyond hemostasis 

and are crucial in inflammation and atherogenesis (85, 171). Among a variety of reactions in 

inflammation, selectins and integrin αIIbβ3 play pivotal roles in mediating interactions 

between leukocytes, platelets and endothelial cells (1, 172, 173). 
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METHODS AND MATERIALS 

2.1 Animal model 

There are many ways to study VG disease in vivo. Several animal models have been 

developed to resemble human VG failure. Landy RW et al developed vein grafting method 

by interposing VG at femoral artery in canine in 1985 (174). This hand-sewn technique 

became practical and useful with the improvement through microsurgery skills and 

instruments. After that, Cooley BC, Diao Y and Salzberg SP applied hand-sewn vein grafting 

in mice (175-177). Due to the technical challenge in hand-sewn vein grafting, Zou Y and Xu 

Q developed a mouse model of cuff-assisted venous graft as an alternatives (178).  

In a mouse model of vein grafting, Cooley BC takes and interposes external jugular vein 

to femoral artery with end-to-end anastomosis. Zhang L harvested the IVC and anastomosed 

it to the carotid artery end-to-side (179). Diao Y and Salzberg SP interposed the infra-renal 

abdominal aorta with jugular vein or IVC with end-to-end anastomosis. Grafts interposed to 

the infra-renal abdominal aorta has attractive clinical relevance but is tedious (30-90 min) and 

has extensive bleeding risk (180). Ischemia in the inferior parts of the body of grafted mice 

also leads to a relative high post-operative mortality rate (180). In these groups, reported 

mortality rate is around 10-16% whereas reported graft patency rate is 95-100% at 28 days. 

However, VGs interposed to the aorta bears stable hemodynamics and provides a nice 

window to observe real time blood cell trafficking in VGs and the adjacent IVCs by intravital 

microscopy.  

Cuff-assisted grafting technique provides an easier way to perform vein grafting in mice. 

Compared to hand-sewn techniques, cuff-assisted vein grafting has low bleeding risk, low 

risk of graft thrombosis, low mortality rate (in our hands 5%), shorter duration of procedures 

(20-30 min) and high graft patency rate (100%). Cuff-assisted techniques also have solid 

reproducibility, which is of importance in in vivo studies. However, foreign body response at 

the connection is of concern when analyzing IH in VGs and this is why only the middle third 

of VGs were used for analysis in our study. Alignment of the interposed VG and artery also 

affects the development of IH in cuff-assisted vein grafting. Poor alignment or twisted VGs 

disturbs blood flow and results in thick IH, thrombosis in grafts and, at worst, total occlusion 

of VGs. In our studies, we either re-connected VGs on the spot or excluded mice with poor 

alignment. 

In paper I, we performed interposition of VGs to infra-renal abdominal aorta using 

hand-sewn technique based on Salzberg’s method (177). The advantages of this method 

include high clinical relevance, lower risk of thrombosis inside grafts and reproducibility 

(180). However, we struggled with technical challenges including isolation of abdominal 

aorta from adjacent IVC, connecting the large diameter of VGs to the small diameter of aorta 

stumps and extensive risk of lethal bleeding. This hand-sewn technique accompanied with 

relative high mortality and long duration of procedure. Many mice could not tolerate 
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ischemia in inferior parts of body and died during procedure. Even mice that endured the 

ischemia time were at risk for reperfusion injury and death after re-established distal blood 

flow. However, we found that the hand-sewn technique still offered some advantages 

compared to the other. For example, injury to and regeneration of the endothelium after 

grafting was easily visualized on the luminal surface of grafts including the anastomotic area. 

 

Figure 1: Hand sewn interposition VG model in mice (A) Infra-renal aorta was isolated 

and clamped with B-1 clamps and transected. Both arterial stumps were irrigated with 

heparin solution (100 IU/ml) to remove blood clots. (B) With a small segment of 6-0 prolene 

suture inside, VG was stabilized and put between two arterial stumps. Anastomosis began at 

the distal end with end-to-end, interrupted, 11/0 nylon sutures. (C) The proximal anastomosis 

was created in a similar fashion. (D) The distal clamp was removed first to check for possible 

bleeding. When anastomosis was complete, the proximal clamp was removed to re-establish 

blood flow. Blood flow was checked by the pulsation of VGs and color change in adjacent 

IVC from return of oxygenated blood. Reproduced from ref (177), with permission. 

Due to the difficulties of hand-sewn technique vein grafting, we shifted to cuff-

assistance technique in papers II and III. The most significant advantage of cuff-assisted 

technique is high reproducibility in the development of IH after grafting (180). Lower risk of 

bleeding, lower risk of mortality, easier procedure means timesaving and efficient production 

of VGs samples. In our study, we tried to manipulate the aggregation of platelets or to deplete 

the number of platelets in blood leading to bleeding tendency after grafting in mice. The cuff-

assisted technique had less associated injury to surrounding tissue during the procedure, 

which improved post-operative survival rates. This point was the strongest argument for us 

shifting to this technique, which gave consistent and reliable data with sufficient power in 

case numbers for analysis.  
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Figure 2: Cuff-assisted technique for VGs in mice. The figures show VGs interposed 

between two arterial stumps at the common carotid artery. Here, arterial stumps were 

clamped and fixed on previously applied cuffs with reverse sleeved arterial ends. The reverse 

sleeve of the arterial wall and cuff were tied together with 8/0 prolene suture and the arterial 

lumen was irrigated thoroughly with heparin solution (100 IU/ml) to remove any possible 

blood clots. The venous ends were sleeved on the arterial stumps and tied together with 8/0 

prolene sutures leaving previous sutures outside the vascular lumen. The distal clamp was 

removed first to check for bleeding followed by the proximal clamp to re-establish the blood 

flow. Reproduced from ref (180), with permission. 

2.2 Mouse strain 

In our study, we used C57BL/6J mice, Tie2-GFP mice, FVB mice, E-/P-selectin double 

deficient mice, and P-selectin deficient mice. C57BL/6J mouse was used for a general 

purpose and as a good background strain for carrying both spontaneous and induced 

mutations. This makes C57BL/6J mouse a good control animal in our study.  

Tie2-GFP mice (strain: STOCK Tg(TIE2GFP)287Sato/J, Jackson labs, Bar Harbor, MN, 

USA) express green fluorescent protein (GFP) under endothelial-specific receptor tyrosine 

kinase promoter (Tek, previous name Tie2) (181). This strain is originally on an FVB/NJ 

background and suitable for the study of vascular development (182). Endothelial cells 

expressing GFP could be visualized under fluorescence and confocal microscope (182). Itoch 

et al studied re-endothelialization of damaged arterial endothelium in vivo with this Tie2-

GFP mouse (183). FVB mice (strain: FVB/NJ, Jackson labs, Bar Harbor, MN, USA) are 

appropriate controls for Tie2-GFP mice. We used cross-transplantation between Tie2-GFP 

mice and FVB/NJ mice to study re-endothelialization after vein grafting.  

E-/P-selectin double deficient mice (EP-/- mice) were kindly provided by Klaus Ley and 

Daniel C. Bullard and had been backcrossed into the C57BL/6 strain for at least 6 generations 

(122, 184). EP-/- mice display severe deficiency of leukocyte rolling and recruitment with 

compensatory elevation in circulating leukocyte counts.  



 

 34 

P-selectin deficient mice (P-/- mice, strain name: B6.129S7-Selptm1Bay/J) were purchased 

from Jackson labs (Bar Harbor, MN, USA) and had been backcrossed for 10 generations to 

C57BL/6J mice. P-/- mice present a defect in leukocyte rolling, delayed neutrophil 

extravasation in response to inflammatory stimulation and have elevated blood neutrophil 

counts. EP-/- mice and P-/- mice were used to study development of IH in VGs in response to 

reduced leukocyte recruitment. 

2.3 Antibodies 

Rat IgG1 λ isotype immunoglobulin (BD Pharmingen™, CA, USA), rabbit anti-mouse 

thrombocyte antiserum (Cedarlane, Burlington, Canada), rabbit serum (Sigma-Aldrich, Inc., 

MO, USA) and hamster IgG1 κ isotype immunoglobulin (BD Pharmingen™, CA, USA) were 

purchased from commercial sources. Rat anti-mouse E-selectin antibody (Clone 9A9) was 

kindly provided by Dr. Klaus Ley in La Jolla Institute for Allergy & Immunology, San Diego, 

CA, USA and Dr. Barry Wolitzky. Hamster anti-mouse integrin αIIbβ3 (clone 1B5) (156, 185) 

was kindly provided by Dr. Barry S. Coller (Allen and Frances Adler Laboratory of Blood 

and Vascular Biology, Rockefeller University Hospital, Rockefeller University, USA). Anti-

platelet antiserum and control rabbit serum were diluted with phosphate buffer solution in 

ratio 1:25 (186). 

2.4 Antibody purification 

Rat anti-mouse P-selectin antibody and rat anti-mouse P-selectin glycoprotein ligand-1 

(PSGL-1) antibody were purified from supernatant of clone RB40.34 and clone 4RA10 

hybridomas kindly provided by Dr. Dietmar Vestweber (187) (Cell Biology, Max-Planck-

Institute of Molecular Biomedicine, Germany). Concentrations of purified antibodies were 

determined using Nanodrop ND-1000 spectrophotometer (Nanodrop technologies Inc., DE, 

USA) at 260 nm and 280 nm.  

For antibody purification, we prepared a column filled with 2 ml protein L resin rinsed 

with 5 ml phosphate buffered saline (PBS, pH 7.45). Culture supernatant was diluted with 

one volume of PBS and was applied to the column. The flow-through was collected followed 

by flushing the column with 20 ml of PBS (10 ml of PBS per ml resin). We subsequently 

applied 20 ml Elution buffer (0.1 M citric acid, pH 3) to the resin (10 ml elution buffer per ml 

resin) and collected samples of half the volume of the column. The eluate fractions were 

assayed in a spectrophotometer at 260 nm and 280 nm. The fractions positive for protein 

were pooled and neutralized to pH 7.4 with Tris Base (1.5 M, pH 11). 

2.5 Antibody injection 

In paper I, both donor and recipient WT mice received a mixture of 100 μg antibody 

against P-Selectin and 100 μg antibody against E-selectin or 200 μg rat IgG1 λ isotype 

immunoglobulin intra-peritoneally (i.p.) 1 hour before vein grafting. Antibodies were given 
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every 5 days during a course of 28 days experimental period, with every mouse receiving a 

total of 6 injections.  

In paper II, in functional blockage of P-selectin/PSGL-1 experiments, VG recipient 

WT mice were given a single i.p. bolus of 200 μg of antibody against P-selectin (clone 

RB40.34), 200 μg of antibody against PSGL-1 (clone 4RA10) or 200 μg rat IgG1 λ isotype 

control one hour prior to surgery (187).  

 

In papers II and III, VG recipient mice (WT mice or P-/- mice) were given one i.p. 

bolus of 100 μl diluted anti-platelet antiserum (1:25 in PBS) or 100 μl diluted rabbit serum 

(1:25 in PBS) in platelet depletion experiments (186). After surgery, recipient mice were 

given 6 similar i.p. injections with 100 μl diluted anti-platelet antiserum or 100 μl diluted 

rabbit serum every 2 days for 12 days. 

 

In a separate experiment, VG recipient (WT mice or P-/- mice) received one i.p. bolus of 

2 mg/kg of anti-integrin αIIbβ3 mAb (clone 1B5) or an irrelevant hamster IgG1 κ isotype 

control one hour before grafting (188). A second i.p. injection of 2 mg/kg of anti-integrin 

αIIbβ3 mAb or IgG1 κ isotype control was given at day 10 post-operatively. 
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2.6 Blood sampling and whole blood cell counting 

Mouse-tail blood was taken for whole blood cell counting to follow the change of 

platelet and leukocyte counts every 2 days following vein grafting and treatment with 

antiserum. Twenty μl bloods were taken from tail incisions, stored in EDTA tubes (BD 

Pharmingen™, CA, USA), and the tail wound was cauterized (Fine Science Tools, CA, 

USA). Whole blood cell counts were obtained using an ABC™ Vet animal blood counter 

(Scil animal care company GmbH, Germany).   

2.7 Whole blood aggregation function test 

In order to study how platelet aggregation was affected by blockage of integrin αIIbβ3, 

we tested platelet aggregation every 7 days after starting anti-integrin αIIbβ3 mAb treatment.  

In isoflurane-anesthetized mice, 500 μl blood was collected from the left ventricle and 

stored in Lithium-heparin collecting tubes (BD Pharmingen™, CA, USA). 300 μl 36°C 0.9% 

NaCl solution was loaded to one test cell in a Multiplate® platelet function analysis machine 

(189) (Multiplate analyzer/multiple electrode platelet aggregometry, Verum Diagnostica 

GmbH, Germany) and mixed with 300 μl heparinized mouse blood. The blood/NaCl mixture 

was then incubated for 3 minutes at 36°C and 20 μl of 0.2 mM adenosine diphosphate (ADP; 

Verum Diagnostica GmbH, Germany) solution was added. Whole blood aggregation function 

was then assessed for 6 minutes. Platelet aggregation function in whole blood was quantified 

as the area under the curve (AUC) of arbitrary aggregation units (AU) against time (AU*min). 

2.8 Intravital microscopy 

Intravital microscopy provides a window to observe real time cell trafficking in vivo 

(190). After labelling of cells with appropriate fluorochromes, the process of leukocyte 

recruitment on endothelium in vessels can be visualized (191). AGs and VGs in WT mice 

and VGs in EP-/- mice were used to study leukocyte recruitment at different time points in this 

study. 

Under 2.5% isoflurane anesthesia, mice were put in a supine position, a catheter was 

placed in the left jugular vein and the abdomen opened with a midline incision and the 

exposed tissue was superfused by buffered saline at 37°C. The IVC and aorta were exposed 

inferior to the renal arteries by gentle dissection. Intravital microscopy was performed on the 

IVC, aorta or grafts between the renal and the iliac arteries. Microscopic observations were 

made using a Leitz Biomed microscope with a Leitz SW25 water immersion objective. Epi-

illumination fluorescence microscopy (Leitz Ploem-o-pac, filter block M2) was started 2 

minutes after labelling of circulating leukocytes with an intravenous injection of Rhodamine 

6G (0.67 mg/kg). Images were recorded on VCR using a VNC-703 CCD camera for offline 

analysis. Rolling leukocyte flux was determined as the number of leukocytes passing a 100 

μm long reference line perpendicular to blood flow. Leukocyte adhesion was measured as the 
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number of leukocytes firmly adherent for more than 30 seconds in a 100 μm x 100 μm square 

of the endothelial surface. 

2.9 Harvesting of vein grafts 

In paper I, grafts were harvested 5 min after removal of the aortic clamp (Time 0), or at 

7-, 28-, and 63 days following transfer. In papers II and III, grafts were harvested one hour 

(Time 0) or 28 days after surgery. Anesthetized mice were perfused with 4% zinc 

formaldehyde solution through the left ventricle. VGs with the adjacent IVC (in paper I) and 

tissue (in papers II and III) were excised en bloc and immersed in 4% zinc formaldehyde. 

After dehydration in ethanol and xylene, grafts were embedded in paraffin and sectioned (5 

m) in a Zeiss HM 360 microtome (Carl Zeiss Meditec, Jena, Germany), mounted on glass 

slides and stained with hematoxylin-eosin for IH analysis. Images were captured by Nikon 

light microscope system and analyzed by ImageJ software (NIH, USA). 

2.10 Scanning electron microscopy (SEM) 

We used SEM to study endothelium denudation and re-endothelialization in paper I by 

measuring the percentage of denuded endothelial area to total endothelial area. In paper III, 

we measured leukocyte adhesion on platelet adhesive endothelium and non-platelet adhesive 

endothelium by SEM. Vessels were either immersed (paper I) or perfused (paper III) with 

2.5% Glutaraldehyde for 30 minutes. Specimens were mounted en face, and dehydrated in 

increasing concentrations of ethanol, and CO2. After platina sputter coating (180 seconds, 15 

mA), the vessels were examined in a ZEISS GEMINI® Ultra 55 scanning electron 

microscope (Carl Zeiss Microscope, Jena, Germany). Images were captured by Zeiss 

SmartSEM V05.02.05 software (Carl Zeiss Microscopy GmbH, Jena, Germany) and 

analyzed by ImageJ software (NIH, USA). 

 In paper III, platelets and leukocytes were counted in 100 μm*100 μm squares. Under 

SEM, endothelium with abundant platelet adhesion in VGs was considered as platelet 

adhesive endothelium (105). Endothelium without platelets adhesion was considered as non-

platelet adhesive endothelium. 

2.11 Confocal microscopy 

Confocal microscopy is a microscopic technique that uses an optical imaging technique 

to increase resolution and contrast of micrographs. This involves point illumination and a 

pinhole in an optical conjugate plane that eliminates out-of-focus signals and collects 

fluorescence only within the focal plane. By this way, images at specific sample depth can be 

visualized with high optical resolution (192). We used confocal microscopy to study green 

fluorescent protein (GFP) tagged endothelium after vein graft transfer. We carefully traced 

the migration of GFP tagged endothelial cells in the inner surface of VGs. 
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Tie2-GFP or FVB mice were perfused through the left ventricle with phosphate-buffered 

1.5% formaldehyde substituted with 10% glucose (100 mmHg, 20 min) with an outflow 

through the right atrium. Vessels were cut longitudinally and mounted in glycerol en face on 

glass slides, and examined in a Leica TCS SP5 confocal microscope (Carl Zeiss Microscope, 

Jena, Germany) at 490 nm exciting wavelength and at 510 nm emission wavelength using 

regular and oil immersion objectives (Leica Fluotar 20X/0.50 and 40X/1.25-0.15 OIL, 

respectively). 

2.12 Immunohistochemistry (IHC) 

Immunohistochemistry is a process that utilizes antibody binding to specific antigens in 

a tissue section. In this study, we used an antibody against the common leukocyte marker 

CD45 to recognize the distribution and localization of leukocytes in intimal hyperplasia in 

VGs. 

Paraffin embedded VG sections were incubated with rat anti-mouse CD45 antibody 

(1:50; MCD4500, Caltag Medsystems, UK) at 37°C for 60 minutes and washed with Tris-

buffered saline (TBS). Primary antibody treated specimens were thereafter incubated with rat 

probe for 15 minutes and Mach3 Rat-on-mouse AP-Polymer for a subsequent 15 minutes 

(RT581G,H; Biocare medical, CA, USA) at 37°C and washed with TBS before visualization 

with Warp Red Chromogen (Warp RedTM Chromogen kit, WR806 H,S; Biocare medical, CA, 

USA). The specimens were washed with deionized water and counterstained with 

hematoxylin. Leukocyte invasion area in the IH layer of VGs was captured using a Nikon 

fluorescence microscope system and assessed by ImageJ software (NIH, USA) to calculate 

the percentage of leukocyte invasion area to total IH area. 

2.13 Statistical analysis 

The data represent meanSEM of measurements obtained in the indicated number of 

experiments. Sample size was determined by power analysis (G*Power, version 3.1.3, 

Heinrich-Heine-Universität Düsseldorf, Germany) with α=0.05 and β=0.2 in two tails (193). 

Comparisons between two groups were performed by the independent Student’s t-tests. All 

samples were also tested for normal distribution. Statistical comparison between groups was 

performed using Kruskal-Wallis test with Dunn’s multiple comparison post hoc test. Linear 

correlation was estimated using Pearson’s method. Data were analyzed by GraphPad Prism 

5.0. Statistical significance was set at p<0.05. 
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RESULTS AND DISCUSSION 

3.1 Denudation and regeneration of endothelium after 
vascular grafting in WT mice. 

3.1.1 Denudation of endothelium in vascular grafts. 

Arterial hemodynamics involving arterial pressure, vessel tension, pulsations, and shear 

stress may trigger inflammatory responses in VGs (28, 37). Denuded endothelium results in 

thrombogenesis in VGs where endothelial cells are known to be of importance in regulation 

of platelet coagulation processes and fibrinolytic functions (194). In order to investigate the 

endothelial changes in VGs, we used SEM to follow the fate of the endothelium of VGs at 

several time points after transfer.  

Endothelium in the native aorta and IVC was confluent and showed no signs of injury 

and there was no platelet adhesion on the luminal surface under SEM. However, directly after 

transfer (Time 0), endothelium in VGs showed early signs of injury including partial 

denudation, leukocyte recruitment and platelet deposition. This finding indicated that the 

denudation of endothelium occurred directly after exposing VGs to arterial hemodynamics 

(Time 0). At 7 days post-transfer, endothelial denudation in VGs was widespread, leaving 

sub-endothelial structures exposed to platelets, erythrocytes and leukocytes that were found 

adherent on the injured vessel surface. Endothelium in VGs had largely recovered by 28 days. 

However, regenerated endothelium was structurally irregular, uneven and with spindle-

shaped individual cells. In contrast to the finding in VGs, AGs did not show reduced 

endothelial integrity at any time point after the same procedure, indicating that endothelial 

injury is specific for VGs.  

Leukocytes home to stimulated vascular wall by margination, capture, rolling, slow 

rolling, firm adhesion, and transmigration on endothelium (106). Herein, we studied real time 

rolling and firm adhesion of leukocytes in vivo using intravital microscopy (191). Rolling and 

firm adhesion of leukocytes was observed on the inner surface of VGs immediately after 

grafts transfer and reached a peak at 7 days. Interactions between leukocytes and endothelium 

returned almost to normal 28 days following operation in WT mice. With respect to the 

finding in VGs, AGs did not show signs of interactions between leukocytes and the vessel 

wall at any time point. Putting these data together, endothelial injury with deposition of 

platelets peaked at 7 days which was paralleled by a peak of leukocyte recruitment. However, 

the recruitment of leukocytes and deposition of platelets subsided when endothelial recovery 

was complete by 28 days. Therefore, the mechanical stress-induced stimulation in VGs 

resulted in endothelial injury, concomitant leukocyte recruitment and platelet deposition (45, 

195). After adapting to the arterial environment, the enforced vascular wall with IH and re-

endothelialization was paralleled by attenuated inflammatory leukocyte recruitment and 

reduced platelet deposition.  
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3.1.2 Regeneration of endothelium in VGs. 

As mentioned above, regeneration of endothelium in VGs is complete by 28 days 

following graft transfer. In order to study neo-endothelium in VGs, we used confocal 

microscopy to investigate regeneration of fluorescent endothelial cells (196) from recipient 

Tie2-GFP mice into FVB VGs 14 and 28 days after transfer. As shown previously, Tie2-GFP 

mice showed distinct GFP fluorescence in endothelial cells. In Tie2-GFP recipient mice, GFP 

signals were detected primarily around the anastomosis area. By tracing GFP signals at 

different time points, endothelial cells were shown to migrate from the adjacent aorta to the 

luminal surface of VGs. Neo-endothelium came mainly from the adjacent aortic endothelium 

migrating across the anastomosis. Interestingly, GFP-positive endothelial cells were also 

observed in areas distant from the anastomosis at 28 days, suggesting that some endothelial 

cells were derived from sources other than the aorta (197, 198). Our findings agree with 

Itoh’s report that shows migration of arterial endothelium to the injured endothelium in the 

common carotid artery in a wire injury model (183).  

3.2 Selectins mediate inflammation and IH development in 
VGs. 

3.2.1 Deficiency of selectins attenuates leukocyte recruitment on endothelium 
and IH development in VGs. 

In order to clarify if absence or function-blockage of leukocyte recruitment molecules P- 

and E-selectin could influence IH development, we studied the development of IH in WT 

mice and E- and P-selectin double deficient mice (EP-/- mice) and in WT mice treated with P- 

and E-selectin function-blocking antibodies. Indeed, IH was significantly reduced in EP-/- 

mice compared to WT in the aortic end-to-end anastomosis model at 28 days and 63 days 

after VG transfer. Moreover, in the cuff-assisted vein grafting to carotid artery model, IH was 

strongly reduced in WT mice treated with a combination of function-blocking antibodies 

against P- and E-selectin at 28 days. However, there was no change in IH development in 

mice receiving an irrelevant isotype control.  

We also sought to address the effect of P-selectin alone in our model. We found that IH 

was significantly attenuated in mice deficient in P-selectin compared to WT mice 28 days 

after surgery. We also investigated if leukocyte invasion in IH is affected by P-selectin 

deficiency by staining IH lesions from VGs 28 days following transfer for the common 

leukocyte marker CD45. The relative area of IH was significantly reduced in P-/- mice. Hence, 

the data indicate a regulatory role for P-selectin in leukocyte recruitment in IH of VGs. 

To study the contribution of E- and P-selectin to leukocyte recruitment in VGs, we 

studied EP-/- mice grafted with EP-/- VGs with intravital microscopy. At 7 days, a 

significantly reduced number of leukocytes adhered to VG endothelium compared to VGs in 

WT mice, despite that the number of circulating leukocytes is massively increased in EP-/- 

mice (123). Leukocyte adhesion in WT mice had decreased at 63 days compared to 7 days 
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and there was no significant difference between EP-/- mice and WT mice at this time point. 

Loss of endothelial integrity was associated with recruitment of leukocytes, which was 

attenuated in mice deficient in E-, and P-selectin. This finding is in line with our previous 

finding that large vein endothelium responds strongly to inflammatory stimuli with 

expression of inflammatory molecules and recruitment of leukocytes to vascular wall, which 

were reduced in mice deficient P-selectin, E-selectin or both (1). Hence, VG-specific 

inflammatory responses dependent on E- and P-selectin are crucial for IH development.  

3.2.2 Early blockage of the P-selectin/PSGL-1 adhesion pathway reduces 
intimal leukocyte invasion and IH in VGs. 

As aforementioned, combined inhibition or deficiency of E-/P-selectin and genetic 

deficiency in P-selectin influence development of IH and leukocyte recruitment in VGs. 

Therefore, we evaluated the role of P-selectin activity in the early phase after vein grafting by 

treating mice with a bolus dose of a function-blocking antibody against P-selectin in 

conjunction with the grafting procedure. Function-inhibition of P-selectin or its counter-

receptor PSGL-1 was achieved by a single bolus injection of antibodies. The effect was 

maintained for two weeks after antibodies were administrated to mice (187). IH at 28 days 

was strongly reduced in mice treated with a bolus dose of anti-P-selectin mAb. There was no 

significant difference between mice treated with an isotype control versus untreated WT mice.  

In parallel, blockage of PSGL-1 also produced a significant reduction in IH. These data 

indicate an important role for the P-selectin/PSGL-1 adhesion pathway in IH. Given that 

inhibition of P-selectin or PSGL-1 had similar effects in reducing IH formation, it appeared 

that most effects of P-selectin were dependent on attenuated recruitment of leukocytes and 

not primarily dependent on enhanced accumulation of platelets.  

Indeed, when we subsequently investigated IH area positive for CD45 in mice treated 

with the respective antibodies against P-selectin and PSGL-1, CD45 positive area was 

reduced in these mice compared to mice receiving isotype control. Moreover, there was a 

strong correlation between total IH area and the relative area of IH stained for CD45 

(Pearson’s correlation coefficient=0.797, p<0.01). Collectively, these data indicate that 

leukocytes play key roles in the development of IH in VGs and that a single dose of function-

blocking antibodies against adhesion molecules involved in leukocyte recruitment can 

produce significant effects not only on intimal leukocyte invasion but also on IH development.  

Our data are paralleled by previous data that indicate that early blockage of P-selectin or 

PSGL-1 have effects on IH in arteries induced by wire injury (199). Phillips et al could 

demonstrate that single dose injections of antibodies against P-selectin or PSGL-1 can 

achieve strong reductions in both leukocyte invasion and later formation of IH (187). Taken 

together, our data from VGs in the present study show a close resemblance to previously 

demonstrated data for wire injured arteries (199). Thus, it appears that development of IH in 

arteries and VGs follows similar pathophysiological pathways presenting similar targets for 
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intervention. In this regard, early inflammation is an attractive phase for therapy because 

short-term treatment during this period might have effects on IH without potential 

complications during long-term treatment. Because treatment with P-selectin or PSGL-1 

antibodies had strong effects on the presence of leukocytes in IH (200), it is reasonable to 

believe that rolling of leukocytes mediated by these molecules was the main mechanism by 

which treatment influenced growth of IH (201-203). Moreover, this notion was also 

strengthened by the fact that the percentage of intimal leukocyte invasion area measured by 

immunohistochemistry correlated well with growth of IH.  

3.3 Platelets mediate VG failure. 

3.3.1 Early platelet depletion reduces IH development 

Platelets strongly influence haemostasis, inflammation and tissue regeneration after 

injury (84, 98, 204). All these processes are represented in VG responses following surgical 

transfer into the arterial circulation (28). Development of IH involves initial endothelial 

injury and subsequent platelet adhesion, aggregation and thrombogenesis; inflammation and 

recruitment of leukocytes to the graft; and platelet-influenced migration and growth of 

smooth muscle and matrix in the graft wall (28, 45). We and others have shown previously 

that endothelial injury with subsequent platelet adhesion and leukocyte infiltration occurs 

immediately following grafting of veins to the arterial circulation (172). Endothelial patency 

is restored after approximately 2 weeks (205). We therefore chose to inhibit platelet function 

during postoperative days 0-14 to study the potential for early intervention in VGs (205).  

We first used antiserum depletion of platelets following surgical grafting. Grafted mice 

received i.p. injections of anti-platelet antiserum or control serum one hour prior to surgery 

and then six additional injections every 2 days for 12 days. Platelet counts were markedly 

reduced by treatment with anti-platelet antiserum one day following the first injection. In 

contrast, platelet counts were not altered in mice by treatment with rabbit serum. The 

reduction in platelet counts in mice treated with the anti-platelet antiserum remained 

throughout the treatment period and platelet counts were restored to normal within 2-3 days 

after cessation of the injections. At the same treatment period, there were no concomitant 

changes in leukocyte counts after treatment with anti-platelet antiserum.  

Histological evaluation of IH was performed 28 days after grafting. IH area was 

significantly reduced by platelet depletion but was not changed in mice given rabbit serum, 

compared to IH in control WT mice. These data indicate that platelets are involved in IH of 

VGs. 

3.3.2 Anti-integrin αIIbβ3 mAb suppresses platelet aggregation in vivo and 
reduces IH in VGs 

We subsequently investigated the effects of blockage of the αIIbβ3 integrin on platelet 

aggregation and IH development in grafted mice. One hour after injection of an anti-integrin 
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αIIbβ3 mAb, platelet aggregation in whole blood was strongly inhibited and this inhibition 

remained 7 days after injection. An additional injection of anti-integrin αIIbβ3 mAb at day 10 

continued to suppress aggregation until at least 14 days after the start of the experimental 

period. Platelet aggregation in whole blood had recovered by day 21. In contrast, injection of 

the IgG1 κ isotype control did not alter whole blood aggregation at any time point during the 

experimental period. Platelet counts remained unchanged by treatment with any of the 

antibodies indicating that effects on aggregation were due to blockage of platelet function. 

There were no changes in leukocyte counts by any of the antibodies. 

At 28 days following grafting, IH area in WT mice receiving IgG1 κ isotype control was 

not statistically different to IH area in control WT mice. However, similar to the strong 

effects on IH development in VGs by reduced platelet counts, we found that IH was 

significantly reduced in mice receiving anti-integrin αIIbβ3 mAb. Thus, inhibition of platelet 

aggregation after vein grafting reduces IH formation. 

3.3.3 Inhibition of platelet aggregation attenuates platelet adhesion on 
endothelium in VGs. 

We used SEM to visualize platelet adhesion on the luminal surface of vascular grafts 

and native vessels. In the native aorta and IVC, there was no platelet adhesion on the luminal 

surface. The average density of platelets on VGs was higher than that of AGs at Time 0 and 7 

days, respectively. At Time 0 following grafting, we found that platelets adhered on 

23±0.93% of the luminal surface of VGs whereas no such adhesion was observed in the 

native IVC. There was limited platelet adhesion on 10±2.2% of the surface area in AGs. At 7 

days, there was substantial endothelial injury and dense platelet adhesion in VGs on 84±6.1% 

of the luminal surface. This surface was regarded as “platelet adhesive endothelium” (PAE). 

In sharp contrast, platelet adhesive area in AGs was close to none at 7 days. In parallel, 

platelet adhesive areas in VGs at Time 0 contained 5.9±0.99x103 platelets per 100*100 μm2 

whereas platelet density in areas where platelet adhesion was seen in AGs was roughly half 

that of VGs.  

We subsequently investigated the effects of inhibition of integrin αIIbβ3 on platelet 

adhesion in VGs. Treatment with an anti-integrin αIIbβ3 mAb attenuated platelet adhesive 

endothelium in VGs at Time 0 (12±2.4% vs. 23±0.93% in untreated mice). Moreover, these 

areas recruited no more than 0.74±0.14x103 platelets/100*100 μm2 whereas no less than 

5.9±0.99x103 platelets/100*100 μm2 were seen in untreated WT mice. Thus, the number of 

adherent platelets was significantly reduced by the anti-integrin αIIbβ3 mAb (reduced to 

52.3% in adhesive area and to 12.5% of the number of adherent platelets). Interestingly, VGs 

from mice treated with the anti-integrin αIIbβ3 mAb displayed areas of endothelial injury and 

exposure of subendothelial matrix without any visible platelet adhesion. Such areas were not 

observed in untreated mice suggesting that such injured endothelium would have been 

covered by platelets unless the function of these cells had been inhibited. However, these 

areas were quite limited in size suggesting that platelet adhesion to injured endothelium in 
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untreated mice occurred both to injured endothelial cells as well as to exposed subendothelial 

matrix. Hence, inhibition of integrin αIIbβ3 greatly reduces both platelet adhesion and 

aggregation to the luminal wall of VGs immediately following grafting.  

3.3.4 Inhibition of platelet aggregation reduces leukocyte recruitment on 
endothelium in VGs. 

After having shown that early platelet adhesion and aggregation in VGs were reduced by 

blockage of integrin αIIbβ3, we analyzed leukocyte recruitment under the same conditions. 

Apart from limited platelet adhesion, there was also very limited adhesion of leukocytes in 

AGs. In contrast, there were plenty of leukocytes adherent to the wall of VGs in untreated 

mice at Time 0 and 7 days following transfer (11±2.7 cells/100*100 μm2, Time 0; 10±2.1 

cells/100*100 μm2, 7 days). The number of leukocytes adherent to platelet adhesive 

endothelium (PAE) in untreated mice was 18±3.3 cells/100*100 μm2 in VGs at Time 0. This 

was significantly lower in areas where no adhesion of platelets was seen (NPAE VGs Time 0: 

7.0±2.6 cells/100*100 μm2). Herein, we compared the number of adherent leukocytes on the 

inner surface of WT VGs and found that platelet adhesive areas attracted increased numbers 

of leukocytes (adherent leukocyte on PAE: NPAE=2.57:1). Furthermore, leukocyte adhesion 

was also reduced in both platelet adhesive and non-platelet adhesive areas in VGs at Time 0 

in mice treated with the anti-integrin αIIbβ3 mAb (on PAE: 7.1±1.1 cells/100*100 μm2, 39.4% 

of untreated mice; on NPAE: 2.4±0.43 cells/100*100 μm2, 34.3% of untreated mice; adherent 

leukocytes after treatment on PAE: NPAE= 2.96:1). The numbers of adherent platelets and 

leukocytes were closely correlated on platelet adhesive endothelium (Pearson’s correlation 

coefficient: 0.507, p<0.01).  

Because polarization of leukocyte structure has been associated with activation of these 

cells on the endothelial surface (206), we subsequently analyzed the presence of polarized 

leukocytes in the respective experimental groups. The analysis of polarized leukocytes on 

PAE and NPAE demonstrated similar results as that of the total number of leukocytes. That 

suggests that once leukocytes have adhered to VGs endothelium, platelets do not directly 

influence the leukocyte activation process. Our observation that platelets influence leukocyte 

invasion is in line with in vitro data from by Spectre G et al (96) showing platelet-dependent 

infiltration of lymphocytes on subendothelial matrix surfaces.  

Integrin αIIbβ3 has been demonstrated to mediate inflammation (144, 207) where 

leukocytes home to vascular injury sites guided by platelets (98). Our finding emphasizes that 

the blockage of integrin αIIbβ3 inhibits not only platelet aggregation (208, 209) but also 

platelet adhesion on injured endothelium (96).  

3.3.5 Early depletion of platelets or inhibition of platelet aggregation attenuate 
intimal leukocyte invasion in VGs. 

To further clarify if platelets influence leukocyte invasion in IH, we stained sections 

from VGs with an antibody against leukocyte antigen CD45. Leukocyte invasion area was 
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markedly reduced by treatment with anti-platelet antiserum. However, IH area positive for 

CD45 was not significantly altered between control WT mice and mice treated with rabbit 

serum. In parallel, leukocyte invasion was strongly inhibited by blockage of integrin αIIbβ3 

but not altered in WT mice treated by IgG1 κ isotype control. Furthermore, regression 

analysis revealed a correlation between leukocyte positive area and IH development in VGs 

in anti-platelet antiserum/rabbit serum treatment (Pearson’s correlation coefficient: 0.659, 

p=0.027, R2=0.563 for fit line) and anti-integrin αIIbβ3 mAb/IgG1κ isotype control treatment. 

(Pearson’s correlation coefficient: 0.788, p=0.035, R2=0.937 for fit line). The data indicate 

that intimal leukocyte invasion correlates to the development of intimal hyperplasia in VGs. 

Intervention with platelet numbers or function has been studied previously in models of 

arterial injury. Sirois et al showed that rats with sustained thrombocytopenia induced by i.p. 

treatment with the bone marrow inhibitor busulfan develops radically reduced arterial IH 

(210). Further data on arterial IH come from Chico et al, who show that small molecule 

inhibition of integrin αIIbβ3 prevents neointima formation after porcine coronary artery 

angioplasty when the compound was administered for 14 days (199). Moreover, blockage of 

platelet adhesion to endothelium rather than inhibition of platelet aggregation also seems to 

reduce IH in arterial injury and attenuate leukocyte recruitment on endothelium (188). 

Reduced platelet adhesion by blockage of integrin αIIbβ3 has also been demonstrated in 

models of arterial stenting (208). In that experiment, the mean number of leukocytes 

deposited on the vessel luminal surface also decreases by 55% in Abciximab-treated non-

human primates 60 minutes after stenting. 

On the other hand, platelet-rich plasma is widely used in wound and facture healing, 

tendon healing or in order to improve the function of biomaterials (211-214). The autologous 

platelet rich plasma accelerates union of long bone fractures or healing of wound by 

providing growth factors and by promoting inflammation locally. Furthermore, platelets are 

involved in the clearance of virus in the liver by promoting recruitment of virus specific 

cytotoxic T-lymphocyte into liver tissue (215). Conversely, the depletion of platelets in blood 

attenuates ischemia-reperfusion injury in organ transplantation and acute lung injury induced 

by blood transfusion (216-218). Our data is in line with clinical findings that— beyond their 

central role in coagulation, platelets participate in local and systemic inflammatory reactions 

by regulating the recruitment of leukocytes. 

Indeed, in our experiments in VGs, as opposed to some of the studies on arterial injury 

mentioned above, blockage of the integrin αIIb3 using the antibody clone 1B5 strongly 

reduced the number of adherent platelets, which was paralleled by a decrease in the 

accumulation of leukocytes. This was subsequently associated with a reduction in the 

formation of IH. Interestingly, the reduction in leukocyte accumulation was stronger than the 

reduction of IH, indicating that mechanisms other than those driven by leukocytes also drive 

IH development. Such mechanisms may involve direct stress mechanisms on the VG when 

transferred to the arterial circulation (219, 220).  
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3.3.6 Platelets influence IH and intimal leukocyte invasion in VGs independent 
of P-selectin 

In order to determine if platelets play causal roles in IH development independent of P-

selectin, we performed vein grafting in P-/- mice treated with either platelet antiserum or with 

a mAb blocking the function of integrin αIIbβ3, the main aggregation receptor on platelets. VG 

recipient P-/- mice received the same course of anti-platelet antiserum or rabbit serum 

treatment to deplete platelets in blood as we had already done in WT mice. Platelet counts 

were markedly reduced one day after the first injection of anti-platelet antiserum but 

remained at baseline level in the control group. Platelet counts were normalized in all 

experimental groups 3 days after treatments ceased.  

In experiments using blockage of integrin αIIbβ3, we first analyzed whole blood 

aggregation function in treated mice. One hour after injection of anti-integrin αIIbβ3 mAb, 

whole blood aggregation function was reduced to 0±0 AUC (AU*min) in P-/- mice. In 

contrast, IgG1 κ isotype control had no significant effect on aggregation during the 

experimental period. After the second injection at 10 days, whole blood aggregation was 

continuously suppressed in P-/- mice until recovery after 21 days. Platelet counts were not 

changed in P-/- mice treated with either anti-integrin αIIbβ3 mAb or IgG1 κ isotype control. 

We then compared IH development in these mice with that of mice receiving the 

appropriate control treatments. Platelet depletion treatment in the early experimental period 

resulted in a reduction in IH by ~60% in P-/- mice. Analysis of IH formation after inhibition 

of integrin αIIbβ3 revealed that IH was also significantly reduced in mice receiving active 

antibody treatment. 

To determine if early platelet depletion or inhibition of whole blood aggregation in the 

absence of P-selectin could affect recruitment of inflammatory cells, VGs were stained with 

the leukocyte marker CD45. During the experimental period, blood leukocyte counts were 

not altered in P-/- mice either being treated with anti-platelet antiserum/rabbit serum or with 

anti-integrin αIIbβ3 mAb/IgG1 κ isotype control. Intimal leukocyte invasion area was 

significantly increased by both rabbit serum and IgG1 κ isotype control respectively. 

However, leukocyte invasion was significantly reduced by active anti-platelet antiserum and 

anti-integrin αIIbβ3 mAb. Leukocyte invasion correlated with the development of IH in VGs 

of P-/- mice exposed to platelet depletion (Pearson’s correlation coefficient=0.668, p<0.05) or 

anti-integrin αIIbβ3 mAb (Pearson’s correlation coefficient=0.95, p<0.05). 

Thus, the data show that leukocyte invasion and IH in VGs in mice deficient in P-

selectin was further reduced by decreased platelet counts or inhibition of aggregation by 

blockage of integrin αIIbβ3. Putting these findings together, the role for platelets might involve 

the recruitment of leukocytes in a P-selectin independent way.  
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CONCLUSIONS 

Many factors participate in the process of VG disease including mechanical forces, 

inflammation, and shear stress responses. I mainly focus on exploring how inflammatory 

reactions in vascular wall are initiated and subsequently influence the patency of VGs.  

The monolayer of endothelial cells provides a barrier resistant to the recruitment of 

leukocytes and platelets. In contrast, in bypass surgery, the endothelium in VGs loses this 

protective property due to injury caused by mechanical stretch during harvesting, over-

distension of graft in preparation, ischemia-reperfusion injury, and finally sudden increased 

pressure and shear stress (195, 221-224). However, we were able to demonstrate re-

endothelialization of VGs transferred to the infra-renal aorta in mice to be completed after 4 

weeks. The neo-endothelium also recovered resistance to recruitment of leukocytes and 

prolonged inflammation (197, 225). Thus, there seems to be a time between the endothelial 

injury and completed renewal of the endothelial monolayer during which VGs are especially 

susceptible to inflammatory reactions in the vascular wall. The early onset of inflammation 

ultimately influences development of IH, a key determinant of forthcoming VG failure. 

Interestingly, this early period of inflammation could therefore open an attractive therapeutic 

time window for pharmacological intervention in order to improve the fate of VGs. Data 

from our studies here may even suggest specific pharmacological targets such as P-selectin 

and integrin αIIbβ3 antagonist as discussed in detail below (35, 132, 133, 226). 

Venous conduits used in bypass surgery develop IH as a natural, physiological vessel 

wall healing response to resist arterial pressure, in the similar fashion as arteriovenous fistulas 

used for hemodialysis (51, 227, 228). It is important to emphasize that we at present lack 

pharmaceuticals that may control VG disease and rather depend on close clinical surveillance 

to intervene with surgery or endovascular procedures when lesions, either pure IH or 

atherosclerotic ones, threaten VG patency (229, 230). The thickness of IH in VGs after 

surgery depends on many factors such as the severity of inflammation, the control of co-

morbidities, and the magnitude of mechanical and physiological shear stress (28, 195, 221, 

223, 231). By controlling these factors, we also delay later atherogenesis in the IH layer in 

VGs since this tissue is especially susceptible to atherosclerosis (30, 221, 222, 224, 232). 

Thus, a pharmacological intervention in the aforementioned window would not only control 

the level of inflammation until VGs regain an adequate endothelial barrier function and 

interfere with subsequent IH development but would also potentially add long-term 

protection against VG atherosclerosis. 

In this study, we highlighted the roles of P-selectin in leukocyte recruitment, platelet 

adhesion and consequent IH development in VGs. Hence, P-selectin antagonists would be 

suitable prototype pharmaceuticals to manage inflammation and deposition of platelets in 

VGs. Ideally, a P-selectin antagonist would decrease leukocyte recruitment, platelet adhesion 

and aggregation on the luminal surface of VGs resulting in attenuated IH development and 

might only be required until completed re-endothelialization. Possibly, a modified 
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inflammatory response, partially dependent on other adhesion molecules and mechanisms of 

leukocyte recruitment would still provide adequate IH thickness to withstand mechanical wall 

tension and shear stress without restricting blood flow. Short time use of P-selectin antagonist 

might thus limit exposure to undesired systemic side effects on the immune system (130, 233, 

234). In addition, P-selectin antagonist would also add benefit by preventing microthrombus 

formation and thus improve anti-coagulation in VGs (130, 133, 235, 236).  

In addition to leukocytes, platelets are also central players in inflammatory reactions in 

vascular wall (98, 237, 238). Manipulation of adhesion molecules may thus influence two 

important players at the same time. In our study, we demonstrated that leukocyte recruitment 

was reduced by 2.57 fold in the absence of platelets. It is likely that leukocytes translocated 

through the platelet layer and a platelet-mediated process. Thus, platelets may therefore 

provide an important bridge to mediate leukocyte recruitment in areas of endothelial 

denudation (82, 84, 96, 98, 239).  

To summarize, many factors lead to VG failure after surgery. This work emphasizes the 

role of interactions between leukocytes, platelets and the vessel wall that occur in VGs while 

these adapt to the arterial circulation with associated disturbances of endothelial integrity. 

These fundamental mechanisms behind VG failure constitute attractive targets for the 

development of further preventive pharmacological strategies.  
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