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ABSTRACT 

The development and maintenance of a vascular network is critical to the growth 

and survival of a tissue and ultimately an organism. An understanding of the 

mechanisms which regulate angiogenesis within and surrounding currently used 

polymeric devices would contribute to the success of these implants by establishing 

methods to enhance tissue in-growth and new vessel development. Furthermore, tissue-

engineering currently used polymers such as expanded polyteU:afluoroetliylene (ePTFE) 

may create an angiogenic material that can be used to induce new microvessel formation 

in infarcted myocardium. Myocardial infarcts represent a pathology that affects a large 

percentage of the patient population who suffer from coronary heart disease. Disease of 

the coronary vasculature can lead to narrowing of the coronary vasculature and result in 

regions of ischemia which can progress to infarction. Studies in this dissertation evaluate 

two different tissue-engineered polymer constructs for their ability to stimulate a new 

collateral network in infarcted myocardium. The results from these studies indicate that 

the tissue site of implantation is an important factor in influencing the healing response. 

Therefore, it is important to evaluate future polymer devices in tissues where the device 

will ultimately reside. Additionally, the physical and chemical characteristics of 

polymers were found to have a significant influence on the healing response. 

Furthermore, tissue-engineered polymer constructs stimulated a significant angiogenic 

response within infarcted myocardium. Tissue-engineered constructs that secreted 



15 

soluble angiogenic agents were found to have the greatest depth of angiogenic effect into 

infarcted myocardium leading to the formation of arterioles, capillaries, and venules. 

Additionally, hearts treated with these devices demonstrated significantly greater left 

ventricular function in comparison to infarct-only hearts. Based on this work, it is 

apparent that tissue-engineered polymer constructs may have a future role as cardiac 

patches and thus provide the patient population with an additional therapy to re-

vascularize infarcted cardiac tissues. 
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1. INTRODUCTION 

The development and maintenance of a vascular network is critical to the growth 

and survival of a tissue and ultimately an organism. Therefore, as might be expected, the 

cardiovascular system is one of the first organ systems to develop and become functional 

during embryogenesis (Patten, 1953), (Rizzo, 1995). The formation of blood vessels 

during embryogenesis relies upon two unique processes. Vasculogenesis, represents the 

primary in situ differentiation of endothelial cells from mesodermal precursors, and their 

subsequent coalesence and organization into a primary capillary plexus (Pepper, 1997). 

The second process, angiogenesis, has been defined as the formation of new blood 

vessels by a process of sprouting from pre-existing blood vessels (Hertig, 1935), (Zetter, 

1988), (Folkman, 1995a). These processes have far reaching applications that encompass 

basic science as well as clinical medicine. For example, angiogenesis plays a pivotal role 

during the embryonic development of many species as well as adult processes such as 

wound healing and corpus luteum formation. Currently, considerable progress has been 

made in understanding the molecular mechanisms of angiogenesis. However, 

angiogenesis still remains a topic of ongoing investigation. 

Angiogenesis research in the areas of development, normal wound healing, and 

pathological disease have focused upon the balance of angiogenic, angiostatic, and 

angioregressive signals that determine the endothelial activation status of many tissues 

(figure l.l). For various clinical applications, such as tumor therapy, methods of 

retarding angiogenesis within a tumor may prove to be beneficial for tumor regression. 
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Figure I. I A representation of the balance between angiogenic, angiostatic, and 

angioregressive signals (Hanahan et al., 1996). 
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Under these circumstances, research efforts have spent significant time focusing upon 

anti-angiogenic therapies such as the recently popularized angiogenesis inhibitor, 

angiostatin (Gorman, 1998). Other clinical areas that may ultimately benefit from fiiture 

anti-angiogenic therapies include but are not limited to diabetic retinopathy, 

hemangiomas, and inflammatory arthritis. 

While anti-angiogenic research continues to gain attention within the scientific 

and clinical community, research aimed at stimulating angiogenesis has many potential 

applications. For example, promoting angiogenesis within and surrounding currently 

used polymeric devices may contribute to the success of these implants by encouraging 

tissue ingrowth thus leading to tissue encorporation. Specifically, current synthetic 

peripheral and coronary by-pass grafts have demonstrated an inferior performance as 

alternative conduits compared to native vessels (Hehrlein et al., 1984), (Sapsford et al., 

1981), (Hancock et al., 1980). Criticisms of these materials have focused upon the poor 

healing response generated towards these polymeric grafts (Sapsford et al., 1981). In 

general, these polymeric grafts elicit a healing response that does not mimic normal 

wound healing. Instead, these polymeric grafts tend to elicit a chronic inflammatory 

response that does not allow for tissue in-growth and new vessel development thus 

preventing the complete resolution of the wound. 

Additionally, many investigators have developed numerous therapeutic modalities 

to stimulate angiogenesis in ischemic or infarcted myocardium. Specifically, these 

angiogenic treatments include, but are not limited to: 1) single growth factor therapies 

such as vascular endothelial growth factor (VEGF) (Symes et al., 1999) or basic 
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fibroblast growth factor (bFGF) (Laham et al., 1999), (linger et al., 1994); 2) mechanical 

transmyocardial revascularization (mTMR) (Chu et al., 1999a), (Chu et al., 1999b); 3) 

transmyocardial laser revascularization (TMLR) (Lutter et al., 1998); 4) combination 

therapies utilizing TMLR and bFGF injections (Yamamoto et al., 2000). These 

angiogenic treatments have a common goal to revascularize damaged cardiac tissue by 

stimulating the development of a new microvasculature or by inducing the formation of 

an extensive myocardial collateral network. The central dogma is that the "expansion of 

a collateral network..." will lead to "...enhanced myocardial perflision, and ultimately, 

improved left ventricular function" (Unger, 2001). Therefore, the studies described in 

this dissertation will describe a variety of tissue-engineered polymeric devices capable of 

being used as cardiac patches to stimulate angiogenesis within damaged myocardium. 

These angiogenic devices utilize a polymer scaffold upon which viable cells are 

sodded (implanted). The ability of these tissue-engineered polymers to stimulate an 

angiogenic response was evaluated using in vivo implant models that allow for 

biocompatibility testing. Biocompatibility has been referred to as the ability of a 

material to perform in a specific application with an appropriate host response 

(Didisheim, 1993). One measure of a material's ability to evoke an appropriate host 

response is to mimic a normal wound healing response following implantation. Methods 

of evaluating the evoked wound healing response include measurements of inflammation 

or new blood vessel formation (neovascularization) in and/or surrounding the implanted 

material. These methods have been previously described in the literature (Weidner et al., 

1991), (Dellian et al., 1996), (Salzmaim et al., 1999a). Specifically, the quantitation of 
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angiogenesis for the assessment of tumor angiogenesis has historically been accepted as 

an appropriate indicator of tumor metastasis risk (Toi et al., 1996), (Weidner et al., 1991). 

Historically, the number of microvessel profiles within a defined area has been used as an 

angiogenesis quantitation method (Weidner et al., 1991), (Dellian et al., 1996). Other 

investigators have used the measure of VEGF within a tumor tissue as a quantitation of 

angiogenesis when compared to microvessel density (Toi et al., 1996). However, these 

methods do not attribute vessel type or function to the new vasculature. Therefore, in the 

following studies, the analysis of angiogenesis includes microvessel densities, vessel 

characterization (i.e. arteriole, capillary, or venule), and average internal diameter 

measurements. 

Normal Wound Healing 

When damage or disruption of normal tissue occurs, a series of events known as 

wound healing ensues. Wound healing is a process by which the body attempts to first 

protect its tissue, and second remodel the damaged tissue. The process of wound healing 

can be grouped into four general stages based upon the series of events that take place 

along a time continuum. These stages of wound healing cannot be clearly delineated 
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Figure 1.2 The general stages of wound healing over time. A = early and late 

inflammation. B = granulation tissue formation. C = tissue 

remodeling. D = resolution of inflammation. Modified from Clark 

(Clark, 1996). 
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because they are not mutually exclusive and these events may overlap each other during 

the process of wound healing. Figure 1.2, adopted from Clark (Clark, 1996) illustrates 

the stages of wound healing over time. Briefly, these stages are inflammation (early and 

late phases), granulation tissue formation, tissue remodeling, and resolution of 

inflammation (Salzmann, 1997). 

Inflammation 

Following a wound insult, the damage to blood vessels and the tissue surrounding 

blood vessels leads to the extravasation of plasma components to initiate blood clotting 

through the intrinsic and extrinsic pathways. The blood clot may then serve as a 

provisional matrix allowing cell migration into the wounded tissue (Yamada et al., 1996). 

Activation of endothelial cells leads to an increase in expression of adhesion molecules 

which can then enhance the recruitment of inflammatory cells to the insult area 

(Bevilacqua et al., 1985). In addition, leukocyte activation leads to an enlianced 

adherence and subsequent migration across the endothelium into the wounded tissue 

(Issekutz et al., 1981). Therefore, the initial response following tissue injury is blood 

coagulation, endothelial and leukocyte activation, and a subsequent recruitment of 

inflammatory cells into the wounded tissue. 

The period of inflammation can be divided into two phases of inflammation - an 

early and late phase. The early phase of inflammation can be categorized by neutrophil 

infiltration into the wound area followed by circulating monocytes (Clark, 1996). 

Neutrophils have been shown to be chemoattracted and stimulated by various factors 
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such as kallikrein (Kaplan et al., 1972), C5a (Fernandez et al., 1978), leukotrienes (Ford-

Hutchinson et al., 1980), and platelet derived molecules (Deuel et al., 1981), (Deuel et al., 

1982). These neutrophils primarily function to rid the area of contaminating bacteria via 

phagocytotic activity and oxygen radical mediated activity (Tonnesen et al., 1988). The 

continued infiltration and presence of neutrophils vvill decrease around day 3 at which 

time monocyte recruitment will predominate (Clark, 1996). The recruitment of 

monocytes and their subsequent conversion to macrophages are crucial to the initiation of 

tissue repair and marks the beginning of late phase inflammation. 

The late phase of inflammation is characterized by the continued accumulation of 

tissue macrophages (Hunt et al., 1984). Monocytes utilize various integrins to 

transmigrate across the endothelium to give rise to tissue macrophages (Meerschaert et 

al., 1995). The process of monocyte differentiation into tissue macrophages is poorly 

understood, however, these macrophages function to phagocytose effete neutrophils and 

bacterial particles within the wound area (Newman et al., 1982). These macrophages also 

play an important role in the secretion of a milieu of cytokines and growth factors that are 

required for the formation of granulation tissue (Sunderkotter et al., 1991), (Clark, 1996). 

Granulation tissue formation 

The second stage of wound healing, the formation of granulation tissue involves a 

sequence of events that includes the continued accumulation of macrophages, ingrowth of 

fibroblasts, deposition of loose connective tissue, and angiogenesis (Clark, 1996). This 

phase of wound healing has been appropriately named due to the granular appearance of 
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this tissue. The numerous visible granules are actually newly formed blood vessels. 

Cytokines released by macrophages stimulate the migration and proliferation of 

fibroblasts into the tissue (Clark, 1996). These migratory fibroblasts can then produce 

numerous matrix proteins which provide a structure for macrophages and new blood 

vessels to adhere to and continue their migration further into the wound (Clark, 1996). 

The process of neovascularization during this phase of would healing allows for the 

continued supply of oxygen and nutrients to support the repair process. The result of this 

phase of healing is a neovascularized fibrous tissue that begins to replace vascular clots 

and form the groundwork for tissue remodeling. 

Tissue remodeling 

Tissue remodeling occurs simultaneously with repair and overlaps granulation 

tissue formation temporally. This stage of wound healing allows for the remodeling of 

the tissue architecture by macrophages and fibroblasts in an effort to restore tissue 

strength (Diegelmann et al., 1981). During this period of wound healing, the deposition 

of a fibronectin rich matrix is later replaced with a stronger matrix of collagen type III 

and eventually collagen type I (Kurkinen et al., 1980). Studies evaluating the leading 

edge of wounds have suggested that the initial deposition of fibronectin may serve as a 

template for later collagen deposition (Kurkinen et al., 1980). These data suggest that 

fibronectin is first deposited, then collagen I and III are deposited. As the amount of 

extracellular collagen increases, fibroblasts decrease their collagen production and wound 

resolution begins (Clark, 1996). 

y 
f 
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Resolution of inflammation 

The stage of wound resolution is marked by the decreased presence of 

inflammatory cells (macrophages and foreign body giant cells) and the subsequent 

replacement of scar tissue. In order for the healing process to be complete, the mediators 

for the inflammatory response need to be removed or inactivated. While the mechanisms 

for this are not well understood, they may include cell desensitization, inactivating 

enzymes, or the inhibition of protein synthesis (Haslett et al., 1996). In addition to the 

removal or inactivation of the inflammatory mediators, the inflammatory cells must also 

be removed from the wound site. As neutrophils age they are scheduled for cell 

apoptosis or necrosis which allows them to be recognized by macrophages as senescent 

cells ready for phagocytosis (Newman et al., 1982). 
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Polymer Associated Wound Healing 

When biomaterials are implanted into the body, an altered wound healing 

response can be expected (Anderson, 1988). Specifically, non-degradable biomaterials 

have been shown to elicit a chronic inflammatory response that fails to achieve wound 

resolution (Anderson, 1988). Investigators have shown that different polymers evoke 

different wound healing responses that can be measured by the level of inflammation and 

neovascularization surrounding the implant (Salzmarm et al., 1999a). However, many of 

these polymers have similarities in their general healing characteristics that deviate from 

normal wound healing. 

One of the earliest differences from normal wound healing, is tlie elevated 

inflammatory response that is associated with implanted biomaterials (figure 1.3) 

(Anderson, 1988). Studies have demonstrated an increase in the infiltration of 

neutrophils into the perigraft region (Schreuders et al., 1988). These polymorphonuclear 

leukocytes (PMN's) are activated and exhibit an increased production of cytokines 

(Lundberg et al., 1995). This can lead to an increase in the recruitment of other 

inflammatory cells such as monocytes and macrophages. The elevated and chronic 

presence of macrophages surrounding implanted biomaterials is a hallmark event of the 

evoked healing response (Anderson, 1988). These macrophages can persist with the 

implant for years following implantation and in some cases for the life of the implant 

(Anderson, 1988). With the chronic presence of these macrophages, the late phase of 

inflammation may never resolve and the subsequent phases of normal wound healing can 

be delayed or never achieved. 
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Figure 1.3 Generalized timeline of polymer induced wound healing. Adopted 

from Anderson (Anderson, 1988). 
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The second stage of normal wound healing, granulation tissue formation, may be 

severely altered during biomaterial induced healing. For example, the elevated 

inflammatory response characterized by the increased presence of cytokine producing 

macrophages can lead to an increase in the production of matrix proteins by fibroblasts. 

This may eventually lead to the encapsulation of the implant by extracellular matrix 

proteins. Subsequent neovascularization of the implant and the surrounding tissue may 

increase or decrease depending upon the production of cytokines by macrophages and 

other cells within the tissue. 

The third and fourth stages of normal wound healing may never occur due to the 

chronic presence of inflammatory cells (figure 1.3). These inflammatory cells, mainly 

macrophages and foreign body giant cells, can remain associated with the biomaterial for 

its lifetime (Anderson, 1988). Taken together, these results of biomaterial evoked 

healing suggest an altered healing response that may delay or hinder the stages of normal 

wound healing. 

Angiogenesis 

One of the first organ system to develop in the embryo is the cardiovascular 

system (Patten, 1953), (Rizzo, 1995). This developmental process begins with the 

formation of blood vessels through a process of vasculogenesis. This process has been 

well described in the literature as the primary in situ differentiation of endothelial 

progenitor cells (angioblasts) into blood islands (Rizzo, 1995). The subsequent fusion of 

tliese blood islands leads to a primordial vascular network. The vascular network is then 
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extended by the sprouting of new vessels from the preexisting vascular network 

(angiogenesis). This process yields an elongated, highly branched vascular plexes 

(Rizzo, 1995). During the development of the embryonic circulation and 

microcirculation, many cytokines and growth factors are regulated to temporally and 

regionally control the development of the vasculature (Flamme et al., 1995). Two growth 

factors, bFGF and VEGF, are two examples of important embryonic growth factors 

(Flamme etal., 1995). 

Knockout mice have provided clues as to the relative importance of these two 

growth factors. A heterozygous deficiency for VEGF leads to an embryonic lethal 

phenotype in the knockout mouse (Ferrara et al., 1996), (Carmeliet et al., 1996a). These 

data suggest the importance of VEGF during development of the vasculature. Although, 

bFGF homozygous deficient mice survive and have normal appearing vasculature, they 

have decreased vascular smooth muscle contractility and are hypotensive (Zhou et al., 

1998). In these mice, investigators have suggested that bFGF may play a role in 

maintaining vascular tone. 

The general cellular events of angiogenesis can be visually defined into four 

stages (figure 1.4) (Hoyirig, 1994). Briefly, these stages are: Stage I: The breakdown of 

the basement membrane and the formation of a new blood vessel sprout. Stage II: 

Extension of the sprouting vessels through the migration and proliferation of the 

endothelial cells. Stage HI: The new vessel sprout begins to reform its basement 

membrane and recruit pericytes. Stage IV: Vessel stabilization and maturation begins 



Figure 1.4 Generalized angiogenesis scheme. Adopted from Hoying 

(Hoying, 1994). 
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Stage II 

Stage III 

Stage IV 



35 

with the recruitment of smooth musle cells and the differentiation of mesenchymal cells. 

These stages of angiogenesis are very broad categories that encompass a vast area of 

knowledge regarding the molecular and cellular events that make up each stage of 

angiogenesis. 

In order for angiogenesis to begin, quiescent endothelial cells must be activated 

by enzymes, cytokines (Pober, 1988) and extracellular matrix molecules (Karlsson et al., 

2000), (Form et al., 1986a). The activated endothelial cell must then exhibit a reduced 

adherance to the basement membrane to set the stage for migration of the endothelial cell. 

To facilitate detachment, the endothelial cell is capable of releasing a combination of 

proteases which can enzymatically break down the basement membrane (Kalebic et al., 

1983). The free endothelial cell may then interact and migrate through the extracellular 

matrix using its integrin receptors (Friedlander et al., 1995), (Brooks et al., 1994). 

The subsequent migration of the activated endothelial cell is regulated by the 

mechanisms of various cytokines (Saksela et al., 1987), extracellular matrix proteins 

(Form et al., 1986a), proteases (Pepper et al., 1992a), and endothelial cell-endothelial cell 

interactions (Collins et al., 1987), (Kaminski et al., 2001), (Takeichi, 1991). Various 

cytokines have been described to stimulate migration of endothelial cells while others 

have been shown to inhibit migration. Two growth factors, bFGF (Hoying, 1994), 

(Hoying et al., 1996), (Abraham et al., 1996) and VEGF (Senger et al., 1996), have been 

demonstrated to stimulate angiogenesis and specifically increase endothelial cell 

migration. The cytokine signal for endothelial cells to migrate needs to be accompanied 

with an extracellular matrix interaction. This interaction occurs through integrins that 
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recognize specific amino acid regions of the proteins. In recent work, Frielander et al., 

demonstrated that the angiogenic effects of bFGF and VEGF act through separately 

distinct integrin pathways (Friedlander et al., 1995). In these studies, using integrin-

blocking antibodies, bFGF was shown to work through avp3 pathway and VEGF was 

shown to work through an avps pathway. These data demonstrate the importance of 

endothelial cell-extracellular matrix interaction as well as redundant angiogenic pathways 

to serve an important physiologic process. 

In addition to the migration of endothelial cells, endothelial cell proliferation is a 

key event during angiogenesis. Endothelial cell proliferation provides a supply of new 

cells for newly developing vasculature. The proliferation of endothelial cells is thought 

to only occur at the leading tips of angiogenic vessels just behind the migratory cells 

(Madri et al., 1996). Similar to migration, endothelial cell proliferation is dependent 

upon cytokines (Madri et al., 1996), extracellular matrix proteins (Karlsson et al., 2000), 

(Form et al., 1986b), and cell-cell interactions (Madri et al., 1996). 

To summarize, an endothelial cell that has been activated to participate in 

angiogenesis begins to migrate following activation. Following migration, signals of 

proliferation will result in additional cells for the developing new vessel. Once the new 

vessel has formed, a new basement membrane must be established to maintain a 

quiescent endothelium. While the general events of angiogenesis are well understood, 

the mechanisms that govern these events continue to be investigated. However, recent 

studies have begim to elucidate the mechanisms of angiogenesis and the involvement of 

soluble factors (i.e. growth factors and cytokines) and insoluble factors (i.e. extracellular 
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matrix proteins). The current knowledge of the mechanisms of angiogenesis suggests 

that multiple factors are working in concert to influence the development of a new 

vascular tube. The studies containing data to support this claim will be reviewed within 

this dissertation. In addtion to the excitement of understanding the processes that govern 

angiogenesis, many practical benefits may result from this knowledge. For example, 

angiogenesis, which leads to the neovascularization of wounded tissue, has important 

implications in the biocompatibility of future polymeric devices. Specifically, as 

previously mentioned, tissue-engineered polymers that stimulate angiogenesis may serve 

as therapeutic agents that revascularize ischemic or infarcted myocardium. This area of 

research depends upon a better understanding of how to mediate and regulate 

angiogenesis. 

Angiogenic growth factors and cytokines (soluble regulators of angiogenesis) 

VEGF) and bPGF 

A number of cytokines and growth factors have been described to modulate 

angiogenesis under in vitro and in vivo conditions. Two of these such growth factors, 

basic fibroblast growth factor (bFGF or FGF-2) and vascular endothelial growth 

factor/vascular permeability factor (VEGF), have been termed the most potent inducers 

of angiogenesis (Seghezzi et al., 1998). Specifically during tumor angiogenesis, bFGF 

and VEGF are among the most commonly found growth factors, suggesting an important 

angiogenic contribution by these two molecular species (Folkman, 1995a). While many 
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investigators have explored the individual effects of these two molecules, more 

compelling are reports of synergistic angiogenic action by these two growth factors (Goto 

et al., 1993), (Pepper et al., 1992b), (Asahara et al., 1995). 

Basic fibroblast growth factor (FGF2), is a member of the FGF family of 

structurally related proteins. Currently these heparin-binding growth factors include 15 

members (Seghezzi et al., 1998). The bFGF molecule exists in four different isoforms of 

different molecular weights: 18-kD or low molecular weight (LMW) FGF-2, and 22-, 

22.5, and 24-kD or high molecular weight (HMW) FGF-2 (Seghezzi et al., 1998). 

Although bFGF has been suggested to play an angiogenic role in many physiological and 

pathological processes (Folkman et al., 1987), the exact mechanisms of bFGF remains 

unknown. In vitro experiments have demonstrated bFGF to stimulate migration (Zetter, 

1980) and proliferation (Montessano et al., 1986) of endothelial cells. In addition, in vivo 

angiogenic models have shown the angiogenic effects of bFGF (Asahara et al., 1995), 

(Watanabe et al., 1998). These actions of bFGF are dependent upon a dual receptor 

system (Klagsbnin et al., 1991)consisting of four currently known high-affinity, tyrosine 

kinase receptors (FGFR 1 - FGFR 4) and low-affinity, heparan sulfate proteoglycans 

located at the cell sxirface (Coutts et al., 1995). 

The exact role of bFGF is poorly understood, however, recent knockout mice 

studies have allowed investigators to see the effects of removing bFGF. In the first set of 

studies, mice with a homozygous deficiency of bFGF appear normal, are able to 

reproduce, but display a decreased vascular tone, and low blood pressure (Zhou et al., 

1998). In separate bFGF knockout studies, investigators reported bFGF deficient mice to 
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have a delayed skin wound healing response along with observable neuronal defects 

(Ortega et al., 1998). The skin wound healing response was evoked by creating a singe 

full-thickness excisional skin wound in the mid-dorsal region of the mice (Ortega et al., 

1998). Wound healing was monitored temporally for healing progress using macroscopic 

tecluiiques and measurements of wound diameter, scab thickness, percentage of re-

epithelialization, and collagen deposition (Ortega et al., 1998). Taken together, these 

initial studies suggest that bFGF is not critical for angiogenesis to occur during 

development or for the completion of wound repair. In other studies, bFGF was 

administered into an infarcted porcine heart and the effects of new vessel formation and 

vessel differentiation were measured. These data suggest that administration of 

exogenous bFGF into infarcted heart results in an increase in the numerical density of 

arterioles with no effect on capillaries (Watanabe et al., 1998). In these studies, vessel 

type was determined by size division that makes it difficult to distinguish between 

arterioles, capillaries, and venules. In addition, bFGF's role in vessel differentiation was 

tested by adding exogenous bFGF rather removing bFGF and inducing an angiogenic 

response. 

VEGF v/as first discovered in the early 1980s by Dvorak and coworkers as a 

factor that made blood vessels leaky; therefore, it was originally termed vascular 

permeability factor (VPF) (Senger et al., 1983), (Dvorak et al., 1995). It was a few years 

later that investigators demonstrated that VEGFATF was able to stimulate endothelial 

cell migration and replication and that VEGFA^PF was a potent angiogenic factor in vivo 

(Connolly et al., 1989). VEGF exists as five distinct isoforms of 121,145, 165, 189, and 
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206 amino acids (VEGFni, VEGFhs, VEGFies, VEGFigg, and VEGF206) (Seghezzi et al., 

1998). VEGF16S, a 46-kD homodimeric glycoprotein, is the predominant isoform that 

can be produced by a variety of cells. During development, VEGF is ubiquitously 

expressed in the early embryo and later on, VEGF expression can be detected in all 

organs (Flamme et al., 1995). In addition, tumor cells and macrophages have the 

capacity of producing substantial amounts of VEGF in a very localized environment 

(Berse et al., 1992). The important role VEGF plays in angiogenesis has been clearly 

demonstrated through knockout mice studies. In these studies, mice with the loss of even 

a single VEGF allele result in embryonic lethality, thus demonstrating the critical role 

VEGF has in the development of the vascular system (Carmeliet et al., 1996b). The 

activities of VEGF are mediated through two transmembrane receptor tyrosine kinases 

named fit-1 (VEGF-Rl) and flk-l/KDR (VEGF-R2) (Hanahan, 1997) that are expressed 

primarily on vascular endothelial cells and their precursors, angioblasts (Majesky, 1996). 

Flt-1 is a higher affinity receptor whereas flk-l/KDR has a lower affinity for VEGF. 

The angiogenic pathways of bFGF and VEGF have been demonstrated to utilize 

two separately distinct integrins (Friedlander et al., 1995). Using the rabbit cornea 

angiogenesis model Friedlander and colleagues have shown the angiogenic responses of 

bFGF to be blocked by the administration of avp3 antibody, thus suggesting the use of 

this specific integrin (Friedlander et al., 1995). Furthermore, these data also revealed the 

blocking of VEGF induced angiogenesis with the administration of avps antibody. In 

separate studies, bFGF (Sepp et al., 1994) and VEGF (Senger et al., 1996) have 

individually been reported to increase the expression of the avpS integrin on endothelial 
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cells. The ability of VEGF to increase the expression of the integrin used to propagate 

the angiogenic actions of bPGF may provide insight to the mechanisms by which bFGF 

and VEGF synergistically stimulate angiogenesis. 

Angiopoietin-1 (Ang-1) 

Ang-1 is a 70 kD glycoprotein, the first known ligand of the TIE2 receptor which 

is expressed on vascular endothelial cells (Davis et al., 1996). When Ang-1 or its 

receptor (TIE2) is inactivated in mice, the embryos die from the defects in vascular 

remodeling that occur subsequent to vascular network formation (Sato et al., 1995), (Suri 

et al., 1996a). A factor related to Ang-l (Ang-2) acts as a natural antagonist of TIE2 by 

blocking receptor activation by Ang-1 (Maisonpierre et al., 1997). Interestingly, unlike 

VEGF, Ang-1 is not a mitogen for endothelium and it does not induce tube formation in 

vitro. Instead, its pattern of expression in the areas surrounding newly forming vessels 

suggests that it plays a role in regulating the assembly of non-endothelial vessel wall 

components (Folkman et al., 1996). For example, Suri et al. demonstrated that mice 

deficient for Ang-1 exhibited abnormal vascular architecture where the primary defect 

was a failure to recruit smooth muscle cells and pericytes (Suri et al., 1996a). 

More recent work has demonstrated that the transgenic overexpression of Ang-1 

in the skin of mice produces larger, more numerous, and more highly branched vessels 

compared to wildtype mice (Suri et al., 1998). In other studies, the coexpression of Ang-

1 and VEGF stimulated the formation of a leakage-resistant vasculature, with an additive 

effect on angiogenesis. Additionally, this led to the development of a more mature 
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microvasculature that was characterized by the presence of larger-diameter vessels, 

capillaries, and post-capillary venules (Thurston et al., 1999). 

Transforming growth factor P (TGF-P) 

Transforming growth factors are polypeptides that when originally isolated from 

viral-transformed rodent cells were found to alter the phenotype of some normal cells to 

transformed cells (Roberts et al., 1996). TGF-p is a 25,000 molecular weight homodimer 

(112 amino acids per chain), found in tumors and normal cells (Folkman et al., 1987). 

TGF-P has been reported to inhibit the proliferation of vascular endothelial cells in vitro 

(Roberts et al., 1996). However, this same molecular species has been demonstrated to 

stimulate new capillary formation in in vivo experiments (Roberts et al., 1996). It 

remains difficult to explain the apparent paradox between the in vitro and in vivo effects 

of TGF-p. 

Nevertheless, TGF-P continues to be considered as an in vivo angiogenesis 

stimulator and has been suggested to play a role in vascular maturation through the 

differentiation of mesenchymal cells into pericytes and smooth muscle cells (Folkman et 

al., 1996). Other investigators have suggested that TGF-P may serve as an arteriogenesis 

factor due to its ability to recruit a smooth muscle cell investment and differentiation in a 

newly formed vessel (Skalak et al., 1998). Additionally, the presence of TGF-P in 

cardiac tissue with newly formed collateral vessels suggests that it may have an important 

role in myocardial angiogenesis (Schaper, 1991). 
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Insoluble regulators of angiogenesis 

The previously mentioned angiogenic roles of soluble factors (i.e. growth factors 

and cytokines) justify the exploration of angiogenic therapies using these factors. 

However, insoluble regulators of angiogenesis (i.e. extracellular matrix proteins and 

matrix components) may also demonstrate efficacy in the stimulation of therapeutic 

angiogenesis. The angiogenic signal for endothelial cells to migrate needs to be 

accompanied with an extracellular matrix interaction. The extracellular matrix 

environment allows for endothelial cell migration, adhesion, and proliferation that is 

predominantly mediated by transmembrane, heterodimeric proteins named integrins 

(Clark et al., 1995). These classes of integrins allow for communication between the cell 

and the outside environment (Sarita et al., 1993) and provide a mechanism by which a 

cell can migrate through the extracellular matrix environment (Ruoslahti et al., 1994). 

For example the avp3 integrin receptor recognizes fibrinogen, fibronectin, and 

vitronectin as ligands and the avpS integrin receptor recognizes vitronectin and 

fibronectin as ligands (Ruoslahti et al., 1994) within the extracellular matrix. 

Additionally, the avp3 integrin has been demonstrated to be a critical player in 

microvessel growth and maturation (Brooks et al., 1994). In other studies, the avp3 and 

avpS integrins, have been demonstrated to stimulate angiogenesis from the activities of 

two separate angiogenic growth factors, bFGF and VEGF, respectively (Friedlander et 

al., 1995). Therefore, the angiogenic activities of soluble factors work through integrin-

mediated pathways that allow an endothelial cell to communicate, migrate, and 
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proliferate in the extracellular matrix. Collectively, these studies suggest that insoluble 

factors such as the extracellular matrix or matrix components (i.e. glycosaminoglycans) 

can play a significant role in mediating angiogenic activity. 

Additionally, the extracellular matrix protein laminin-5 and one of its known 

cellular receptors, the a6p4 integrin (Falk-Marzillier et al., 1998)have recently been 

explored as mediators of angiogenic activity (Kennel et al., 1992), (Enenstein et al., 

1994). The a6p4 integrin has been reported to be expressed in association with tumor 

vessels and at the tips of budding vessels (Enenstein et al., 1994). These data suggest that 

angiogenic endothelium expresses a6p4 integrin, while quiescent endothelial cells in vivo 

may not. Therefore the potential exists where insoluble regulators of angiogenesis (i.e. 

extracellular matrix proteins such as laminin-5) may be used a therapeutic agents to 

stimulate new blood vessel growth. 

Current model of angiogenesis 

Collectively, understandings of the soluble and insoluble factors that regulate 

angiogenesis suggest that the development of a new vascular tube is a complex process 

that is governed by a complete environment. This complete environment includes the 

soluble signals and insoluble matrix environment through which these activities take 

place. Lack of a single component of this environment may influence the outcome of the 

developing vessel. Likewise, deliver)' of a single component from this complete 

environment may not allow for the formation of a stable and mature vasculature. 

Currently, the knowledge of how soluble factors influence the major events of 
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angiogenesis (previously discussed) has been discovered through the use of in vitro and 

in vivo experimentation. For example, VEGF has been shown to act on endothelial cells 

to stimulate cell migration and proliferation (Connolly et al., 1989). More recently the 

role of Ang-1 and its TIE2 receptor, found on endothelial cells, has been shown to have 

no mitogenic influence on endothelium. However, Ang-1 does have a significant effect 

on periendothelial cells such as smooth muscle cells and pericytes where Ang-1 deficient 

mice present with a failure to recruit mural cells (Suri et al., 1996b). For this reason, 

Ang-1 has been suggested to play a vessel maturation role through the recruitment of 

vessel stabilization cells (Suri et al., 1996b), (Folkman et al., 1996). Additionally, Ang-1 

has been shown to influence vessel polarity through its heterogenous expression during 

the early stages of angiogenesis. For example, the polarized expression of Ang-1 in 

combination with the TIE I signaling pathway dictates the extablishment of the right-

hand side of the vasculature in mouse embryos (Loughna et al., 2001). 

The activity of Ang-1 to influence periendothelial cells utilizes the endothelium as 

a signaling pathway. The TIE2 receptor located on the endothelium can propagate the 

acitivities of Ang-1 to the periendothelial cells. This pathway of propagation may be 

through the activities of platelet derived growth factor B (PDGF-B) released from 

proliferating endothelial cells. PDGF-B released from endothelium has been shown to 

stimulate the migration (Hellstrom et al., 1999) and proliferation (Hirschi et al., 1998)of 

mesencyhmal cells to the area of the developing vascular tube. Additionally, PDGF-B 

has been suggested to stimulate the migration of pre-existing smooth muscle cells to 

newly formed vessels (Hellstrom et al., 1999). Furthermore, in vitro experiments using 
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co-culture techniques have demonstrated endothelial cells to produce TGF-p that can 

stimulate mesencymal cells in the immediate area to differentiate into mural cells (i.e. 

smooth muscle cells and pericytes) (Hirschi et al., 1998). 

The current mechanisms that regulate angiogenesis continue to be explored. 

However, the research to date suggests that a complete environment mediates the 

mechanisms of angiogenesis where a developing vessel tube is influenced by a complex 

balance of soluble and insoluble factors. The understanding of this biology is important 

when considering the use of angiogenic therapies for practical applications. For example, 

revascularization of infarcted myocardium requires more than just promoting the 

formation of new vessels. These vessels must be functional, carry blood, and persist for a 

long period of time rather than experience angioregression. Maintenance of the 

vasculature will require maturation and stabilization of this vascular bed and thus rely on 

the environment previously discussed. 

Coronary Heart Disease and Myocardial Infarction 

Backgroimd 

New modalities for treatment of coronary heart heart disease (CHD) are targeting 

the leading cause of death in the United States (Sherman et al., 1995). Specifically, 

arthlerosclerosis is a disease state that affects the normal function of the vasculature such 

as small caliber arteries (i.e. coronary arteries). Progression of this disease can result in 

narrowing or occlusion of the coronary vasculature (Schwartz et al., 1992). This can 
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ultimately lead to reduced blood flow, induction of areas of cardiac ischemia, and an 

increased risk of myocardial infarction, where normal function of the myocardium is 

compromised. 

The loss of myocytes due to poor perfusion of the myocardium is an important 

mechanism in the development of cardiac failure (Olivetti et al., 1997). Mechanisms of 

myocyte death and secondarily, fibrosis of the ventricular wall, have been attributed to 

both necrosis of the myocardium and/or apoptosis signals (Olivetti et al., 1997). Necrosis 

of myoctes is characterized by the depletion of ATP, damage to intracellular organelles, 

cell swelling, and rupture of cell membranes (Searle et al., 1982), (Narula et al., 1996). 

Apoptosis, on the other hand, is an energy-requiring process that involves active 

intracellular signaling pathways. It involves loss of cell surface contact, cell shrinkage, 

and the condensation of chromatin at the nuclear periphery (Searle et al., 1982). 

However, both the mechanisms of necrosis or apoptosis lead to myocyte death, scar 

formation, and myocardial remodeling. These conditions are ultimately triggered by 

limitations in coronary perfusion (Cannon et al., 1977), (Parodi et al., 1993)and 

heightened mechanical stress (Cheng et al., 1995). 

Early efforts to stimulate the formation of a new collateral network within 

damaged myocardium began in the 1930's with the Beck procedure (Beck, 1935a), 

(Beck, 1935b). The Beck procedure involved initiating an inflammatory induced 

angiogenic response on the heart's surface by rubbing the epicardium with sandpaper or 

an emery board (Beck, 1935b). Later in the 1940's and 1950's, Arthur Vineberg used the 

internal mammary artery (IMA) to re-direct arterial blood flow into the left ventricular 
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myocardium (Vineberg, 1946), (Vineberg, 1954). The IMA was transected and detached 

from the chest wail and then placed within a timnel in the ventricular myocardium. An 

anastomosis was observed to develop between the implanted IMA and the left coronary 

circulation. These observations were made from injection studies, radiographs, plastic 

casts, and serial sections (Vineberg, 1954). 

Current treatments 

Current treatments of coronary heart disease focus on re-establishing coronary 

perfusion to reduce angina (chest pain) and prevent ischemic regions from becoming 

infarcted tissue or to prevent expansion of the existing infarct area. In cases where 

coronary vessels are narrowed and regions of myocardial perfusion are diminished, these 

procedures are focused on preventing a loss in myocardial perfusion (Levin et al., 1982), 

(Lopez et al., 1997), (Hariawala et al., 1996;Unger et al., 1994). When infarcted tissue is 

already present in a diseased heart, increasing myocardial perfusion into this damaged 

myocardium may help to prevent continued progression of the infarct condition by re-

vascularizing ischemic (reversible or hibernating) myocardium that borders the infarct 

area (Frazier et al., 1999), (Pagano et al., 2001). This ischemic or hibernating 

myocardium represents an underperfiissed tissue that can be revascularized to achieve 

functional recovery (Vanoverschelde et al., 2001). Hibernating myocardium may be 

present in up to 50% of patients with significantly impaired left ventricular flmction and 

evidence of heart failure (Rinaldi et al., 2000). Additionally, recent data indicate that 

hibernating myocardium is present in about 78% of patients after acute myocardial 
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infarction (Adams et ai., 1996). Importantly, these conditions of reduced cardiac function 

can be prevented or reversed by lessening the ischemic burden through re-establishing 

myocardial perfusion into the hibernating region (Rinaldi et al., 2000). 

Coronary artery by-pass graft (CABG) 

Coronary artery bypass surgery was introduced by Favorolo in 1968 (Favorolo, 

1968) and is now performed more than 600,000 times annually in the United States 

(Edelman, 1999). This technique involves the use of native vessel, donor vessel, or 

synthetic conduit (Tomizawa, 1995), (Canver, 1995) to by-pass the occluded or narrowed 

coronary vessel. This procedure allows for distal perfusion of the myocardium to be re

established and has demonstrated its effectiveness in the treatment of coronary heart 

disease in patients (Sherman et al., 1995), (Hlatky, 1996). Recent studies have 

demonstrated the ability CABG to rescue hibernating myocardium thereby increasing left 

ventricular function (Pasini et al., 2001), (Pagano et al., 2001). 

Numerous investigators have evaluated the use of synthetic conduit for use in a 

CABG procedure when autologous sources of native vessel are exhausted. Materials for 

these "alternative " conduits include polyurethanes (Okoshi et al., 1993), (Drasler et al., 

1988), Dacron (PET) (Sauvage et al., 1979), and expanded polytetrafluoroethylene 

(ePTFE) (Hancock et al., 1980), (Hehrlein et al., 1984). While these sythentic conduits 

offer patients another surgical option, they are consistently reported to perform inferiorly 

to native vessels used as a bypass graft (Chard et al., 1987), (Sapsford et al., 1981). 

Therefore, additional efforts in the design of synthethic conduits have focused on trying 
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to make these grafts more biocompatible and able to remain patent for longer implant 

times. Some of these design adaptations include creating a quiescent endothelial cell 

surface on the luminal lining (inner lining) of a vascular graft through the use of 

endothelial cell seeding (Hunter et al., 1986) or sodding (Rupnick et al., 1989), (Williams 

et al., 1991) techniques. Modifications to the luminal surface of a bypass graft may 

create an antithrombogenic envirorunent and allow for longer patency of the graft. 

Additionally, the Venturi resistor has been used in larger diameter grafts (5-6 mm 

ID) placed in an arteriovenous (AV) shunt position on the heart (Spampinato et al., 

1988). The Venturi resistor controls the AV shunt and provides high pressure blood 

delivery to the coronary arteries through a side-to-side anastomosis (Drasler et al., 1988). 

This high-pressure flow into the distal coronary vasculature has been used in coronary 

bypass procedures to increase graft flow rate and patency (Spampinato et al., 1988). 

Percutaneous transluminal coronary angioplasty (PTCA) 

Another widely utilized treatment modality for re-establishing myocardial 

perfusion is percutaneous transluminal coronary angioplasty (PTCA). In contrast to 

CABG, PTCA uses an intravascular approach to "balloon-open" the narrowed coronary 

vessel. PTCA offers a less invasive approach than CABG for high-risk patients with 

poor left ventricular ftinction (Sherman et al., 1995). Additionally, PTCA has 

demonstrated success as a reintervention following a primary CABG procedure. In these 

circumstances, graft angioplasty procedure (GPTCA) has a higher failure rate as 

compared with native vessel angioplasty (6-23% versus 4-14%) (Kaul et al., 1999). 

Nevertheless, recent studies have demonstrated the ability of both CABG and PTCA to 
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rescue hibernating myocardium thereby increasing left ventricular ftmction (Pasini et al., 

2001), (Pagano et al., 2001). Therefore, both of these procedures are currently used as 

primary and secondary revascularization techniques. 

New Treatment Modalities 

Single growth factor therapies 

Many patients develop secondary lesions within the coronary vasculature or 

present with failure of the primary treatment such as CABG or PTCA techniques. This 

situation along with the high incidence and risk of cardiovascular disease has motivated 

the development of new therapeutic strategies to help treat the associated pathologies. 

Specifically, single growth factor therapies such as VEGF (Symes et al., 1999), 

(Hariawala et al., 1996), bFGF (Laham et al., 1999), (Unger et al., 1994) or acidic POP 

(aPGP) (Lopez et al., 1998) have been explored as inducers of angiogenesis within the 

myocardium. In these studies, angiogenic growth factor therapies have been successful at 

simulating new microvessel growth or an increase in myocardial collateral blood flow. 

Other studies have demonstrated improved cardiac function following bPGF therapy, as 

measured by echocardiography (specifically ejection fraction and ventricular wall 

motion) (Giordano et al., 1996;Lopez et al., 1997). Additionally, aPGF has been reported 

to stimulate improvements in myocardial flow and regional and global left ventricular 

function (measured by posterior wall thickening and ejection fraction) in ischemic hearts 

(Lopez et al., 1998). In these studies, aPGP was incorporated into a sustained-release 

polymer that was implanted onto the epicardium (Lopez et al., 1998). Collectively, these 
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single growth factor therapies have indicated a potential use of angiogenic growth factors 

as re-vascularizing agents in ischemic myocardium. Furthermore, the aFGF studies 

previously mentioned, suggest that these growth factors may be locally delivered using a 

polymer vehicle rather than injected into the vasculature, which may have systemic 

consequences. 

Mechanical and Laser transmyocardial revascularization 

Transmyocardial revascularization techniques have been developed utilizing two 

major strategies. The first, mechanical transmyocardial revascularization (TMR) was 

discovered by Sen and coworkers in 1968 (Sen et al., 1968) to be effective in the 

treatment of acute myocardial ischmemia. These studies describe acupuncture techniques 

that use needle punctures into the myocardium to treat myocardial ischemia (Sen et al., 

1968). While the mechanism of action is poorly understood, TMR has demonstrated 

effectiveness in stimulating increases in vascular density within ischemic myocardium 

(Chu et al., 1999a), (Chu et al., 1999b). 

Secondly, transmyocardial laser revascularization (TMLR) uses high-powered 

CO2 lasers (Lutter et al., 1998), (Gassier et al., 1997), (Frazier et al., 1999) or 

holmiumrYAG lasers (Schneider et al., 2001)to create transmural channels through 

ischemic tissue of the left ventricle, from the epicardial to the endocardial surface. 

TMLR studies have demonstrated increased microvessel density values within infarcted 

myocardium and an increase in regional myocardial perfusion (Martin et al., 2000), 

(Lutter et al., 1998). However, no significant global ventricular function improvements 
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have been reported in these studies where cardiac function was evaluated using 

echocardiography techniques (Martin et al., 2000) or stroke work index calculations from 

starling relationships (Lutter et al., 1998). However in limited examples TMLR 

techniques have been reported to significantly improve regional myocardial function as 

measured by percent segmental shortening (Martin et al., 2000) with no significant 

difference in global ventricular flinction. Furthermore, TMLR combined with CABG 

techniques in patients not amenable to complete revascularization by coronary bypass 

alone has been reported to be a safe procedure (Allen et al., 2000). In these studies no 

additional angina relief and exercise treadmill improvement were reported with 

combination therapy (Allen et al., 2000). However, these safety outcomes suggest that 

future combination therapies should be explored and may provide patients with a safe and 

effective re-vascularization technique. 

Cell transplantation 

Recent studies using myocyte transplantation into infarcted myocardium have 

demonstrated more encouraging results with improvements in cardiac function. In rat 

studies, fetal ventricular cardiomyoctyes have been transplanted into infarcted 

myocardium to stimulate greater systolic pressure in the transplant group in comparison 

to controls (Sakai et al., 1999). In other rat studies, autologous bone marrow cells have 

been used as cardiomyocyte precursors in ventricular scar tissue. These transplant 

studies have also demonstrated improved systolic pressure over control animals (Tomita 

et al., 1999). Additionally, recent rabbit studies have used autologous skeletal myoblast 
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transplantation into infarcted myocardium (Atkins et al., 1999). These data demonstrate 

improved ventricular ftmction in animals that received myoblast transplantation. 

Ventricular ftmction parameters were reported as pre-load recruitable stroke work 

(PRSW) values (the relationship between regional stroke work and end-diastolic segment 

length) (Atkins et al., 1999). 

Collectively, current and newly developed treatments for coronary heart disease 

and myocardial infarction have demonstrated that re-establishing myocardial perfusion 

following episodes of ischemia or conditions of infarction can function to restore regional 

or global ventricular function. Recent work aimed at replacing lost cardiomyocytes in 

infarcted myocardium have demonstrated a new treatment modality that may be 

combined with re-vascularization therapies to allow for the replacement and maintenance 

of functional myocardium. The following studies will describe the development and 

testing of tissue-engineered constructs that may serve as angiogenic stimulators in 

infarcted myocardium. 

Three-Dimensional Fibroblast Cultures (3DFC), Dermagrafl® 

General properties of the 3DFC (Dermagraft®) 

Dermagrafl® is a tissue-engineered skin product, manufactured by growing 

newborn human dermal fibroblasts on a degradable three-dimensional scaffold. These 

three-dimensional fibroblast cultures (3DFC) are capable of depositing a complete 

extracellular matrix. The scaffold used in the 3DFC supports the culture and allows for 
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its use as a permanent implant into biological tissues. The scaffold degrades by 

hydrolysis and is lost, leaving the cellular and extracellular matrix components. The 

manufacturing of the 3DFC includes a cryopreservation process which allows the tissue 

to be stored for several months prior to use, and provides viable cells after thavnng the 

3DFC to be used at implantation (figure 1.5). 

The manufacturing process of 3DFC has been previously described in the 

literature (Mansbridge et al., 1998). Briefly, 3DFC is grown in muticavity bags using 

fibroblast obtained and expanded firom a single human foreskin (Naughton et al., 1997). 

The cells are seeded onto 5 X 7.5 cm pieces of knitted lactic acid/glycollic acid 

copolymer fabric (figure 1.6) (90% polyglycollic acid and 10% polylactic acid) and 

cultured in Dulbecco's modified Eagles's medium supplemented with bovine calf serum, 

glutamine, ascorbate and non-essential amino acids. At harvest, the medium is drained 

and replaced by a 10% dimethylsulphoxide-based cryopreservative solution. Individual 

bags are separated and the tissue is frozen to and stored at -70° C until required. 

Standard analytical procedures have been performed and reported 
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Figure 1.5 Image of the three-dimensional fibroblast culture (3DFC), 

Dermagraft®). Used with permission from Advanced 

Tissue Sciences, Inc. 
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Figure 1.6 Phase contrast image of the three-dimensional fibroblast culture 

(3DFC), (Dermagraft®) over time as the fibroblasts spread and 

deposit matrix. Upper left illustrates fibroblasts still in a rounded-up 

state immediately following seeding. Upper right illustrates 

fibroblasts beginning to spread onto the knitted lactic acid/glycollic 

acid copolymer fabric. Lower left illustrates the fibroblasts as they 

begin to fill in the interstices (spaces) of the copolymer with matrix 

and additional fibroblasts. Lower right illustrates the 3DFC after 

two weeks of culture. (Used with permission from Advanced 

Tissue Sciences, Inc.) 
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included measurements of 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide 

reductase activity (MTT assay) for both the viable and non-viable 3DFC (Mansbridge et 

al., 1998). 

Growth Factor Expression 

Growth factor expression has been measured by determination of the cellular 

mRNA content for specific cyctokines and also by estimation of secreted protein levels. 

For RNA isolation, 3DFC cultures were incubated in growth medium for 24 h to allow 

the tissue to recover from the cryopreservation and thawing process (Mansbridge et al., 

1999). Results for growth factor mRNA detected were VEGF, hepatocyte growth factor 

(HGF), interleukin (IL)-6, IL-8, tumor necrosis factor a (TNF a), transforming growth 

factor pi (TGppi), Angiopoietin-I (Ang-I) (Mansbridge et al., 1999), (Pinney et al., 

2000). 

The estimation of secreted protein levels used ELISA techniques to analyze 3DFC 

medium after 5 days of culture (Mansbridge et al., 1999). Secreted proteins detected 

included VEGF, HGF, IL-6, IL-8, TGFpl, and granulocyte colony-stimulating factor (G-

CSF) (Mansbridge et al., 1999), (Mansbridge et al., 1998), (Pinney et al., 2000). 3DFC 

cultures have been characterized to produce a heterogenous population of cytokines and 

growth factors that are capable of stimulating angiogenesis and augmenting normal 

wound healing events 
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Matrix Deposition Factors 

A major stimulator of the matrix deposition that is present in 3DFC cultures is 

TGFpi (Mansbridge et al., 1999). The composition of this matrix has been identified to 

be primarily collagen type I and III, fibronectin, and tenascin (Naughton et al., 1997). In 

addition, 3DFC cultures are capable of secreting glycosaminoglycans such as versican 

(binds hylaluronic acid and collagen), decorin (binds growth factors), betaglycan (TGF-P 

type III receptor), and syndecan (binds growth factors) (Naughton et al., 1997). These 

glycosaminoglycans serve as vital matrix components that allow for cell migration and 

for the binding of growth factors. Interestingly, fibroblasts in three-dimensional culture 

(as in the 3DFC cultures) are able to deposit collagen in large amounts (up to 

200^g/day/10^ cells) (Mansbridge et al., 1999). In contrast, monolayer cells will 

synthesize collagen but generally do not deposit it (Mansbridge et al., 1999). Therefore, 

the three-dimensional structure of 3DFC provides an environment suitable for fibroblasts 

to take residence and deposit an extracellular matrix along with matrix components such 

as glycosaminoglycans. This environment then allows for the secretion of angiognenic 

growth factors and cytokines firom these resident fibroblasts while providing a matrix 

suitable for the binding of some of these released products. 
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Angiogenic Activity of 3DFC by Bioassays 

The angiogenic activity of 3DFC cultures has been explored using a variety of in 

vitro and in vivo models. For example, conditional medium from 3DFC cultures 

stimulated proliferation of endothelial cells and stimulated cellular expression of integrin 

avp3 (Pinney et al., 2000). The avp3 integrin is thought to be an important mediator of 

angiogenesis for the proliferation and migration of endothelial cells (Brooks et al., 1994), 

(Vamer et al., 1995). In rat aortic ring assays, the 3DFC cultures stimulated the growth 

of new vessels from the ring and also enhanced the motility of human vascular 

endothelial cells (Jiang et al., 1998). This effect on endothelial cell motility was 

neutralized using an anti-HGF antibody suggesting the importance of HGF in these 

angiogenic studies (Jiang et al., 1998). 

In vivo studies using the chick chorioallantoic membrane (CAM) have been 

reported to induce a significant 3.4-fold increase in vessel branch points in comparison to 

control scaffold (scaffold material without fibroblasts) (Pinney et al,, 2000).. In these 

same studies, treatment of CAM assays with neutralizing VEGF-antibody reduced the 

vessel development in the CAM to the level in control scaffold (Pinney et al., 2000). 

Combination treatment with anti-VEGF and anti-HGF antibody further reduced vessel 

development, although these values were not statistically significant (Pinney et al., 2000). 
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Significance 

Cardiovascular disease remains a leading cause of death in the United States. A 

significant number of these deaths result from cardiac failure secondary to coronary 

insufficiency. Methods to both reduce the loss of ventricular tissue following ischemic 

events as well as methods to re-vascularize ischemic cardiac tissue at risk remain a major 

goal of numerous research efforts. 

Coronary artery bypass grafting (CABG) remains a popular and successful 

procedure for patients who suffer from poor distal perfusion due to an occluded or 

partially occluded coronary vessel. However, when autologous sources of bypass conduit 

are not available a reliable alternative conduit is not available. Limited success has been 

achieved using alternative sources for conduit such as sythethic expanded 

polytetrafluoroethylene (ePTFE) grafts. 

Previous data have demonstrated a need to evaluate the polymer-tissue interaction 

following synthetic coronary artery bypass grafting. The lumenal, (blood-contacting 

side) polymer-blood interaction has been described to contribute to the failure of these 

ePTFE grafts where a thrombogenic surface is interacting with whole blood under low 

flow conditions. However, the external tissue environment has also been observed to 

influence the internal (lumenal) environment of these ePTFE grafts. Therefore, 

characterization of the external tissue environment surrounding ePTFE materials 

implanted onto the heart surface will elucidate how cardiac tissue responds to polymer 
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implantation. 

Furthermore, polymer implantation onto cardiac tissue may serve as an additional 

therapy to help re-establish blood flow to compromised myocardium. A polymer that has 

been tissue-engineered to release a variety of growth factors and extracelluar matrix 

proteins may support and facilitate a local angiogenic response. The following studies 

are focused on characterizing the epicardial surface following control and tissue-

engineered polymer implantation and testing the ability of a new microvascular supply to 

maintain global cardiac function of infarcted hearts. 

The epicardium supports a venule-rich vasculature which, given the appropriate 

signals, may support the formation of a new microvascular supply. For the following 

studies, the tissue-site specific healing response surrounding implanted polymers will be 

evaluated. These data will confirm the ability of cardiac tissue to support an angiogenic 

response. Secondly, two different tissue-engineered constructs will be evaluated for their 

ability to stimulate angiogenesis within infarcted cardiac tissues (vessel density, vessel 

characterization, depth of angiogenic effect). The first tissue-engineered construct 

(HaCaT-modified ePTFE) will be enriched with an angiogenic extra-cellular matrix. The 

second construct will be seeded with viable fibroblasts capable of producing matrix 

proteins and numerous angiogenic growth factors and cytokines. The angiogenic ability 

of these tissue-engineered constructs within damaged myocardium will be compared 

based on parameters of microvessel density, microvessel characterization, and depth of 

angiogenic effect. Finally, the flmctional cardiovascular improvements following the 

treatment of infarcted cardiac tissue vnth the selected tissue-engineered construct will be 
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assessed. 

I hypothesize that the epicardial tissue environment will support the formation of 

a new microvascular supply stimulated by a tissue-engineered polymer. A corollary 

hypothesis is that treatment of infarcted cardiac tissue with an anigogenic tissue-

engineered polymer will attenuate a reduction in cardiac function of infarcted hearts. 

Specific Aim #1. Characterize the inflammatory and angiogenic responses surrounding 

ePTFE implants in epicardial, adipose, and subcutaneous rat tissues and compare these 

responses to normal tissues. Hypothesis #1. Expanded PTFE implants will stimulate 

a tissue environment-specific healing reponse (e.g. recruitment of inflammatory cells 

and angiogenic vessel complexity). The differences in healing responses surrounding 

ePTFE materials that have been implanted into different tissue environments will 

demonstrate the need to test polymer-tissue interactions within a specific tissue of 

interest. Secondly, these data will confirm how the epicardial tissue environment can 

support the formation of a new microvascular bed. Therefore, the subsequent testing of 

tissue-engineered polymers as angiogenic facilitators needs to be evaluated on the cardiac 

surface. 

Specific Aim #2. Using a SCID mouse model of cardiac ischemia, evaluate control vs. 

tisssue-engineered ePTFE materials for use as an angiogenic epicardial patch. 

Hypothesis #2. Expanded PTFE material that has been surface treated with a 

xenogeneic extracellular matrix will stimulate a greater angiogenic response in 
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infarcted cardiac tissue in comparison to control ePTFE. The HaCaT cell line will be 

used to matrix-modify ePTFE materials. These materials will be implanted onto 

infarcted cardiac tissue and the evoked healing response will be compared to non-

modified ePTFE materials. 

Specific Aim #3. Using the SCID mouse model of cardiac ischemia, temporally examine 

the angiogenic response within infarcted heart tissue following epicardial polymer 

implantation with a tissue-engineered polymer that contains viable cells. Hypothesis #3 

Three-dimensional fibroblast cultures (3DFC, Dermagraft® ) will stimulate new 

microvessel growth within infarcted cardiac tissue. The 3DFC cultures have been 

previously described to stimulate angiogenesis in in vitro and in vivo models. 

Additionally, the 3DFC cultures have demonstrated an ability to produce mRNA for a 

variety of growth factors; including but not limited to vascular endothelial growth factor 

(VEGF), Angiopoietin 1 (Ang-1), and transforming growth factor (5 (TGF P). 

Specific Aim #4. Evaluate the left ventricular function (using pressure-volume loops) of 

normal SCID mice in comparision to normal mice with 3DFC treatment, infarcted mice, 

and infarcted mice with 3DFC treatment. Hypothesis #4. Treatment with 3DFC onto 

infarcted myocardium will attenuate a reduction in left ventricular function 

following occlusion of a coronary vessel. Corollary Hypothesis. Treatment with 

3DFC onto normal cardiac tissue will not significantly diminish cardiac function. 

These data will characterize the normal cardiovascular flmction in a widely used SCID 



mouse model. Additionally, the loss of cardiac fimction in infarcted SCID mouse hearts 

will be compared to similarly infarcted mice that received treatment with 3DFC. 
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2. CHARACTERIZATION OF ANGIOGENESIS AND INFLAMMATION 

SURROUNDING EXPANDED PTFE IMPLANTED ON THE EPICARDIUM 

Introduction 

Historically, biomedical implants have been developed with a primary design 

emphasis on structural characteristics and a secondary emphasis for material 

biocompatibility. With the increased understanding of tissue responses to implanted 

materials, it has become evident that the current and future evaluation of biomedical 

implants needs to include the healing response elicited by these materials following their 

implantation into biological tissues. Pre-clinical analyses of polymer-induced healing 

commonly use an animal model where the implant is placed in a subcutaneous pocket 

(Okamoto et al., 1975), (Walboomers et al., 2000). The healing response elicited within 

subcutaneous tissue is often considered indicative of the healing which would be 

observed in any anatomic site. Other studies, however, have demonstrated tissue-site 

specific healing responses in response to material implants (Williams et al., 1997a). The 

future analysis of the healing response evoked by polymeric implants should specifically 

consider the tissue into which the device is planned for final clinical use. 

When considering the use of polymers, specifically ePTFE, implanted onto the 

epicardial surface it is important to furst evaluate the evoked healing response by the 

epicardium. This healing response may affect the success of the implant due to the 

recruitment of inflammatory cell types or microvascular elements. Expanded PTFE 

devices that come in contact with the epicardial tissue environment include pericardial 
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patches, pericardial wraps and coronary artery bypass grafts (CABG). Pericardial 

patches can be used as a surgical membrane to assist with closure of the pericardium 

following open chest surgery or to help minimize tissue adhesion surrounding the heart 

for future repeat operations (Bhatnagar et al., 1998), (Lahtinen et al., 1998). Future 

applications for these devices may include revascularization of, or delivery of drugs to 

damaged or weakened myocardium. Pericardial wraps are used in cases of heart failure 

as a physical support around the heart (Power et al., 1999). Finally, the development of a 

synthetic CABG continues to be a goal of many investigators in the hopes of developing 

an autologous vessel substitute (Chard et al., 1987), (Sapsford et al., 1981). These 

examples of ePTFE devices within the epicardial tissue environment raise important 

questions regarding how the epicardium responds to ePTFE implantation. 

Therefore, evaluation of two features of the healing response, specifically 

inflammation and angiogenesis, following ePTFE implantation onto the epicardium will 

provide biocompatibility data that may help to improve currently used and future ePTFE 

devices. Inflammation (defined as the presence of activated macrophages and foreign 

body giant cells) and the formation of a fibrous capsule are tissue specific parameters that 

have been a focus of investigators' efforts in the evaluation of biomedical implants 

(Anderson, 1988), (Ratner, 1993). Additionally, the evaluation of angiogenesis (the 

development of new blood vessels firom pre-existing vessels) in the peri-implant area has 

been realized as an important parameter for influencing the polymer-tissue interface 

(Clowes et al., 1986;Sterpetti et al., 1992). Promoting new blood vessel development 

within and surrounding currently used polymeric devices may contribute to their long-
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term ftmction by providing appropriate nutrient and waste product exchange to the 

surrounding tissues. In the case of a vascular graft, transinterstitial growth of blood 

vessels may also allow for the establishment of a quiescent endothelial lining on the 

lumenal (blood contacting) surface (Clowes et al., 1986), (Golden et al., 1990). 

Previous methods for the quantitation of the angiogenic response associated with 

polymer implants often use an index or numerical value based on a microvessel density, 

expressed as the number of vessels per high powered field (a defined area) (Dellian et al., 

1996), (Salzmann et al., 1999b). This analysis yields important quantitative information 

regarding vessel density. However, the development of a functional new 

microvasculature in response to polymer implantation may require more than just the 

establishment of a tissue with an increased vascular density. For example, the metabolic 

needs of a healing tissue may require a specific vascular complexity that includes 

microvascular density as well as microvessel types. The distribution of these vessel types 

alludes to the physiological demands and thus the functionality of the new vasculature in 

the healing tissue. Consequently, we have expanded our evaluation of the vascular 

response associated with implanted materials to examine these parameters. This analysis 

specifically characterizes the type of vascular/angiogenic response associated with a 

biomedical implant thereby providing information on the physiological role of the new 

vasculature. 

In the current study we have evaluated the healing response associated with 

ePTFE implanted onto the epicardial surface, and compared these data to tissue responses 

elicited by ePTFE implanted in other tissues. The goal of this study was to evaluate the 
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inflammation and vascular response in tissue that forms around these materials, including 

the parameters of microvessel density and type. The data supports the conclusion that the 

healing response, with respect to microvessel density, inflammation, and vessel type 

distribution, in association with ePTFE implants is dependent on the tissue environment. 
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Materials and Methods 

Study design 

All animal studies were performed after approval of protocols by the Institutional 

Animal Care and Use Committee (lACUC). National Institutes of Health (NIH) 

Guidelines for the Care and Use of Laboratory Animals (NIH publication 85-23, revised 

1985) were observed. Animals were housed in American Association for the 

Accreditation of Laboratory Animal Care approved facilities. Male Sprague-Dawley rats 

weighing 300 to 400 g were used for the implant experiments. Five rats received ePTFE 

implants on the epicardial surface. Seven separate rats received ePTFE implants in 

adipose tissue and subcutaneous tissue sites. Samples from all three tissue-sites were 

explanted after 5 weeks. Samples were subsequently evaluated morphologically and 

immunocytochemically. 

Implant surgery 

General anesthesia was induced and maintained by an intraperitoneal injection of 

pentobarbital. Implant sites were prepared by removing hair and the area cleaned using 

Nolvasan. Sterility was maintained and a warming pad was used throughout the 

procedure. Sterile, 6 mm discs that were pimched out of ePTFE vascular grafts (Impra 

Corp., Tempe, AZ; standard wall thickness, 30 micron intemodal distance) were 

implanted into the three different tissue sites. 

For epicardial implants, the rats were intubated using a laryngoscope to allow for 

ventilated respiration. Epicardial implantation was accomplished by performing a 
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sternotomy. As soon as the pleural membrane was pierced the rat was immediately 

copjiected to the ventilator for artificial respiration of the lungs. The ventilator (Harvard 

Rodent Ventilator Model 683) was set to deliver 2.6 ml of air at 90 breaths per minute. 

On the heart's surface, the pericardial sac was gently pulled away from the epicardium 

and a small hole (3mm) was made through the pericardial sac. The ePTFE disc was 

sutured onto the epicardium with the abluraenal (non-blood contacting) side of the disc in 

contact with the heart surface. The chest was closed in three layers with a chest 

evacuation tube in place. The chest was evacuated, ventilator stopped, and animal 

recovered. 

Implants in the subcutaneous and adipose sites followed die previously published 

procedures of Williams et al.(Williams et al., 1997b). Briefly, subcutaneous implantation 

was accomplished by making a 1.0 cm incision in each dorsal lumbar region and a 

subcutaneous pocket was formed. Discs were implanted and tlie incision closed with 

metal auto-clips. Fat implants were performed by making a midline incision in the 

abdomen, followed by exposure of the distal two-third portion of each epididymal fat 

pad. One disc of ePTFE per fat pad was placed onto the fat and the tissue was then 

approximated using 5-0 Prolene® (Ethicon Corp) suture. The midline incision was closed 

in two layers and animal recovered. 

Explant and Evaluation 

Five weeks after polymer implantation, general anesthesia was administered using 

pentobarbital. The polymers and a significant portion of the surrounding tissue were 
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exposed and removed. Samples were immediately immersed into Histo-Choice® 

(Ameresco; Solon, OH) fixative. Samples were dehydrated, brought to paraffin, and 

block embedded. Sections (6 ^m) were subsequently processed for light microscopic 

evaluation by staining with hematoxylin and eosin (H&E), and photomicrographs were 

obtained. 

Sections for histochemical evaluation were reacted with EDI antibody, specific 

for activated monocytes, macrophages, and foreign body giant cells (Harlan, Inc.; 

monoclonal, mouse anti-rat EDI) used at a final dilution of 1/200. Primary antibody was 

visualized using a secondary antibody with a peroxidase reaction product recognition 

system (Dako, Inc.; Universal mouse kit). Separate sections were evaluated using the 

lectin Griffonia simplicifolia to identify vascular elements (peroxidase conjugated lectin-

Gs-1; EY Laboratories used at a final concentration of 1/100). The Gs-1 lectin binding 

was visualized using a peroxidase reaction product. Finally, separate sections were 

reacted with an aSMC actin antibody (Sigma, Inc.; used at a final concentration of 1/400) 

to identify smooth muscle within the microvascular wall. For these sections, primary 

antibody was visualized using the secondary antibody with a peroxidase reaction product 

recognition system. For all three histochemical techniques (EDI, Gs-1, and aSMC actin) 

a methyl green counter stain was used to identify background nuclei. 

Microvessel density / Inflammatory cell density 

The tissue-implant interface, corresponding to the ablumenal ePTFE-epicardial 

surface, was viewed using a 40 X water immersion lens for vasculature and inflammatory 
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cells. For microvessel density counts, the number of cross sectional and longitudinal 

blood vessel profiles per high magnification (HM = 54 nm X 54 |am) were counted. Ten 

random HM counts were taken along the entire length of the tissue-graft interface of the 

ePTFE (n=5 per group). The criterion for the positive count of a vessel were, 1) positive 

Gs-1 reaction, 2) an identifiable lumen, and 3) within the designated high magnification. 

*I 'y 

An eyepiece grid measuring 54 nm X 54 |im (2.9 X 10 " mm") was used to visually 

define the HM borders. The number of vessels per mm^ were calculated and reported. 

For inflammatory cell density counts, the number of EDI positive-reacting cells 

were quantified using the same procedure. A one-way ANOVA and a Bonferroni-post 

hoc statistical test were used to determine significance between treatment groups. 

Microvessel type analysis 

Sections treated with Gs-1 were analyzed under a light microscope with a 20 X 

lens. The ablumenal side of the tissue-implant interface of the ePTFE was analyzed for 

microvessel typing. Five random HM (200 |am x 200 nm) counts were identified along 

the length of the tissue-graft interface of the ePTFE (n=5 per group). Microvessels were 

classified using standard histologic features (Rendell et al., 1999a). Arterioles were 

identified by the presence of the characteristic layers: the endothelium, internal elastic 

membrane, tunica media consisting of one or more smooth muscle layers, tunica 

adventitia, and an internal diameter klO |im. Capillaries were identified by their single 

layer of flattened endothelial cells (Rendell et al., 1999a). Venules were differentiated 

fi'om arterioles by their large lumen diameter in comparison to vessel wall thickness, a 
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thinner or absent smooth muscle layer, a less significant tunica adventitia, and an internal 

diameter >10 ^im. 
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Results 

Histology 

Following explant (5 weeks), examination of general histology revealed all 

polymers to be well incorporated with new tissue in all implantation sites. Subcutaneous 

implants exhibited a covering of a dense fibrous matrix (capsule) with a relative 

thickness of approximately 55-70 ^m (figure 2.1c). Minimal cell presence in the 

interstices of the ePTFE was observed by H&E staining. In contrast, the epicardial and 

adipose implants showed no evidence of a fibrous capsule following the 5 weeks of 

implantation (figure 2.1a-b). Adipocytes were observed in close proximity to the adipose 

implants and connective tissue with nucleated cells were seen in close association to 

epicardial implants. A significant number of cells were observed within the interstices of 

the ePTFE in both adipose and epicardial tissues and identifiable microvessel profiles 

were in close association to the polymers in these two tissues. However, by H&E 

analysis a limited number of microvessels were found within the interstices of the 

polymers in all three tissue sites of implantation. 

Histochemistry 

Analysis of separate sections of tissues reacted with Gs-I lectin revealed a 

greater number of new microvessels within the surrounding tissue of epicardial and 

adipose implants compared to subcutaneous implants (figure 2.2a-c). This observation 

was validated by a higher number of Gs-l positive microvessels within the surrounding 

tissues of epicardial and adipose implants. These blood vessels were observed in both 
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Figure 2.1 Light micrographs of hematoxylin- and eosin-stained sections of ePTFE 

disks following 5-week implantation in (a) epicardial, (b) adipose, and (c) 

subcutaneous tissues. Bar = 50 [im. 
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Figure 2.2 Light micrographs of Griffonia simplicifolia-stamed sections of ePTFE 

disks following 5-week implantation in (a) epicardial, (b) adipose, and (c) 

subcutaneous tissues. Microvessel profiles in the perigraft tissue can be 

seen (arrows). Bar = 50fim. 
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cross sectional or longitudinal orientations. In addition, sections stained with EDI 

antibody revealed a greater number of EDI positive inflammatory cells in close 

association to epicardial implants compared to adipose and subcutaneous implants (figure 

2.3a-c). 

Morphometric evaluation of the vascular response and inflammation 

Slides reacted with the Gs-1 lectin and EDI antibodies were subjected to 

morphometric analysis of microvessel density (microvessels/HM) and inflammatory cell 

density (inflammatory cells/HM). Figure 2.4 illustrates the microvessel density in tissue 

formed around ePTFE implants within the three different tissues sites tested. These data 

demonstrate a significantly higher microvessel density in the tissues around epicardial 

and adipose ePTFE implants compared to the subcutaneous tissue site. Evaluation of 

microvessel densities from normal (control) epicardium, adipose and subcutaneous 

tissues were also performed. Comparisons of these control microvessel densities showed 

no significant difference. However, direct comparisons of control tissue microvessel 

densities to the corresponding implant associated tissue reveal significant differences 

between the epicardial and adipose tissue groups (figure 2.4). Figure 2.5 illustrates the 

inflammation in tissue formed around ePTFE implants within the three different tissues. 

Analyses of these data indicate a significantly higher level of inflammation around 

epicardial implants compared to adipose and subcutaneous implants. Values for control 

tissues are not shown because in normal tissues the inflammatory cell numbers are 

negligible. 
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Figure 2.3 Light micrographs of sections of ePTFE disks reacted with EDI antibody 

following 5-week implantation in (a) epicardial, (b) adipose, and (c) 

subcutaneous tissues. Bar = 50 |im. 
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Figure 2.4 Microvessel densities of control (non-implanted) epicardiai, adipose and 

subcutaneous tissues (shown in solid bars,*). Microvessel densities of 

the peri-implant tissue surrounding ePTFE disks following 5-vveek 

implantation in epicardiai, adipose, and subcutaneous tissues (shown in 

hashed bars, 0). P<0.05 
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Figure 2.5 Inflammatory cell densities of the peri-implant tissue surrounding ePTFE 

disks following 5-week implantation in epicardial, adipose, and 

subcutaneous tissues. P<0.05 
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Microvessel types 

The microcirculation of normal tissue exists as a balance of microvascular types, 

arterioles, capillaries, and venules. In this study, the microvessel types within the healing 

tissues around the ePTFE implants were characterized and compared to the microvessel 

distributions v^thin normal (control) tissues. Table 2.1 demonstrates that the 

microvascular environment of control epicardium exhibits a distribution in the rank order 

of venules, capillaries, and arterioles. In contrast, the microvessels that predominate in 

tissue formed around epicardial ePTFE implants are capillaries, followed by venules, and 

arterioles. The major differences in vessel type distribution of the epicardium are found 

with a shift from 57.38% +/- 3.16 venules in control epicardium to 25.34% +/- 7.33 

venules in epicardial tissues around ePTFE implants. Additionally, the capillary presence 

increased from 32.79% +/- 1.22 in control epicardium to 60.62% +/-12.30 in implanted 

epicardial tissues. Furthermore, the microvascular environment of control adipose tissue 

and the adipose tissues around ePTFE implants to be primarily capillaries, secondarily 

venules, and arterioles. Finally, within control subcutaneous tissues and subcutaneous 

tissues around ePTFE implants, these environments were found to support a majority of 

capillaries, then arterioles, and finally venules. Figure 2.6 illustrates the types of 

microvessels present in tissues around epicardial, adipose, and subcutaneous tissues. 
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control epicardium implant epicardium 

% arterioles 9.84 +/- 0.84 13.70 +/-1.41 

% capillaries 32.79 +/-1.22 60.62 +/-12.30 

% venules 57.38 +/- 3.16 25.34 +/- 7.33 

control adipose implant adipose 

% arterioles 3.33 +/- 0.58 15.44 +/-2.49 

% capillaries 90.00 +/-1.91 63.97 +/- 5.37 

% venules 6.67 +/- 0.96 20.59+/-2.19 

control subcutaneous implant subcutaneous 

% arterioles 17.93 +/-3.70 25.00 +/- 3.40 

% capillaries 66.67 +/- 4.92 63.46 +/- 3.30 

% venules 15.40 +/-1.63 11.54+/-3.00 

Table 2.1 Summar>' of the microvessel t\'pes within control (non-implantcd) tissues 

and the peri-implant tissues surrounding ePTFE disks following 5-week 

implantation in epicardial, adipose, and subcutaneous tissues. 
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Figure 2.6 Light micrographs of hematoxylin- and eosin-stained sections of ePTFE 

disks following 5-week implantation in (a) epicardial, (b) adipose, and 

(c) subcutaneous tissues. The types of microvessels are labeled as 

arterioles, capillaries, or venules. Bar = 20 |.im. 
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capillaries 
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Discussion 

In this study, an epicardial model for the evaluation of polymer healing was 

developed and used to evaluate the healing response associated with clinically available 

ePTFE material. The healing responses observed suggest that the epicardial tissue 

environment is capable of initiating and supporting a significant angiogenic and 

inflammatory reaction in response to ePTFE implantation. These data were compared to 

current existing models of polymer evaluation, specifically the subcutaneous and adipose 

tissue models of polymer evaluation. 

The epicardial tissue environment represents a surface that comes in contact with 

a variety of biomedical devices. Some of these devices that have been previously 

mentioned include pericardial patches, pericardial wraps and synthetic CABGs. The 

development of synthetic CABGs has received great attention due to the vast patient 

population that may benefit from an autologous vessel substitute. Significant effort has 

focused on the lumenal aspects of CABG with little emphasis placed on the ablumenal 

tissue interactions (Tedoriya et al., 1993),(Hehrlein et al., 1984),(Hancock et al., 1980). 

Expanded PTFE as a long-term substitute for CABG has seen limited success in the 

patient population (Chard et al., 1987), (Sapsford et al., 1981). While lumenal patency 

remains an important objective for CABG, I propose that the ablumenal tissue responses 

may influence lumenal characteristics. The current study evaluated the ablimienal 

cellular interactions that occur around peripheral and coronary placed ePTFE polymers. 

These data contribute information about the cellular composition around these implanted 

polymers and how the healing responses may affect ablumenal tissue remodeling and 
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lumenal characteristics. 

The ablumenal healing responses, specifically inflammation and angiogenesis, 

may directly affect lumenal patency by cellular activation through cytokine or growth 

factor production. Therefore, a contributing factor to ePTFE's failure as a small caliber 

coronary graft may be the recruitment of activated macrophages around epicardially 

implanted ePTFE and the ability of these inflammatory cells to migrate into the 

interstices of the graft material where they can elicit a lumenal response. These 

inflammatory macrophages are known to release a number of cytokines, including 

platelet activating factor (PAF), interleukin-1 (IL-1), and platelet-derived growth factor 

(PDGF) which are known to activate platelets, the coagulation cascade, and smooth 

muscle ceil proliferation (leading to intimal thickening), respectively (Sunderkotter et al., 

1991), (Sunderkotter et al., 1994) . These same macrophages are capable of releasing 

numerous known angiogenic growth factors (Sunderkotter et al., 1991), (Sunderkotter et 

al., 1994), which may be responsible for the dramatic angiogenic response around 

epicardially implanted ePTFE. The concomitant release of thrombotic factors and 

angiogenic factors may be contributing to lumenal thrombosis and intimal thickening 

while stimulating a new microvasculature around these implants to recruit additional 

inflammatory macrophages. These interpretations of the data support previous authors 

who suggest a codependence of inflammation and angiogenesis (Jackson et al., 1997), 

(Folkman, 1995b), (Sunderkotter et al., 1994). 

During the evaluation of the angiogenic response, the microvessel density and 

type was characterized. With reference to microvessel density, the benefits of stimulating 
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a microvascular bed around polymer implants include the local delivery of nutrients and 

removal of waste products. Additionally, in the case of a vascular graft the ability to 

promote neovascularization of the polymeric material may allow for the transmural 

migration of endothelial cells to establish a quiescent, anti-thrombotic lumenal 

monolayer. When evaluating the importance of microvessel type characterization, it is 

necessary to consider the microvasculature throughout the body where different 

physiological demands require a specialized vasculature. For example, metabolically 

active tissues, such as cardiac muscle, require a high density of capillary exchange 

vessels for the efficient delivery of oxygen and removal or carbon dioxide and other 

metabolic waste products. Collectively, the parameters of microvessel density and type 

help shape the physiological function of the vasculature by providing few or numerous 

vessels within the tissue in a variety of vessel type distributions according to the needs of 

the perfused tissue. Therefore, characterization of the vascular response in this study 

included an evaluation of these parameters within normal (control) tissues and implanted 

tissues. 

Microvessel type evaluation suggests a physiological function of the new 

microvasculature within control tissues and tissues surrounding ePTFE implants. For 

example the epicardial surface represents a tissue bed that is primarily dominated by mid

sized drainage venules. Physiologically, these venules could serve as fluid collection 

reservoirs to assist in the return of interstitial fluid into the circulation. While a mature 

microvasculature is seen around epicardial ePTFE implants with the presence of 

arterioles, capillaries, and venules, following 5 weeks of ePTFE polymer implantation the 
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new tissue environment is dominated by capillaries that physiologically serve as gas and 

nutrient exchange vessels. The differences in the microvessel type distributions between 

control epicardium and the tissue surrounding epicardial implants suggest either that the 

physiological needs of the healing tissues favor gas and nutrient demands over interstitial 

fluid balance or insufficient signals are present for the complete maturation of all new 

microvessels. For the design of biomedical implants that stimulate the formation of a 

new vasculature it may be important to model the surrounding vascular bed of normal 

tissue (with respect to vessel density and type). In this way, the formation of a vascular 

response that mimics the normal tissue will allow for the proper function of the 

vasculature and thus help to improve the biocompatibility of the material. In cases where 

ePTFE is being used on the epicardial surface as a cardiac repair patch, pericardial wrap, 

drug delivery device, or as a synthetic CABG, modifications of this material may be 

necessary to promote either a non-inflammatory condition or an angiogenic response that 

mimics the normal tissue. 

In this study the healing response surrounding epicardially implanted ePTFE 

materials was characterized and compared to previously reported tissue sites of polymer 

implantation, adipose and subcutaneous tissues. This study contains novel data that 

allows for characterization of the healing response associated with ePTFE materials in the 

epicardial position. Additionally, this study has focused on the angiogenic response 

surroimding implanted ePTFE material by quantifying microvessel density as well as 

characterizing the types of blood vessels present in the regenerating tissues surrounding 

these implants. These data indicate that the epicardial tissue environment responds to 
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ePTFE implantation with a imique healing response. Therefore, the evaluation of ePTFE 

devices that will reside on the epicardium needs to consider the inflammatory and 

angiogenic responses evoke by epicardial tissues. 
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3. SURFACE-MODIFIED EXPANDED POLYTETRAFLUOROETHELENE 

(ETPFE) STIMULATES ANGIOGENESIS IN INFARCTED CARDIAC TISSUE 

Introduction 

The current surgical procedures to treat patients with an occluded coronary vessel 

include coronary artery by-pass (CABG) (Canver, 1995) or percutaneous transluminal 

coronary angioplasty (PCTA) (Sherman et al., 1995), (Pagano et al., 2001). While these 

methods have been extremely successful in most patients, a subset of the patient 

population suffer from diffuse disease where current treatments are not completely 

effective (Levin et al., 1982). These clinical cases have stimulated the development of 

numerous pharmaceuticals and surgical interventions designed to induce re

vascularization of ischemic or infarcted cardiac tissues. It is believed that this will 

improve global cardiac function by increasing myocardial perfusion thereby promoting 

tissue salvage. These techniques include angiogenic growth factor therapies such as 

vascular endothelial growth factor (VEGF) (Symes et al., 1999), (Hariawala et al., 

1996), transmyocardial laser revasculariztation (TMLR) (Lutter et al., 1998), (Martin et 

al., 2000), and myocyte transplantation techniques (Atkins et al., 1999). 

The studies in this chapter describe the use of a surface-modified expanded 

polytetrafluroethelene (ePTFE) patch to stimulate angiogenesis in infarcted cardiac 

tissues. This ePTFE material has been modified with the extraceiluar matrix 

environment produced by the HaCaT cell line. The HaCaT cell line is a spontaneously 

transformed himian epithelial cell line from adult skin (Boukamp et al., 1988), 
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(Breitkreutz et al., 1991). This cell line is immortal (>140 passages), has a transformed 

phenotype in vitro, but remains non-tumorigenic (Boukamp et al., 1988). Additionally, 

HaCaT cells have been reported to secrete laminin-5 as a major component of their 

extracellular matrix environment (Goldfinger et al., 1998). Recently, the integrin 

receptors for laminin-5 have been explored as mediators of angiogenic activity (Kennel 

et al., 1992), (Enenstein et al., 1994). In these studies, the extracellular matrix 

environment may facilitate endothelial cell migration, adhesion, and/or proliferation 

under angiogenic signals. 

In the current studies, a non-degradable ePTFE scaffold was surface-modified by 

selectively using the matrix produced by the HaCaT cell line. A severe combined 

immunodeficient (SCID) mouse model of acute-infarct was used to avoid 

immunogenicity problems. The hypothesis tested was that treatment of infarcted hearts 

with a surface-modified ePTFE would stimulate a greater angiogenic response within the 

damaged myocardium of the SCID mouse when compared to control ePTFE-treated 

mice or infarct-only mice. 
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Materials and Methods 

Cell Culture and Sodding Technique 

The human squamous cell line HaCaT was a generous gift from Dr. Norbert 

Fusenig at the German Cancer Research Center. Cell were cultured in complete medium 

(Dulbecco's Modified Eagle's Medium high glucose, 10% Fetal Bovine Serum, 2mM L-

Glutamine, and 5mM HEPES buffer). For deposition of matrix onto the ePTFE, cells 

were pressure sodded onto vascular graft material. Sodding techniques were performed 

as described previously (Rupnick et al., 1989), (Williams et al., 1991). Briefly, confluent 

cultures were trypsinized (trypsin/EDTA) and suspended into medium. The cell volume 

required to coat the lumenal surface of the polymer with 2 x lO^cells/cm^ was calculated 

and adjusted to equal the total internal volume of the graft material. The expanded 

Polytetrafluoroethylene (ePTFE) (IMPRA, Inc., Tempe, AZ) used was off-the-shelf, 

standard wall, 30 [im intemodal distance, and 4mm internal diameter. Cells were 

pressure-sodded onto the lumenal surface of the ePTFE and grown in culture medium for 

8 days. Cells were removed from the ePTFE using 40mM ammonium hydroxide for Ihr, 

with solution changes every 15 minutes. Followfing cell removal, the ePTFE was rinsed 3 

times with di-cation free phosphate buffered saline (DCF-PBS). On the day of 

implantation, 4 mm discs were pimched out of the ePTFE vascular grafts to generate the 

tissue-engineered ePTFE epicardial patches. 

Study Design 

All animal studies were performed after approval of protocols by the University 
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of Arizona animal review committee. National Institutes of Health (NIH) Guidelines for 

the Care and Use of Laboratory Animals (NIH publication 85-23, revised 1985) were 

observed. Animals were housed in American Association for the Accreditation of 

Laboratory Animal Care-approved facilities. Female, severe combined immunodeficient 

(SCID) mice weighing 21 - 29 g with induced acute cardiac ischemia were used for the 

implant experiments. Three treatment groups were enrolled into the study, 1) control 

(unmodified) ePTFE (n=4), 2) HaCat modified ePTFE (n=5) and 3) infarcted mice who 

received no patch (n=5). The cardiac patches were implanted in separate mice onto the 

epicardium at the site of tissue injury and compared to animals that underwent the infarct 

surgery but received no implant. At the time of e.xplant (14 days) hearts were injected 

with 2% 2,3,5-triphenyltetrazolium chloride (TTC, an enzymatic marker of non-viable 

tissue) and incubated at 37°C for five minutes. Gross photographs were taken of the 

infarcted area. Samples were subsequently processed for general histology and 

cytohistochemistry. 

Coronary Occlusion and Implant Surgery 

General anesthesia was induced and maintained by an intraperitoneal injection of 

2.5% Avertin (2.5% 2,2,2-tribromoethanol, 2.5% tert-amyl alcohol in normal saline; 

Aldrich). Sterility was maintained throughout the procedure. Hair was removed from the 

animal's neck and chest areas using a depilatory agent. A tracheotomy was performed 

and a 24-gauge gel catheter was inserted into the trachea to allow for artificial respiration. 

Epicardial access was accomplished by performing a left thoracotomy. When the pleura 
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was pierced, the mouse was immediately comiected to the ventilator for artificial 

respiration of the lungs. The ventilator (Harvard Rodent Ventilator Model 683) was set 

to deliver 0.9 mis of air at 120 breaths/minute. The pericardial sac was gently pulled 

away from tlie epicardium and the LAD coronary artery identified. Occlusion of the first 

branch of the LAD was performed by thermocoagulation following the procedures of 

Kumashiro, et al. (Kumashiro et al., 1999). Vessel occlusion was confirmed by a surface 

color change from a red to a pale color. HaCat modified ePTFE or control ePTFE 

patches were sutured onto the epicardial surface over the ischemic region with 10-0 

Prolene® (Etliicon Corp.) suture. Mice in the infarct-only treatment group had a coronary 

occlusion with only suture implanted. The chest was closed in three layers and syringe 

evacuated using a 30-gauge needle. Mice were taken off the ventilator and recovered 

under a warming lamp. 

Explant and Evaluation 

At the time of explant (14 days), general anesthesia was administered using 2.5% 

Avertin. Hearts were exposed and gross photographs taken following injection of TTC. 

Samples were immediately immersed into Histo-Choice® (Ameresco) fixative, 

dehydrated and paraffin embedded. Sections (6 ^m) were subsequently processed for 

hematoxyline and eosin (H&E) and immunocytochemical evaluation. 

Sections for immunocytochemical evaluation were reacted with the lectin 

Griffonia simplicifolia (Gs-1) to identify vascular elements due to its ability to bind 

carbohydrate domains on endothelial cells (peroxidase-conjugated lectin Gs-l, EY 
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Laboratories; used at a final dilution of 1:100). Bound antibodies were visualized using 

a peroxidase reaction product recognition system (Dako, Inc.; Universal mouse kit). 

Methyl green stain was used to identify background nuclei. 

Microvessel Density 

Gs-1-reacted sections of the damaged epicardium and myocardium affected by the 

coronary occlusion were observed by light microscopy with a 40X water-immersion lens. 

For microvessel density counts, the number of cross-sectional or longitudinal blood 

vessel profiles per high light-magnification area (HLMA, 54 |am X 54 |im) were counted 

and converted to vessels/mm^ (Weidner et al., 1993). Ten random HLMA counts were 

taken within the effected tissue. The criteria for positive vessel counts were: 1) positive 

Gs-1 reaction, 2) an identifiable lumen, and 3) within the borders of the designated 

HLMA. A one-way ANOVA, with Bonferroni post-hoc testing, was used to determine 

significance between treatment groups (p<0.05). 

Microvessel Type Analysis 

Sections treated with Gs-1 were analyzed by light microscopy with a 20X lens. 

Five random HLMA (200 nm x 200 ^m) counts were identified within the damaged 

myocardium. Microvessels were classified using standard histologic features (Rendell et 

al., 1999b). Capillaries were identified as a single layer of flattened endothelial cells. 

Arterioles were identified as having an internal diameter >10 [am and by the presence of 

characteristic layers: endothelium, tunica media (consisting of one or more smooth 
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muscle layers), and Umica adventitia. Venules were differentiated from arterioles by their 

large lumen diameter in comparison to vessel wall thickness, a thinner or absent smooth 

muscle layer, a less significant tunica adventitia, and an internal diameter >10 |.im. 
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Results 

Infarct Model 

Successful thermal occlusion of the left anterior descending artery can be seen in 

figure 3.1A-B. Additionally, following two weeks, the infarcted myocardium remains 

white following treatment with TTC (stains viable tissue red) (figure 3.1C). Cross-

sectional view of an infarcted heart reveals a thinned left ventricle myocardium (figure 

3. ID). 

Gross Photography 

By gross observation, HaCaT-modified ePTFE-treated mice revealed the highest 

level of new microvessel formation compared to control ePTFE and infarct-only animals 

at the 14-day explant time. These observations were photographed following TTC 

treatment. Figure 3.2 illustrates representative TTC images from 14-day explants where 

new microvessels can been seen is association with the HaCat modified ePTFE . 

Histology and Immunohistochemistry 

At the time of explantation (14 days), infarct-only and control ePTFE-treated 

animals revealed a limited amount of new microvessels and the presence of granulation 

tissue within the damaged myocardixim. In contrast, the healing myocardium from 

HaCat-modified ePTFE-treated animals demonstrated the presence of new connective 

tissue and an extensive new microvascular network (figure 3.3). 
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Figure 3.1 Thermal occlusion infarct model. Gross photographs illustrating 

the vessel architecture of the left anterior descending artery 

following intravascular injection of Microfil® polymer in a normal 

SCID mouse (A) and a thermally-occluded mouse (B). Following 

two weeks of infarct, mouse hearts are treated v^ath TTC that stains 

viable tissue red and leaves infarcted tissue white (C). In cross-

sectional view, infarcted hearts reveal a thinned left ventricle wall 

(D). 
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Figure 3.2 Gross photographs of infarcted SCID hearts after 2 week treatment 

with (A-B) control ePTFE or (C-D) HaCaT-modified ePTFE. 
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Figure 3.3 Light micrographs of hematoxylin-and eosin-stained sections and Gs-1 -

lectin-reacted serial sections following 2-weeks of implantation in (A-B) 

infarct-only mice, (C-D) control ePTFE-treated mice, and (E-F) HaCaT-

modified ePTFE -treated mice. Scale bars = I00|im 
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Microvessel Density 

Gs-1 lectin-reacted sections were quantitatively evaluated for microvessel 

densities (microvessels per high powered field) within the damaged myocardium. These 

results are represented in figure 3.4 where no significant differences were observed 

between infarct-only and control ePTFE-treated mice. However, a significantly greater 

microvessel density (* = P^O.05) was observed within the damaged area of HaCaT-

modified ePTFE-treated mice compared to the other two treatment groups. 
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Figure 3.4 Microvessel densities of infarcted myocardium from infarct-only, control 

ePTFE, and HaCaT-modified ePTFE-treated mice. (PsO.05) 
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Microvessel Characterization 

Further evaluation of Gs-l lectin-reacted sections provided the relative 

percentages of arterioles, capillaries, and venules within the damaged myocardium and 

the average internal diameter of these vessels at both time points (table 3.1). No 

significant differences were seen within the three treatment groups with respect to the 

microvessel type distribution. Treatment with HaCaT-modified ePTFE did not 

significantly alter the relative percentage of arterioles In comparison to infarct-only 

mice or control ePTFE-treated mice (figure 3.5). 

Depth of Angiogenic Effect of HaCaT-modified ePTFE 

The distance (|im) at which the microvascular effect of the HaCaT-modified 

ePTFE was attenuated was measured and reported as vessel depth in reference to the 

ventricular wall thickness (figure 3.6). The border of this effective zone was 

demarcated by measuring microvessel densities where values became equivalent to the 

two control treatment groups (infarct-only and control ePTFE). In these control 

groups, there were no Identifiable distances fi'om the epicardium at which 

neovascularization was terminated. 
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Infarct 
only 

art KP ven 

% of total 0.38% 76.8?% 22.75% 

SLDev. 0.86% 8.52% 8.12% 

ID. Avg. (iim) 18.00 3.95 18.68 

St. Dev. 0.00 0.56 3.83 

control 
ePTFE 

art cap ven 

% of total 1.15% 82.02% 15.75% 

StDev 0.82% 11.57% 9.41% 

ID. Avg. (|tm) 13.56 3.50 25.66 

StDsv 4.68 0.18 2.19 

HaCat 
ePTFE 

art cap ven 

% Of total 0.31% 85.32% 14.37% 

StOav 0.69% 6.15% 6.34% 

ID. Avg. (^m) 38.00 3.57 19.64 

StDev 0.00 0.32 3.29 

Table 3.1 Microvessei characterization, reported as percentage of total 
with average internal diamter measurements (ID. Avg.) at 14 days, 
art = arterioles, cap = capillaries, ven = venules. 
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Figure 3.5 Microvessel characterization, reported as percentage of total, 

art = arterioles, cap = capillaries, ven = venules. 
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Figure 3.6 Depth (^m) of angiogenic effect of HaCaT-modified ePTFE at 14 days. 
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Discussion 

The current studies demonstrated the ability of surface modifications to standard, 

clinically available ePTFE material to significantly affect wound healing. Specifically, 

these surface-modified materials significantly increased the angiogenic response within 

infarcted cardiac tissues. This level of new microvessel formation within the damaged 

myocardium following an acute infarct was unmatched by the two control treatment 

groups (control ePTFE and infarct-only mice). For the current studies, an acute model 

of myocardial infarction was used to minimize the ability of intrinsic collateralization 

from ischemic cardiac tissue to influence the revascularization of the infarcted 

myocardium. 

Evaluation of the infarcted myocardium in the control groups (i.e. control ePTFE 

and infarct-only mice) revealed general wound healing characteristics such as the 

presence of granulation tissue, fibrous tissue formation, and limited new microvessel 

formation (Clark, 1996). These general wound healing events include the recuitment of 

monocytes to become tissue macrophages (Clark, 1996). Upon activation, these 

macrophages have the ability of releasing numerous angiogenic factors that may explain 

the limited angiogenic response in the two control groups (Sunderkotter et al., 1994), 

(Sunderkotter et al., 1991). However, these mechanisms are also present in the surface-

modified ePTFE group and therefore do not account for the significantly higher 

angiogenic response. Therefore, the surface-modified ePTFE patch augments the 

development of new microvessels within die infarcted myocardium. 

Surface-modifying ePTFE material created a tissue-engineered polymer that 



122 

initiated a greater angiogenic response with an effective distance into the damaged 

myocardium of 88 ^m (8.2% across the ventricular wall of 1069 |im). However, further 

evaluations of the new microvessels within the damaged myocardium demonstrated that 

the types of microvessels (i.e. arterioles, capillaries, and venules) and their relative 

percentages were not different among all three groups. These data suggest that the 

extracellular matrix produced by the HaCaT cell line may lack vessel maturation factors 

such as transforming growth factor p (TGF- P) (Folkman et al., 1996), (Skalak et al., 

1998) or Angiopoietin-1 (Ang-1) (Thurston et al., 1999). 

The angiogenic roles of soluble factors (i.e. growth factors and cytokines) have 

been extensively investigated. Additionally, the use of soluble factors such as VEGF 

(Symes et al., 1999), (Hariawala et al., 1996) and basic fibroblast growth factor (bFGF) 

(Laham et al., 1999), (linger et al., 1994) have been explored as therapeutic agents to re-

vascularize infarcted myocardium. However, the current studies are the first reported 

use of an insoluble extracellular matrix environment to be used on an ePTFE vehicle as 

an angiogenic therapy for infarcted cardiac tissues. 

Endothelial cells are a major player in the events of angiogenesis through their 

activation (Pober, 1988), detachment (Kalebic et al., 1983), migration (Form et al., 

1986a), and proliferation (Form et al., 1986a), (Madri et al., 1996). These angiogenic 

events require endothelial cell interaction with the extracellular matrix. This 

extracellular matrix allows for endothelial cell angiogenic activity that is predominantly 

mediated by transmembrane, heterodimeric proteins named integrins (Clark et al., 1995). 

Specifically, the extracellular matrix protein laminin-5 and one of its known cellular 
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receptors, the a6p4 integrin have been recently explored as mediators of angiogenic 

activity (Kennel et al., 1992), (Enenstein et al., 1994). The a6p4 integrin has also been 

reported to be expressed in association with the tips of budding microvessels (Enenstein 

et al., 1994). Additionally, HaCaT cells have been reported to secrete laminin-5 as a 

major component of their extracellular matrix environment (Goldfinger et al., 1998). 

Therefore, we suggest that the angiogenic response in infarcted myocardium that is 

stimulated by the HaCaT-modified ePTFE patch is utilizing a laminin-5 / a6p4 integrin 

interaction. 

The current data demonstrate that surface modification to standard clinically 

available ePTFE will increase the development of new blood vessels within infarcted 

cardiac tissue in comparison to control ePTFE or infarct-only mice. Additionally, this 

represents a novel method of therapeutic angiogenesis where insoluble factors (i.e. 

extracellular matrix proteins) can be used to stimulate new microvessel formation. 
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4. SCAFFOLD-BASED, THREE-DIMENSIONAL, HUMAN FIBROBLAST 

CULTURE PROVIDES A STRUCTURAL MATRIX THAT SUPPORTS 

ANGIOGENESIS IN INFARCTED HEART TISSUE 

Introduction 

The high incidence and risk of cardiovascular disease (CVD) has motivated the 

development of new therapeutic strategies to help treat associated pathologies. 

Arthlerosclerosis is a disease state that affects normal vasculature function, specifically 

small-caliber arteries such as coronary arteries. Progression of this disease can result in 

narrowing or occlusion of the coronary vasculature (Schwartz et al., 1992), ultimately 

leading to reduced blood flow, induction of areas of cardiac ischemia, and an increased 

risk of myocardial infarction, where normal function of the myocardium is compromised. 

Surgical interventions include, but are not limited to: percutaneous transluminal 

coronary angioplasty (PTCA) (Hlatky, 1996), coronary artery bypass grafting (CABG) 

(Canver, 1995), and transmyocardial laser revascularization (TMLR) (Chu et al., 1999b), 

(Lutter et al., 1998). Additionally, angiogenic growth factor (vascular endothelial growth 

factor [VEGF] (Sterpetti et al., 1992)and basic fibroblast growth factor [bFGF] (Laham et 

al., 1999)) therapies have been utilized to stimulate the development of new blood vessels 

within ischemic cardiac tissues, by local or systemic delivery of the protein or gene of 

interest (Symes et al., 1999). A common goal of these interventions is revascularizing 

damaged or ischemic myocardial tissue with tlie hopes of reducing angina and 

stimulating recovery of cardiac function. In the study described, we have evaluated a 
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clinically available tissue-engineered device as a cardiac patch to stimulate an angiogenic 

response within damaged cardiac tissues. The findings suggest that this cardiac patch 

may be used as a sole therapy or as an adjunct to currently available interventions. 

Evaluations of novel angiogenic therapies designed to stimulate revascularization 

of ischemic or infarcted cardiac tissue have utilized a variety of animal systems to model 

the diseased state in humans. In the literature, both large- (mainly canine and porcine) 

(Rajanayagam et al., 2000), (Horvath et al., 1999), (Terp et al., 1999) and small-animal 

models (including lupine and rodent) (Atkins et al., 1999), (Schwarz et al., 2000), (Sakai 

et al., 1999) have been used for both acute and chronic models of coronary vessel 

occlusion. In the acute model, a coronary vessel is occluded using suture ligature 

(Schwarz et al., 2000), cryo-probe (Sakai et al., 1999), cautery probe (Kumashiro et al., 

1999), or microembolization coils (Terp et al., 1999), thereby stimulating an immediate 

infarct where intrinsic collateraiization of the heart is insufficient to rescue cardiac 

function and dead cardiomyocytes are replaced by fibrotic scar tissue. Although the 

infarct region will grow and the myocardial wall will thin, hibernating cardiomyocytes 

surrounding the infarct zone may be nutritionally supported temporarily. 

The ameroid constrictor represents a widely accepted model of chronic vessel 

occlusion in large animals (Rajanayagam et al., 2000), (Horvath et al., 1999), (Unger, 

2001), with more limited use in small animals (rabbits) (Operschall et al., 2000). During 

this occlusion time (which occurs over weeks rather than years, as in the human 

condition), cardiomyocytes receive a diminished blood supply and are challenged with an 

ischemic condition; complete occlusion progresses to an infarct situation. Pre-infarct 
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ischemia may allow for intrinsic collateralization of ischemic cardiac tissues even 

without a treatment modality. 

By utilizing an acute infarct model in this study, the contribution of neovascularization 

from intrinsic collateralization into the infarcted region and the bordering ischemic zone 

of hibernating myocardium was limited, and the development of new microvessels into 

the damaged myocardium resulting from the 3DFC implant was augmented. The 

technique described in this study involves the implantation of a 3DFC cardiac patch over 

a region of ischemic cardiac tissue to stimulate revascularization of the damaged tissue. 

3DFC is a tissue-engineered, human, dermal fibroblast-derived device that has previously 

been used for the repair of chronic ulcers (Naughton et al., 1997). It contains structural 

extracellular matrix proteins and viable cells that synthesize a number of angiogenic 

growth factors (including VEGF, bFGF, and hepatocyte growth factor [HGF]) and has 

been shown to stimulate angiogenic activity (Mansbridge et al., 1999). While 3DFC has 

been used in the treatment of chronic leg wounds, this study tested the hypothesis that 

3DFC would stimulate an angiogenic response in other wound sites such as ischemic or 

infarcted cardiac tissue. 
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Materials and Methods 

Dermagraft® was used throughout the study as the 3DFC. Dermagraft® was 

grown in multicavity bags by seeding human dermal fibroblasts onto 5 cm X 7.5 cm 

pieces of knitted Vicryl™ mesh (90:10 poly[glycolide:lactide]) and culturing in medium 

supplemented with serum and ascorbate. At harvest, the medium was replaced with a 

10% dimethylsulphoxide-based cryoprotectant, individual bags were separated and the 

tissue was frozen and stored at -70°C until required (Naughton et al., 1997). For the 

viable 3DFC studies, tissue was rapidly thawed, rinsed and used immediately. For the 

non-viable 3DFC implants, tissue was thawed, re-frozen for 2 hours without 

cryoprotectant (lethally damaging existing cells) and re-thawed for use in implant studies. 

Cell viability for both the viable and non-viable 3DFC was confirmed via 3-[4,5-

dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide reductase activity (MTT assay) 

(Mansbridge et al., 1999). 

Study Design 

All animal studies were approved by the University of Arizona animal review 

committee, and animals were housed in American Association for the Accreditation of 

Laboratory Animal Care-approved facilities following procedures according to the 

National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory 

Animals (NIH publication 85-23, revised 1985). Female, severe combined 

immunodeficient (SCID) mice, weighing 21 - 29 g with induced acute cardiac ischemia, 

received viable 3DFC (n=5) or non-viable 3DFC (n=5) as a single epicardial patch 
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implanted onto the injured site. These treated mice were compared to animals that 

received coronary occlusion but no implant (n=5). Non-infarcted SCID mice were also 

used as a control group (n=5). At the time of explant (14 and 30 days), hearts were 

injected with an enzymatic marker of non-viable tissue, gross photographs were taken of 

the injured areas, and samples were processed for general histology and cytochemistry. 

Coronary Occlusion and Implant Surgery 

General anesthesia was induced and maintained by an intraperitoneal injection of 

2.5% Avertin (2.5% 2,2,2-tribromoethanol, 2.5% tert-amyl alcohol in normal saline; 

Aldrich). Sterility was maintained throughout the procedure. Neck and chest hair was 

removed using a depilatory agent. A tracheotomy was performed, followed by insertion 

of a 24-gauge gel catheter to allow for artificial respiration using a ventilator (Harvard 

Rodent Ventilator Model 683) set to deliver 0.9 ml of air at 120 breaths/minute. 

Epicardial access was accomplished by performing a left thoracotomy. Occlusion of the 

first branch of the LAD was performed by thermocoagulation (Kumashiro et al., 1999) 

and vessel occlusion was confirmed by a blanching in surface color. Viable 3DFC or 

non-viable 3DFC patches (4-mm diameter) were sutured (10-0 Prolene® suture; Ethicon 

Corp.) onto the epicardial surface over the ischemic region. Mice in the infarct-only 

treatment group had a coronary occlusion with only suture implanted. The chest was 

closed in three layers and syringe-evacuated using a 30-gauge needle. Mice were 

removed from ventilation and recovered under a warming lamp. 
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Explant and Evaluation 

At the time of explant (14 or 30 days), general anesthesia was administered using 

2.5% Avertin. Hearts were exposed and gross photographs taken following injection of 

2% 2,3,5-triphenyltetrazolium chloride (TTC) and incubation at 37°C for five minutes. 

Samples were immediately immersed into Histo-Choice® fixative (Ameresco), 

dehydrated and paraffin-embedded. Sections (6 [im) were subsequently processed for 

hematoxylin and eosin (H&E) and cytochemical evaluation. 

Sections for cytochemistry were reacted with Griffonia simplicifolia lectin 

(peroxidase-conjugated lectin Gs-1, EY Laboratories; 1:100 final dilution), which binds 

carbohydrate domains on endothelial cells, and visualized using a peroxidase recognition 

system (Dako, Inc.; Universal mouse kit) to identify vascular elements. 

Microvessel Density 

Gs-1-reacted sections of the damaged epicardium and myocardium affected by the 

coronary occlusion were observed by light microscopy with a 40X water-immersion lens. 

For microvessel density counts, the number of cross-sectional or longitudinal blood 

vessel profiles per high light-magnification area (HLMA, 54 nm X 54 |am) were counted 

and converted to vessels/mm^ (Weidner et al., 1993). Ten random HLMA counts were 

taken within the effected tissue. The criteria for positive vessel counts were; 1) positive 

Gs-1 reaction, 2) an identifiable lumen, and 3) within the borders of the designated 

HLMA. A one-way ANOVA, with Bonferroni post-hoc testing, was used to determine 

significance between treatment groups (ps0.05). 
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Micro vessel Type Analysis 

Sections treated with Gs-1 were analyzed by light microscopy with a 20X lens. 

Five random HLMA (200 i^m x 200 |im) counts were identified within the damaged 

myocardium (n=5 per group). Microvessels were classified using standard histologic 

features (Rendell et al., 1999b). Capillaries were identified as a single layer of flattened 

endothelial cells. Arterioles were identified as having an internal diameter ^10 mm and 

by the presence of characteristic layers: endothelium, tunica media (consisting of one or 

more smooth muscle layers), and tunica adventitia. Venules were differentiated from 

arterioles by their large lumen diameter in comparison to vessel wall thickness, a thinner 

or absent smooth muscle layer, a less significant tunica adventitia, and an internal 

diameter >10 mm. 
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Gross Photography 

At explant, all mouse hearts revealed minimal thoracic adhesions. No 

recognizable pattern of the adhesive tissue present in infarct-only or 3DFC-treated 

animals was noted. By gross observation, viable 3DFC-treated mice revealed the highest 

levels of neovascularization compared to non-viable 3DFC and infarct-only mice at the 

14- and 30-day time points. Figure 4.1a-d illustrates representative TTC-stained images 

from 14-day explants where areas of non-viable tissue are characterized by white 

(blanched) regions surrounded by dark red, viable cardiac tissue. 

Histology and Cytochemistry 

At explant, infarct-only and non-viable 3DFC-treated animals revealed a limited 

amount of new microvessels and the presence of granulation tissue within the damaged 

myocardium. In contrast, the healing myocardium from viable 3DFC-treated animals 

demonstrated the presence of new connective tissue and an extensive new microvascular 

network (Figure 4.2a-d). The angiogenic effects of the viable 3DFC material persisted 

beyond 14 days and was still evident at 30 days. 

Vicryl™ remnants were not observed in all histological samples of 3DFC-treated hearts 

(viable or non-viable). Inter-animal variability may exist in the degradation rate of the 

tx/i 
polymer or histological processing may have facilitated the loss of Vicryl fibers from 

cross-sectional samples. 
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Representative images of endothelial-stained (Gs-1 lectin) sections and their 

corresponding serial H&E sections from the 30-day viable 3DFC treatment group (Figure 

4.2e-h) illustrate the size of the myocardial damage that was observed in serial sections 

(though not shown in this figure) to extend transmurally. 
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Figure 4.1 Representative images at the time of explant (14 days) following injection 

of TTC. (A), Infarct-only treatment group. (B), Non-viable 3DFC 

treatment group. (C), Viable 3DFC treatment group. (D), Higher 

magnification of viable 3DFC-treated heart (14 days) illustrating new 

vasculature. 
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Figure 4.2 (A), H&E histological sections of 14-day heart tissue from control SCID 

mouse demonstrating normal epicardial and myocardial morphology. (B), 

Infarct-only treatment group. (C), Non-viable 3DFC treatment group 

(suture is visible). (D),Viable 3DFC treatment group with new 

microvessels observed within the remodeling cardiac tissue. Microvessels 

consist of arterioles, capillaries, and venules. (E-H), Photographs of H&E 

sections (E,G) and corresponding serial Gs-1 lectin-reacted sections (F,H) 

from the 30-day viable 3DFC treatment group. 
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Microvessel Density 

Gs-1 lectin-reacted sections were quantitatively evaluated for microvessel 

densities within the damaged myocardium (Figure 4.3a-b). No significant differences 

were observed between the two control treatment groups (infarct-only and non-viable 

3DFC) at 14 or 30 days. However, a significantly greater microvessel density (p<0.05) 

was observed within the damaged area of viable 3DFC-treated mice compared to the 

group treated with non-viable 3DFC, or the untreated control group. Microvessel 

densities of non-infarcted, SCID mouse myocardium were calculated (4081 +/- 708 

vessels/mm") for comparison with the three treatment groups. 

Microvessel Characterization 

Further evaluation of Gs-1 lectin-reacted sections provided the relative 

percentages of arterioles, capillaries, and venules within the damaged myocardium and 

the average internal diameter of these vessels at both time points (Table 4.1). Viable 

3DFC treatment resulted in a significantly (p<0.05) greater percentage of arterioles at 

both 14 and 30 days compared to the infarct-only and non-viable 3DFC control groups 

(Figure 4.4a-b). 
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Figure 4.3A Microvessel densities within the damaged myocardium of infarct-only, 

non-viable 3DFC, and viable 3DFC treatment groups at 14 days. 
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Figure 4.3B Microvessel densities within the damaged myocardium of infarct-only, 

non-viable 3DFC, and viable 3DFC treatment groups at 30 days. 
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14 days 30 days 142 

Infarct 
only 

art cap vm 

% of total 0.38% 76.87% 22.75% 

St Dry. 0.86% 8.52% 8.12% 

IO.Avg.( l̂n) 18.00 3.95 18.68 

SLDav. 0.00 0.56 3.83 

art cap van 

% of total 0.00% 68.27% 31.73% 

StDav. 0.00% 14.67% 14.67% 

K). Avg. (|im) 0.00 3.96 21.77 

SLDav. 0.00 0.22 3.30 

Non-viable 
3DFC 

art cap van 

% of total 0.48% 84.33% 11.52% 

SLDav. 1.06% 9.06% 3.68% 

ID. Avg. Oim) 10.00 3.58 16.38 

SLDav. 0.00 0.27 1.99 

art cap van 

% of total 2.31% 67.35% 30.34% 

SLDav. 3.19% 6.46% 9.12% 

ID. Avg. (|im) 19.50 3.92 21.92 

SLDev. 8.25 0.38 2.41 

Viable 
3DFC 

art cap van 

% of total 6.48% 64.84% 28.68% 

SLDav. 4.38% 11.20% 13.02% 

ID. Avg. (iim) 11.74 4.26 18.20 

SLDev. 6.94 0.83 3.25 

art cap van 

% of total 9.44% 68.11% 22.44% 

SLDav. 0.79% 8.33% 9.11% 

ID. Avg. (|im) 10.55 4.11 25.27 

SLDev. 0.07 065 1.03 

Table 4.1 Microvessel characterization, reported as percentage of total, with average 
internal diameter measurements (ID. Avg.) at 14 and 30 days. 
art = arterioles, cap = capillaries, ven = venules. 



Figure 4.4 Arterioles as a percent of total microvessels at 14 (A) and 30 (B) days. 
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Depth of Angiogenic Effect of 3DFC 

The distance (^im) at which the microvascular effect of the viable 3DFC was 

attenuated was measured and reported as vessel depth in reference to the ventricular wall 

thickness at both time points (figure 4.5). The border of this effective zone was 

demarcated by measuring microvessel densities where values became equivalent to the 

two control treatment groups (infarct-only and non-viable 3DFC). In these control 

groups, there were no identifiable distances from the epicardium at which 

neovascularization was terminated. 



146 

Figure 4.5 Depth (^m) of angiogenic effect of viable 3DFC at 14 and 30 days. 

I = ventricle wall thickness; CH = depth of angiogenic effect. 
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Discussion 

These studies demonstrate the ability of a scaffold-based 3DFC to stimulate 

angiogenesis within an area of cardiac damage. A SCID mouse (lacking functional B and 

T lymphocytes) model was utilized for these experiments in order to avoid an 

immunologic tissue-rejection response by the host toward the foreign human fibroblasts. 

An acute model of myocardial infarction was used in this study to minimize the ability of 

intrinsic collateralization from ischemic tissues to influence the revascularization of 

infarcted myocardium. Comparisons of the three treatment groups suggest that the 

angiogenic response was not solely due to a general wound healing response; the high 

vascularity v^thin the damaged epicardium and myocardium of the viable 3DFC 

treatment group was unmatched by the two control groups (non-viable 3DFC and infarct-

only). 

Tissues of the control groups revealed characteristic healing attributes such as the 

presence of granulation tissue, fibrous tissue formation, and neovascularization (Clark, 

1996). The local presence of activated macrophages, which have been previously 

reported to release a variety of angiogenic factors (Sunderkotter et al., 1991;Sunderkotter 

et al., 1994), within the granulation tissue or ischemia-induced angiogenesis (Schaper, 

1991) are possible explanations for the minimal development of new microvessel sprouts 

within the myocardium of the control treatment groups. However, these mechanisms 

presimiably were also present in the damaged hearts of viable 3DFC-treated mice, and the 

(significant) two-fold increase in microvessel densities in the 3DFC-treated mice would 

therefore support a mechanistic response above any commonalities between the treatment 
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groups. 

The current data suggest that the angiogenic signals provided by the viable 3DFC 

material are stimulating the formation of a mature, new vasculature bed with the presence 

of arterioles, capillaries, and venules. The histological data and subsequent microvessel 

density measurements demonstrate a greater angiogenic response stimulated by the viable 

3DFC compared to the control treatment groups. The angiogenic response stimulated by 

the viable 3 DEC was measured to have an effective distance into the damaged 

myocardium of 310 ^m (28.1% across the ventricular wall of 1100 |am) at 14 days and 

475 |am (39.6% of 1200 |am) at 30 days. In contrast, the angiogenic sprouts associated 

with the control treatment groups were primarily capillaries and secondarily venules, and 

those associated with the non-viable 3DFC group included a minimal percentage of 

arterioles. 

The microvessel density measurements in normal SCID myocardium (4081 +/-

708 vessels/mm") are consistent with previously reported values for other species (such 

as rabbit, dog, pig, and human) where normal microvessel density values range from 

3000 - 5000 vessels/mm^ (Unger, 2001). This finding supports the use of the current 

methods to determine microvessel density, demonstrates that the obtained values are 

comparable to other species (including humans), and emphasizes that the LAD occlusion 

used in this study dramatically decreased vessel density in the infarcted mice. 

Previous and current work directed at trying to revascularize damaged 

myocardium has utilized various techniques. In the 1930's, the Beck procedure 

stimulated revascularization of cardiac tissues using an inflammatory/healing response by 
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rubbing the epicardiai surface with sandpaper or emery paper (Beck, 1935b). While an 

inflammatory-mediated response may stimulate angiogenesis, these vessels are only 

supported as long as the inflammation persists and, thus, may regress following the 

resolution of inflammation. More recent studies evaluating new angiogenic therapies in 

damaged cardiac tissues (including the current study) have accounted for normal 

granulation tissue vascularity, formed during the inflammatory phase of wound healing, 

by enrolling control or sham-operated animals (Rajanayagam et al., 2000), (Horvath et 

al., 1999), (Schwarz et al., 2000). 

Data from the current study suggest that the viable 3DFC material is responsible 

for the observed and quantified increase in new microvessels within the damaged 

epicardium and myocardium. This conclusion is supported by previous work where the 

angiogenic capacity of 3DFC material has been demonstrated using in vitro tests of 

endothelial cell proliferation and avp3 integrin induction (Pinney et al., 2000), new 

vessel outgrowth and human vascular endothelial cell motility in rat aortic ring assays 

(Jiang et al., 1998), and using in vivo tests of the chick chorioallantoic membrane (Pinney 

et al., 2000). Additional clinical studies to assess the healing of diabetic foot ulcers 

(Naughton et al., 1997) after treatment with allogeneic, viable 3DFC material have 

flirther demonstrated the angiogenic ability of this tissue-engineered material in subjects 

v^th flmctional immune systems and suggest that viable 3DFC maintains its angiogenic 

effect with a negligible host immune response. Therefore, in light of the previously 

reported angiogenesis data in both in vitro and in vivo models, we anticipated that an 

angiogenic effect in an immune-incompetent animal would take place, similar to that 
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seen in immune-competent, allogeneic human studies and that angiogenic effects of 

viable 3DFC would be functional in other tissues, including damaged myocardium of the 

heart. 

Currently, the mechanism responsible for the neovascularization observed in this 

study is unknown. A possible explanation is the angiogenic milieu that viable 3DFC is 

known to release. Viable 3DFC material has been characterized to produce a 

heterogenous population of cytokines, growth factors and extracellular matrix proteins 

including, but not limited to, VEGF, platelet derived growth factor (PDGF) A chain, 

HGF, keratinocyte growth factor (KGF), interleukin (IL)-6, lL-8, transforming growth 

factor pi (TGFpl), collagen protein (Mansbridge et al., 1999), and angiopoietin-1 

(Angl) (Pinney et al., 2000). 

In contrast, a number of investigators have focused on the therapeutic use of 

individual growth factors such as either VEGF (Symes et al., 1999) or bFGF (Laham et 

al., 1999) to stimulate the revascularization of ischemic cardiac tissues. These growth 

factors have been targeted for pre-clinical and clinical studies due to their well-described 

angiogenic potential. Further research has shown that vessel development following 

VEGF treatment alone supports a leaky, immature, and hemorrhagic capillary vasculature 

(Thurston et al., 1999). In separate experiments from the same study, the coexpression of 

Angl and VEGF stimulated the formation of a leakage-resistant vasculature, with an 

additive effect on angiogenesis, and led to the development of a more mature 

microvasculature that was characterized by the presence of larger-diameter vessels, 

capillaries, and post-capillary venules (Thurston et al., 1999). Collectively, these 
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angiogenic factor studies indicate that a single protein may not be ideal for the 

stimulation of an appropriate microvasculature. Therefore, the potential exists where 

multiple angiogenic factors produced by viable 3DFC (e.g. VEGF and Angl) may 

collectively contribute to the formation of a mature new vascular bed that serves the 

physiological needs of ischemic cardiac tissues. 

These current studies demonstrate a potential clinical use for viable 3DFC as a 

cardiac implant to stimulate an angiogenic response and revascularize infarcted cardiac 

tissues. Because complete revascularization cannot be achieved in up to 37% of patients 

undergoing CABG (Levin et al., 1982), viable 3DFC may serve as a possible adjunct to 

CABG or PTCA in clinical cases where underperfiised myocardial areas are not 

amenable to grafting or endovascular therapy because of difftise disease or small vessel 

size. 
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5. COMPARISON OF THE ABILITY OF HaCaT-MODIFIED ePTFE AND VIABLE 

3DFC TO STIMULATE ANGIOGENESIS IN INFARCTED CARDIAC TISSUES 

Introduction 

Previously described in this dissertation were two different tissue-engineered 

cardiac patches that both demonstrated the ability to stimulate new microvessel formation 

within infarcted myocardium in a SCID mouse model. Both tissue-engineered cardiac 

patches stimulated a significantly greater angiogenic response than control patches. For 

example, the HaCat-modified ePTFE stimulated a significantly greater angiogenic 

response than control (unmodified) ePTFE. Furthermore, no difference was found 

between infarcted hearts that were treated with the conU-ol ePTFE or infarct-only hearts. 

Additionally, infarcted hearts that were treated with viable 3DFC had significantly higher 

microvessel density values v^dthin the damaged myocardium and a greater presence of 

arterioles in comparison to non-viable 3DFC-treated hearts. In these experiments, 

infarcted hearts treated with non-viable 3DFC had similar microvessel density values as 

infarct-only hearts. 

The HaCaT-modified ePTFE and the viable 3DFC cardiac patches utilized two 

different modalities to influence angiogenesis. However, from these individual studies 

we can conclude that tissue-engineered constructs (both HaCaT and viable 3DFC) are 

capable of inducing a hospitable environment within infarcted myocardium that 

encourages the development of a new collateral network. The purpose of the current 

evaluation is to compare the ability of these two cardiac patches to influence 
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angiogenesis within infarcted myocardium. From this comparison, one of these treatment 

modalities will be evaluated for its ability to influence cardiac function in an infarcted 

heart (specific aim #4). 
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Results 

Microvessel Density 

Gs-1 lectin-reacted sections were quantitatively evaluated for microvessel 

densityes (microvessels per high powered field) within the damaged myocardium. These 

results are represented in figure 5.1 were no significant differences were observed 

between infarcted hearts treated for 2 weeks with viable 3DFC or HaCaT-modified 

ePTFE. 

Microvessel Characterization 

Further evaluation of Gs-1 lectin-reacted sections provided the relative 

percentages of arterioles, capillaries, and venules within the infarcted myocardium after 2 

weeks of treatment with either viable 3DFC or HaCaT-modified ePTFE (table 5.1). 

Graphic representation of these data (figure 5.2) demonstrate that their was no significant 

difference in arteriole formation between infarct-only, control ePTFE, and HaCaT-

modified ePTFE. However, infarcted hearts treated with viable 3DFC had significantly 

higher arteriole formation within the damaged myocardium (figure 5.2). 
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Figure 5.1 Microvessel densities within the damaged myocardium of viable 3DFC 

and HaCaT-modified ePTFE treatment groups at 14 days. 
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Infarct 
only 

art cap van 

% of total 0.38% 76.87% 22.75% 

StDtv. 0.86% 8.52% 8.12% 

ID. Avg. (^m) 18.00 3.95 18.68 

SLOav. 0.00 0.S6 3.83 

control 
ePTFE 

art cap ven 

% of total 1.15% 82.02% 15.75% 

StOav 0.82% 11.57% 9.41% 

ID. Avg. (iim) 13.56 3.50 25.66 

StDcv 4.68 0.18 2.19 

HaCat 
ePTFE 

art cap von 

% of total 0.31% 85.32% 14.37% 

StOav 0.69% 6.15% 6.34% 

ID. Avg. (|im) 38.00 3.57 19.64 

StOtv 0.00 0.32 3.29 

Viable 
3DFC 

art cap ven 

% of total 6.48% 64.84% 28.68% 

SLDav. 4.38% 11.20% 13.02% 

ID. Avg. (tim) 11.74 4.26 18.20 

St Dev. 6.94 0.83 3.25 

Table 5.1 Microvessel characterization, reported as percentage of total 
with average internal diamter measurements (ID. Avg.) at 14 days, 
art = arterioles, cap = capillaries, ven = venules. 
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Figure 5.2 Microvessel characterization, reported as percentage of total. 

art = arterioles, cap = capillaries, ven = venules. (P<0.05) 
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Depth of Angiogenic Effect 

The distance (^m) at which the microvascular effect of either viable 3DFC or 

HaCaT-modified ePTFE was lost was measured and reported as vessel depth in reference 

to the ventricular wall thickness (figure 5.3). No significant differences where found in 

either treatment group with respect to ventricular wall thickness of a normal non-

infarcted left ventricle region. However, the depth of angiogenic effect of the viable 

3DFC was found to be significantly greater tlian that of HaCaT-modified ePTFE. 
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Figure 5.3 Depth (|am) of angiogenic effect of viable 3DFC and HaCaT-modified 

ePTFEatl4days. (P<0.05) 
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Discussion 

In the current study, the data from two separate experiments were compared to 

select a tissue-engineered cardiac patch that will be tested for its ability to influence 

cardiac ftmction in infarcted hearts of SCID mice. The HaCaT-modified ePTFE 

represents a tissue-engineered construct that has been surface-modified with the 

extracellular matrix components produced from the HaCaT cell line. As previously 

discussed, this cell line has been reported to secrete laminin-5 as a major component of 

its extracellular matrix environment (Goldfinger et al., 1998). Laminin-5 has previously 

been reported to serve as an angiogenic mediator (Kennel et al., 1992), (Enenstein et al., 

1994) that utilizes one of its known cellular receptors, the a6p4 integrin, to allow for 

angiogenic processes. The a6p4 integrin has been reported to be expressed in 

association with the tips of budding microvessels (Enenstein et al., 1994) and may serve 

to facilitate endothelial cell migration. Therefore, HaCaT-modified ePTFE cardiac 

patches are treated with the secretion products of the HaCaT cell line for 8 days at which 

time the cells are selectively removed using 40mM ammonium hydroxide, leaving behind 

their extracellular matrix products. This surface-modified ePTFE was previously 

demonstrated significantly higher levels of angiogenesis within infarcted myocardium 

when compared to control ePTFE or infarct only mice. 

The second tissue-engineered cardiac patch (viable 3DFC) utilizes viable human 

dermal fibroblasts seeded into a 90:10 poly[glycolide:lactide] co-polymer and cultured in 

medium supplemented with serum and ascorbate. The viable 3DFC construct also 

produces an extracellular matrix environment that is rich in collagen type I and HI, 
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fibronectin, and tenascin (Naughton et al., 1997). However, viable 3DFC constructs also 

produce numerous angiogenic cytokines and growth factors including VEGF, HGF, 

TGFp-1, and Ang-1 (Mansbridge et al., 1999), (Pinney et al., 2000). Therefore, the 

ability of viable 3DFC constructs to stimulate an angiogenic response in infarcted 

myocardium could utilize either its extracellular matrix environment or the angiogenic 

cytokines and growth factors to facilitate new collateral formation. For this reason, in the 

previous studies (chapter 4) a non-viable 3DFC construct was evaluated for its ability to 

stimulate angiogenesis in infarcted myocardium. The non-viable 3DFC construct 

experienced selective cell removal using a freeze/thaw cycle to lyse the cells. In 

experiments where the non-viable 3DFC constructs were implanted onto infarcted hearts, 

no difference was found between the level of new microvessel formation between these 

treated hearts and infarct-only hearts. 

The data from the HaCaT-modified ePTFE constructs and the non-viable 3DFC 

constructs suggest that a major difference in the extracellular matrix environments is 

laminin-5. This matrix protein may serve a significant role in facilitating angiogenesis in 

infarcted myocardium. However, the viable 3DFC constructs out-performed the HaCaT 

modified ePTFE. For example, the viable 3DFC cardiac patch had a greater depth of 

angiogenic effect into the infarcted myocardium in comparison to HaCaT-modified 

ePTFE. This may be due to the abundance and variety of soluble angiogenic factors such 

as VEGF, Ang-1, and TGFP-1 that allowed endothelial cell migration, proliferation, and 

vessel stabilization. While the levels of new microvessel formation were not found to be 

significantly difference between these two treatment groups, the presence of arterioles 
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within the damaged myocardium was significantly greater in the viable 3DFC group. 

This suggests that signals of vessel maturation and stabilization are present in the viable 

3DFC group. Candidates for this role include Ang-1 that has previously been reported to 

produce larger, more numerous, and more highly branched vessels (Suri et al., 1998). 

Additionally, TGF-p has been indicated as an arteriogenesis factor due to its ability to 

recruit a smooth muscle cell investment in newly formed vessels (Skalak et al., 1998). 

The current comparison between two different tissue-engineered cardiac patches 

has demonstrated that evaluating new microvessel formation in infarcted myocardium 

involves parameters of microvessel density, microvessel characterization, and the depth 

of the angiogenic effect. Other investigators have also recognized the importance of 

arteriole (distribution vessel) formation in their evaluation of angiogenic therapies for 

increasing collateral flow. For example, Unger et al. reported no significant difference in 

the number of microvessels/mm^ between infarcted hearts treated with bFGF or control 

saline (Unger et al., 1994). However, they did report a significant difference in the 

number of distribution vessels/mm^ in infarcted hearts treated with bFGF over control 

saline treatment (Unger et al., 1994). In these same studies, bFGF-treated hearts not only 

had a significantly greater number of distribution vessels, but also demonstrated greater 

transmural collateral flow as assessed using microsphere blood flow measurements 

(Unger etal., 1994). 

In conclusion, the viable 3DFC construct has been selected for the next series of 

experiments to evaluate its ability to influence cardiac ftmction in infarcted mice. The 

viable 3DFC cardiac patch was selected based on its ability to stimulate a significant 
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angiogenic response with the presence of arterioles that had the greatest depth of effect 

when compared to the other treatments evaluated in these studies. 
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6. SCAFFOLD-BASED, THREE-DIMENSIONAL, HUMAN FIBROBLAST 

CULTURE AS A CARDIAC PATCH ATTENUATES A REDUCTION IN CARDLVC 

FUNCTION FOLLOWING ACUTE INFARCT 

Introduction 

Revascularization of ischemic or infarcted myocardium represents an important 

therapeutic goal that targets patients with atherosclerotic coronary artery disease. A 

number of investigators have evaluated the use of pharmacologically induced 

revascularization (e.g. vascular endothelial growth factor [VEGF] and basic fibroblast 

growth factor [bFGF]) (Symes et al., 1999), (Laham et al., 1999), (Unger et al., 1994). 

Additionally, transmyocardial laser revascularization (TMLR) techniques have been 

reported to diminish ventricular fibrillation and necrosis in infarcted myocardium (Lutter 

et al., 1998). However, in these same studies TMLR did not alter regional myocardial 

perfusion and global left ventricular function (Lutter et al., 1998). 

Previously the use of a tliree-dimensional fibroblast culture (3DFC) as a cardiac 

patch has been described (chapter 4). In these studies, a viable 3DFC cardiac patch was 

implanted over a region of acute infarct in a severe combined immunodeficient (SCID) 

mouse. The viable 3DFC stimulated the formation of a mature microvascular network 

(including arterioles, capillaries, and venules). In those experiments two time points 

were evaluated for the ability of viable 3DFC to stimulate new microvessel formation in 

infarcted myocardium. The level of new microvessel formation (microvesel density) was 

not significantly different following 14 days or 30 days of viable 3DFC treatment. 
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Therefore, for the cunent studies the 14-day time-point was evaluated. The purpose of 

the current studies was to evaluate global left ventricular function of acutely infarcted 

hearts following treatment with a viable 3DFC cardiac patch. 

The technique described in this study involves the implantation of a 3DFC cardiac 

patch over a region of ischemic cardiac tissue to stimulate revascularization of the 

damaged tissue. As previously described, 3DFC is a tissue-engineered, human, dermal 

fibroblast-derived device that has been used for the repair of chronic ulcers (Naughton et 

al., 1997). It contains structural extracellular matrix proteins and viable cells that 

synthesize a number of angiogenic growth factors (including VEGF, bFGF, and 

hepatocyte growth factor [HGF]) and has been showTi to stimulate angiogenic activity 

(Mansbridge et al., 1999). While 3DFC has been used in the treatment of chronic leg 

wounds, this study tested the hypothesis that 3DFC would stimulate an angiogenic 

response in other wound sites such as ischemic or infarcted cardiac tissue that would 

attenuate a reduction in cardiac function following acute infarct. 
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Materials and Methods 

Dermagraft® was used throughout the study as the 3DFC. Dermagraft® was 

grown in multicavity bags by seeding human dermal fibroblasts (Naughton et al., 1997) 

onto 5 cm X 7.5 cm pieces of knitted Vicryl™ mesh (90:10 poly[glycolide;lactide]) and 

culturing in medium supplemented with serum and ascorbate. At harvest, the medium 

was replaced with a 10% dimethylsulphoxide-based cryoprotectant, individual bags were 

separated and the tissue was frozen to and stored at -70°C until required. For the viable 

3DFC studies, tissue was rapidly thawed, rinsed and used immediately. Cell viability for 

both the viable 3DFC was confirmed via 3-[4,5-dimethylthiazol-2-yl]2,5-

diphenyltetrazolium bromide reductase activity (MTT assay) (Mansbridge et al., 1999). 

Study Design 

All animal studies were approved by the University of Arizona animal review 

committee, and animals were housed in American Association for the Accreditation of 

Laboratory Animal Care-approved facilities following procedures according to the 

National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory 

Animals (NIH publication 85-23, revised 1985). Female, severe combined 

immunodeficient (SCID) mice, (21 - 29 g) were induced acute cardiac ischemia. The 

viable 3DFC as a single epicardial patch was positioned on the anterior surface of the left 

ventricle approximating the infarcted site. Four groups of mice (6 mice per group) were 

studied including; (I) normal SCID mice, (II) normal SCID mice with viable 3DFC, (III) 

mice that received infarct siirgery, and (IV) infarction plus viable 3DFC. At 14 day post-
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infarction, left ventricular function pressure-volume loops were quantified and tissue 

samples were collected from all tratment groups. 

Coronary Occlusion and Implant Surgery 

General anesthesia was induced and maintained by an intraperitoneal injection of 

2.5% Avertin (2.5% 2,2,2-tribromoethanol, 2.5% tert-amyl alcohol in normal saline; 

Aldrich). Sterility was maintained throughout the procedure. Hair was removed from the 

animal's neck and chest areas using a depilatory agent. A tracheotomy was performed 

and a 24-gauge gel catheter was inserted into the U-achea to allow for artificial respiration. 

The ventilator (Harvard Rodent Ventilator Model 683) was set to deliver 0.9 ml of air at 

120 breaths/minute. Epicardial access was accomplished by performing a left 

thoracotomy. Occlusion of the first branch of the LAD was performed by 

thermocoagulation following the procedures of Kumashiro, et al. (Kumashiro et al., 

1999). Vessel occlusion was confirmed by a blanching in surface color. Viable 3DFC 

patches (4-mm in diameter) were sutured onto the epicardial surface over the ischemic 

region using 10-0 Prolene* suture (Ethicon Corp.). Mice in the infarct-only treatment 

group had a coronary occlusion with only suture implanted. The chest was closed in 

three layers and syringe-evacuated using a 30-gauge needle. Mice were removed from 

ventilation and recovered under a warming lamp. 
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Left Ventricular Function Prior to Explant 

Left ventricular fimction analysis followed the procedures of Yang et al. (Yang et 

al., 1999), (Yang et al., 2000). Briefly, at 14 days, mice were anesthetized with urethane 

(1,000 mg/kg ip) and a-chloralose (50mg/kg ip). Respiration was conttolled through a 

tracheostomy cannula connected to the ventilator. The external jugular vein was 

cannulated for volume administration, which was limited to 200|al of 50:50 

saline/albumin. A substernal transverse incision was made to expose the apical portion of 

the heart and the inferior vena cava (IVC). Electrical cautery was used to ensure minimal 

blood loss. The Millar conductance catheter (1.4 Fr) was inserted through a 30-gauge 

apical stab wound into the LV (figure 6.1). The catheter was positioned along the cardiac 

longitudinal axis with the distal electrode in the aortic root and the proximal electrode in 

the LV apex. 

Following pressure-volume loop analysis, samples were either immediately 

immersed into Histo-Choice® fixative (Ameresco) or quick frozen in liquid nitrogen and 

kept at -70 °C. Sections (6 |im) of into Histo-Choice® fixed samples were subsequently 

processed for hematoxylin and eosin (H&E) and cytochemical evaluation. Sections for 

cytochemistry were reacted with Griffonia simplicifolia lectin (peroxidase-conjugated 

lectin Gs-1, EY Laboratories; used at a final dilution of 1:100), which binds carbohydrate 

domains on endothelial cells, and visualized using a peroxidase recognition system 

(Dako, Inc.; Universal mouse kit) to identify vascular elements. 
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Figure 6.1 Gross photograph illustrating a viable 3DFC -treated infarcted heart 

during pressure-volume loop data acquisition. 
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Western Blots 

Samples for western blot analysis were prepared using standard techniques. 

Briefly, whole mouse hearts were homogenized on ice and protein extracted with 1.3ML 

extracting buffer (PBS, O.SmM EDTA, 1:50 SIGMA Protease Inhibitor Cocktail, ImM 

Sodium Orthovanadate, lOOjiM a-Naphtyl Acid Phosphate, 300mM Sucrose), followed 

by centrifugation at 3,000 rpm for 15 minutes at 4°C. After addition of 200|iL 15% SDS 

supernatant was rocked at room temperature for 25 minutes, samples were then cooled on 

ice for 5 minutes and centrifuged at 13,000 rpm at 4°C for 15 minutes. Aliquots of 

samples were stored at -80°C prior to use and a BCA (PIERCE, Rockford, IL) used to 

determine protein concentration. 

Separation of the proteins was carried out by SDS-PAGE on a 7.5% gel for 

SERCA2a and a 20% gel for Phospholamban, which were then transferred onto a PVDF 

membrane (BIO-RAD, Hercules, CA). Membranes were blocked overnight at 4°C in a 

buffer containing PBS, 0.2% Tween 20, and 3% non-fat powdered milk, then incubated 

in primary antibody (1:1,000, Affinity BioReagents, Golden, CO) diluted in blocking 

buffer for one hour. After incubation in primary antibody membranes were washed in 

1.2L PBS containing 0.2% Tween 20 and incubated in secondary antibody (1:20,000, 

SIGMA) for one hour. An additional wash was performed as above and membranes 

labeled utilizing a horseradish peroxidase substrate (PIERCE, Rockford, IL). Labeled 

antibody was visualized by film exposure (Kodak X-OMAT, VWR). 
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Results 

Mouse Survival Percentages 

Animals were enrolled into the current study to achieve a sample size of six 

animals per group. The number of animals enrolled into each treatment group and the 

number of animals that survived the two-week time and the pressure-volume loop 

analysis are reported in table 6.1. All of the normal mice and the normal mice with 

viable 3DFC implanted survived the two-week time point to be successfully evaluated for 

pressure-volume loop analysis. In the group that received an infarct and was treated with 

viable 3DFC, eight of eight animals survived the two-week infarct time (100% survival). 

During the pressure-volume loop analysis, two of the eight animals did not survive the 

procedure (75% survival). In the group that received infarct only, nine of sixteen animals 

survived the two-week infarct time (56.3% survival). However, only six of the original 

sixteen mice survived through successful pressure-volume loop analysis (37.5% overall 

survival). 

Gross Photography 

At explant, infarct-only mice revealed a thinned myocardium as a result of the 

previous acute infarct. Infarct-only mice also had a large aneurismal section of the left 

ventricle in comparison to the other treatment groups (figure 6.2). In contrast, mice that 

received an infarct and viable 3DFC treatment did not have as large of an infarct area, 

less ventricular wall thinning, and no aneurysm formation (figxires 6.2 and 6.3). There 

were no gross differences between normal SCID hearts and normal SCID hearts with 

viable 3DFC. 
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Normal Normal * 3DFC Infarct-only Infarct + 3DFC 
total # of animals enrolled 6 6 16 8 
# survived to 2wks. 6 6 9 8 
survival % to 2 wks. 100% 100% 56.30% 100% 

# survived P-V analysis 6 6 6 6 
overall survival % 100% 100% 37.50% 75% 

Table 6.1 Survival percentages of animals enrolled into the two-week time period and 
overall pressure-volume analysis suvival percents. 
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Figure 6.2 Representative gross photographs following explant of (A) normal SCID 

heart, (B) normal SCID with 3DFC treatment, (C) infarcted SCID heart 

with 3DFC treatment, and (D) infarct-only SCID heart. Millimeter 

markings are shown on ruler. 
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Figure 6.3 Representative gross photographs following explant in cross-sectional 

view of (A) normal SCID heart, (B) normal SCID with 3DFC treatment, 

(C) infarcted SCID heart with 3DFC treatment, and (D) infarct-only SCID 

heart. Millimeter markings are shown on ruler. 
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treatment. All mouse hearts that experienced the first primary surgery revealed minimal 

thoracic adhesions. No recognizable pattern of the adhesive tissue present in infarct-only 

and 3DFC-treated animals was noted. 

Histology and Cytochemistry 

Figure 6.4 illustrates representative light micrographs of H«&E stained sections 

and serial sections reacted with the Gs-1 lectin. No significant differences were seen 

between the normal SCID mice (A-B) and normal SCID mice with 3DFC treatment (C-

D). The infarcted mice with 3DFC treatment (E-F) revealed a greater angiogenic 

response within the infarcted myocardium when compared to infarct-only mice (G-H). 

Hemodynamics of SCID mice 

Table 6.2 compares the hemodynamic functional parameters of normal SCID 

mice to those of normal SCID mice with viable 3DFC treatment, infarcted-mice with 

viable 3DFC treatment, and infarct-only mice (n=6 per treatment group). There was no 

significant difference found between the normal SCID mice and normal SCID mice with 

viable 3DFC treatment in functional parameters such as: heart rate (HR), end-systolic 

volume (Ves), end-diastolic volume (Ved), stroke volume (SV), cardiac output (CO), 

ejection fraction (EF), end-systolic pressure (Pes), end-diastolic pressure (Ped), preload 

recruitable stroke work (PRSW), elastance of artery (Ea), end-systolic volume elastance 

(Ees), Tau-Weiss, and the slope of the end-diastolic pressure-volume relationship (P). 
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Figure 6.4 Light micrographs of hematoxylin-and eosin-stained sections and Gs-1 -

lectin-reacted serial sections following 2-\veeks of implantation in (A-B) 

normal SCID mice (C-D) normal SCID mice treated with 3DFC, (E-F) 

infarcted mice treated with 3DFC, and (G-H) infarct only mice. 

Scale bars = 100|im 
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Normal Normal+ 3DFC Infarct-only Infarct + 3DFC 

HR (bpm) 536 +/- 58 456 +/- 64 477 +/- 46 494 +/. 58 
Ved(^I) 16.4 +/- 6.5 13.7 +/- 3.5 22.3 +/- 8.7 20.2 +/- 6.9 
Ves (jiO 4.4+/-1.6 3.13+/-1.6 16.8 +/- 6.3 9.5 +/- 4.9 

SV(nl) 13.2+/-5.3 11.3+/-2.3 6.9 +/- 2.5 11.7+/-2.8 
CO (^l/min) 7032 +/- 3056 5150+/- 1338 3351 +/- 1521 5722 +/- 1230 
EF (%) 77.8 +/- 3.9 81.2+/-6.1 31.0+/- 5.8 58.9 +/-10.8 

Pes (mmHg) 70.9+/-11.1 77.9+/-25.1 72.6+/-13.3 65.0 +/-13.9 

Ped (mmHg) 4.3+/-1.5 6.2+/-1.7 5.4+/-4.4 4.9 +/. 0.6 

PRSW (slope) 93.15+/-3.6 96.0+/-22.0 36.8 +/- 6.4 64.6+/-11.9 
Ea (mmHg/^O 6.56+/-4.2 6.96+/-1.7 12.3 +/- 5.9 5.9 +/- 2.0 
Ees (mmHg/^l) 23.2 +/- 20.9 24.5 +/. 23.0 5.1 +/-13.7 14.2 +/-10.5 

Tau-Weiss (msec) 6.5 +/- 2.0 8.5+/-1.1 9.6 +/- 3.8 7.4+/. 1.1 
p (slope of EDPVR) 0.18+/-0.08 0.18+/-0.13 0.03+/-0.15 0.18+/-0.21 

Table 6.2 Hemodynamic measurements of SCID mice from pressure-volume loop analysis. 
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However, infarct-only mice had significantly lower EF and PRSW values in 

comparison to normal SCID mice or normal SCID mice with viable 3DFC treatment. 

Additionally, infarct mice that received viable 3DFC treatment had significantly higher 

EF and PRSW values when compared to infarct-only mice (figure 6.5). Infarct-only mice 

were also found to have significantly low SV and CO values in comparison to normal 

SCID mice or infarcted mice that received 3DFC treatment (figures 6.6 and 6.7) 



187 

Figure 6.5 Ejection Fraction and Preload Recruitable Stroke Work values. 

* = significantly different from normal SCID mice. (P < 0.05) 

T = significantly different from infarct + 3DFC treatment mice. (P < 0.05) 
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Figure 6.6 End Systolic Volume and Stroke Volume. 

* = significantly different from normal SCID mice. (P < 0.05) 

T = significantly different from infarct + 3DFC treatment mice. (P < 0.05) 
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Figure 6.7 Cardiac Output. 

* = significantly different from normal SCID mice. (P <0.05) 

T = significantly different from infarct + 3 DEC treatment mice. (P < 0.05) 
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Baseline pressure-volume relationships 

Infarct-only mice demonstrated a right-ward shift in baseline pressure-volume 

loops in comparison to the two control treatment groups (normal mice and normal mice 

with 3DFC) (figure 6.8). This demonstrates the significantly greater left ventricular 

volume in the infarct-only mice. Group III. Infarct mice with viable 3DFC treatment 

(Group IV) revealed a decreased right-ward shift in baseline pressure-volume loops 

(figure 6.8). These data suggest that during the 14-day time period these treated animals 

did not experience as great of an aneurismal response of the left ventricle wall during 

baseline cardiac cycles. 

Left Ventricle Contractility 

Three typical pressure-volume loop sets generated by inferior vena cava (IVC) 

compression are shown in figure 6.9. The end-systolic pressure-volume relationship of 

the infarct-only mice demonstrated a lower slope value in comparison to that of the 

normal mice or infarcted mice with viable 3DFC treatment. More specifically, the Ees of 

infarct-only mice was found to be 5.1 +/- 13.7 mmHg/|al compared to 23.829 +/- 20.9 

mmHg/|il) of normal mice or 14.2 +/- 10.5 mmHg/nl of infarcted mice with 3DFC 

treatment. 
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Figure 6.8 Representative baseline pressure-volume loops from all four treatment 

groups. 
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Figure 6.9 Representative pressure-volume loops following an inferior vena cava 

occlusion. 
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Western Blots 

Quantitative immunoblotting of mouse cardiac homogenates revealed that normal 

SCID mice treated with 3DFC had similar levels of SERCA 2a protein expression 

compared to normal SCID mice. Additionally, infarct-only mice revealed lower levels of 

SERCA 2a expression. Infarct mice treated with 3DFC had higher SERCA 2a levels 

when compared to infarct-only mice and these levels were more similar to normal SCID 

mice (figure 6.10 and figure 6.12). Furthermore, the monomer form of phospholamban 

(PLB) was found to be elevated in cardiac homogenates from infarct-oniy mice when 

compared to normal SCID, normal SCID with 3DFC, or infarcted SCID mice treated 

with 3DFC (figure 6.11 and 6.12). 



Figure 6.10 SERCA 2a protein levels in cardiac homogenates. 
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Figure 6.11 Phospholamban (PLB) protein levels in cardiac homogenates. 
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Figure 6.12 Optical density values of immunoblots for SERCA 2a and Phospholamban 

expressed as relative protein density. 
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Discussion 

The current study evaluated the ability of viable 3DFC as a cardiac patch to 

reduce the decrease of left ventricular function following acute infarct in SCID mice. 

While the cardiac function of infarcted mice treated with viable 3DFC was not that of 

normal mice, these mice had significantly better cardiac function than infarct-only mice. 

Specifically with respect to EF, PRSW, SV, and CO the infarcted mice treated with 

viable 3DFC had significantly higher values than infarct-only mice. Additionally, viable 

3DFC treatment of infarcted mice did not reveal as great of an aneurismal left ventricular 

wall in comparison to infarct-only mice as evidenced by explant observations and end-

systolic volume measurements. Furthermore, viable 3DFC treatment onto normal SCID 

mice did not significantly alter (either positively or negatively) cardiac ftmction 

measurements. Finally, quantitative inmiunoblotting of mouse cardiac homogenates 

revealed that 3DFC treatment stimulated an increase in protein levels of the Ca^^ ATPase 

of the sarcoplasmic reticulum (SERCA 2a) in infarcted mice. Additionally, protein levels 

of a SERCA 2a function inhibitor, Phospholamban (PLB), were found to be elevated in 

infarct-only mice. 

Numerous investigators have evaluated a variety of therapeutic modalities in 

efforts to stimulate "expansion of a collateral network that leads to enhanced myocardial 

perfiision, and ultimately, improved left ventricular function" (Unger, 2001). 

Specifically, single growth factor therapies such as VEGF (Symes et al., 1999), 

(Hariawala et al., 1996) or bFGF (Laham et al., 1999), (Unger et al., 1994) have been 

injected into the coronary vasculature to stimulate myocardial collateral flow. In these 
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studies, angiogenic therapies have been successful at simulating new microvessel growth 

or an increase in myocardial collateral blood flow. Other studies have demonstrated 

improved cardiac function following angiogenic growth factor therapy, as measured by 

echocardiography (specifically EF and ventricular wall motion) (Giordano et al., 

1996;Lopez et al., 1997). Additionally, TMLR studies have demonstrated increased 

microvessel density values within infarcted myocardium and an increase in regional 

myocardial perfusion (Martin et al., 2000), (Lutter et al., 1998). However, no significant 

left ventricular function improvements have been reported in these studies where cardiac 

function was evaluated using echocardiography techniques (Martin et al., 2000) or stroke 

work index calculations from starling relationships (Lutter et al., 1998). Many TMLR 

studies use angina (chest pain) classifications rather than measurements of cardiac 

function to evaluate the effectiveness of the procedure(Kostkiewicz et al., 2000), 

(Schneider et al., 2001), (Clarke et al., 2001). Unfortunately, recent studies evaluating 

the temporal effects of angina relief from TMLR have determined that this relief is short

lived and when mortality and morbidity are factored in, TMLR cannot be enthusiastically 

recommended (Schneider et al., 2001), (Hayat et al., 2001). 

TMLR represents a therapeutic technique for patients who have coronary artery 

disease which is not amenable to conventional revascularization techniques (Clarke et al., 

2001). These patients may suffer fi*om diffuse disease of the coronary vasculature where 

coronary bypass is not accessible or may they be repeat bypass patients who have 

exhausted their source of autologous conduit. Therefore, this patient population has a 

need for an efficacious adjunct therapy that can positively influence cardiac fimction 
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rather than just mask symptoms of angina. The current data have demonstrated that 

viable 3DFC constructs used a cardiac patch can stimulate angiogenesis within infarcted 

myocardium that significantly effects left ventricular function as measured by an in-vivo 

left ventricular pressure-volume catheter. 

Furthermore, a second pathway by which 3DFC may be stimulating an 

improvement in contractile left ventricular ftinction (i.e. PRSW or EF) is through the 

activities of the calcium-cycling protein SERCA 2. SERCA 2 contributes in an important 

manner to diastolic calcium lowering and relaxation of the heart (Dillmann, 1998). 

Furthermore, in vivo cardiac functional studies have demonstrated a significantly 

accelerated contraction and relaxation in SERCA 2 transgenic mice (Dillmann, 1998). 

SERCA 2 has been reported to contribute 70-80% to total diastolic Ca^^ lowering, 

whereas the Na^/Ca^^ exchanger contributes 10-15%; and the remainder of Ca^^ lowering 

is achieved by the Ca^^ ATPase of the sarcolemma (Bassani et al., 1992). SERCA 2 is 

localized in the longitudinal part of the sarcoplasmic reticulum and pumps 2 mol of Ca^^ 

for 1 mol of ATP converted to ADP (Dillmann, 1998). SERCA 2 activity is markedly 

inhibited by the unphosphorylated form of phospholamban, which lowers the Ca^^ 

affinity for the SERCA 2 pump (Tada et al., 1983). 

3DFC-treated hearts revealed higher levels of SERCA 2a protein levels. 

However, it is uncertain if the 3DFC treatment stimulated higher SERCA 2a protein 

levels or if it inhibited PLB levels. It is possible that 3DFC treatement may influence 

both of these mechanisms. Downregulation of PLB may diminish its inhibitory role on 

SERCA 2a and allow for accelerated calcium cycling activity independent of increased 
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SERCA 2a levels. Therefore, at the molecular level both SERCA 2a and PLB protein 

levels may be influenced by 3DFC treatment to result in greater left ventricular function 

of infarcted hearts. 

A third mechanism by which 3DFC may influence acutely infarcted myocardium 

lies in the extracellular matrix remodeling that is induced by 3DFC material. 3DFC 

materials have been well described to release a number of different matrix proteins 

including collagen type I and HI, fibronection, and tenascin (Naughton et al., 1997). The 

collagen proteins represent major structural proteins of myocardium while fibronectin 

serves a primary role in cell adhesion, spreading, and migration through the extracellular 

matrix. From the gross photographs it is apparent that the infarct-only mice experienced 

a dramatic matrix remodeling where structural integrity was compromised under the 

volumetic changes throughout the cardiac cycle. This resulted in an aneurysm of the 

myocardium. However, in infarcted mice treated with 3DFC, the matrix remodeling was 

influenced by the cytokines, growth factors, and matrix proteins produced by the 3DFC 

material. The result was a more structurally intact myocardium that did not experience 

the aneurysm defect as a result of volumetric loading. These observations are supported 

by the trends in the measured parameter of p. The p parameter is a measure of 

compliance, where changes in volume (independent variable) will cause changes in 

pressure (dependent variable). A smaller p value, as observed with the infarct-only group 

demonstrates a decreased compliance where increased volumes do not result in increased 

pressures. In contrast, 3DFC-treated hearts exhibited a higher compliance value (P) 

similar to normal SCID mice. 
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The possibility exists that 3DFC treatment may utilize a number of mechanisms to 

achieve overall improvements in left ventricular function. The significant improvements 

in PRSW, EF, and CO may collectively be a result of the following mechanisms: 1) An 

increased new mature microvessel formation that increases local perfussion into the 

myocardium thus reversing hibernating myocardium and preventing expansion of the 

infarct; 2) Increased expression of SERCA 2a protein to allow existing functional 

myocytes to perform in a hypercontractile state; 3) Downregulation of the SERCA 2a 

inhibitor, PLB; and 4) Matrix remodeling of the infarcted myocardium that results in a 

more compliant tissue that can adapt to changes volumes throughout the cardiac cycle. 
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Four hypotheses were tested to determine the ability of the epicardial tissue 

environment to support the formation of a new microvascular supply stimulated by a 

tissue-engineered polymer that would function to attenuate a reduction in cardiac 

function of infarcted hearts. The first hypothesis stated that ePTFE would stimulate a 

tissue-specific healing response depending upon its site of implantation. Evidence 

presented in chapters 2,3, and 5 support this hypothesis. The evoked healing response by 

unmodified ePTFE material was evaluated in epicardial tissues and compared to 

previously described models of polymer implantation analysis, specifically adipose 

(Williams et al., 1997a) and subcutaneous tissues (Okamoto et al., 1975), (Walboomers et 

al., 2000). Expanded PTFE material was foimd to stimulate a dramatic inflammatory and 

angiogenic response when implanted onto the epicardium. Additionally, the epicardial 

environment supported the formation of a mature microvascular bed with the presence of 

arterioles, capillaries, and venules. From these results a second hypothesis was 

developed and tested. Expanded PTFE that is modified with the extracellular matrix 

environment produced by the HaCaT cell line will induce a greater myocardial collateral 

network compared to control ePTFE when implanted onto the epicardium over infarcted 

myocardium. Support for this hypothesis was presented in chapter 3. These studies 

utilized the HaCaT cell line that has been previously described to produce a laminin-5-

rich environment (Goldfinger et al., 1998). Laminin-5 and its endothelial cell receptor, 

a6p4 have been suggested to mediate angiogenesis (Kennel et al., 1992), (Enenstein et 
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al., 1994). Therefore, the data presented in chapter 3 suggest that extracellular matrix 

interactions can be used as theupeutic modalities to stimulate angiogenesis in infarcted 

myocardium. Additionally, other investigators have used a variety of soluble angiogenic 

agents to stimulate the development of a new collateral network in infarcted cardiac 

tissues. Collectively these data led to the development of a third hypothesis. Three-

dimensional fibroblast cultures (3DFC) will stimulate new microvessel growth within 

infarcted cardiac tissue. Data presented in chapter 4 support this hypothesis. The viable 

3DFC constructs have been previously described to produce a number of soluble 

angiogenic agents (Mansbridge et al., 1999). The results from chapter 4 demonstrated 

that these angiogenic agents of viable 3DFC stimulated a significantly greater angiogenic 

response with the presence of arterioles, capillaries, and venules in infarcted myocardium 

compared to control groups. A comparison of the two different tissue-engineered cardiac 

patches (HaCaT-modified ePTFE or viable 3DFC) was made in chapter 5. Data 

presented in chapter 5 demonstrated that the viable 3DFC cardiac patch had a 

significantly greater depth of angiogenic effect into the infarcted myocardium with the 

presence of more arterioles (distribution vessels) in the new microvasculature in 

comparison to HaCaT-modified ePTFE. To determine how treatment of infarcted 

myocardium with viable 3DFC would affect cardiac function, a fourth specific aim was 

developed and tested. Treatment with viable 3DFC onto infarcted myocardium will 

attenuate a reduction in cardiac function following acute infarct. Data discussed in 

chapter 6 support this hypothesis. These data suggest that viable 3DFC used as a cardiac 

patch may have a clinical indication as a therapeutic agent to re-vascularize infarcted 
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myocardium thereby preventing ventricular wall thinning and subsequent decreases in 

left ventricular function. 

The cardiac function data presented in chapter 6 represent findings that support 

the work of previous investigators. Specifically, VEGF (Symes et al., 1999), (Hariawala 

et al., 1996) and bFGF (Laham et al., 1999), (Unger et al., 1994) therapies have been 

successful in inducing a new collateral network that increases myocardial collateral blood 

flow. Furthermore, in other studies the use growth factor therapy has led to 

improvements in cardiac function as measured by echocardiography (Lopez et al., 1997), 

(Giordano et al., 1996). However, the current studies represent novel data where a tissue-

engineered construct that releases numerous angiogenic mediators rather than one sole 

growth factor was used as a cardiac patch to induce new microvessel formation. 

Additionally, in the current studies the positive influence on cardiac function of viable 

3DFC cardiac patch was measured using an indwelling pressure-volume catheter. 

Furthermore, other therapies such as TMLR, have not demonstrated convincing 

improvements in cardiac function (Martin et al., 2000), (Lutter et al., 1998) as was seen 

with previously described growth factor therapies or the current data contained within 

this dissertation. 

The studies described in this dissertation utilized rodent models for the evaluation 

polymer implantation onto the heart. Rodent models have been extensively used for the 

evaluation of myocardial ischemia and infarction (Peterson et al., 2000), (Kumashiro et 

al., 1999), (Patten et al., 1998), (Eberli et al., 1998), (Michael et al., 1995) as well as 

therapeutic angiogenic studies aimed at re-vascularizing infarcted myocardium (Sakai et 
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al., 1999), (Tomita et al., 1999), (Schwarz et a!., 2000). Additionally, the rodent models 

in this dissertation were found to have similar microvessel density measurements in 

normal myocardium that are consistent with previously reported values for other species 

(such as rabbit, dog, pig, and human) (Unger, 2001). In light of this information, the 

results from this dissertation further the understanding of re-vascularizing infarcted 

myocardium in a rodent model and also may have applicability in other species, including 

humans. 

Currently, a variety of biomedical devices come in contact with the epicardial 

tissue environment. These devices include pericardial wraps (Power et al., 1999), 

coronary artery bypass grafts (CABG) (Chard et al., 1987), (Sapsford et al., 1981), and 

pericardial patches (Bhatnagar et al., 1998), (Lahtinen et al., 1998). Pericardial patches 

may have a future use as a re-vascularizing agent of infarcted myocardium or as a drug 

delivery vehicle to damaged myocardium. Tliese examples of ePTFE devices within the 

epicardial tissue environment raise important questions regarding how the epicardium 

responds to ePTFE implantation. Therefore, in this dissertation the epicardial tissue 

environment was evaluated for its ability to influence wound healing following ePTFE 

implantation. Additionally, these data suggest that the future development of new 

polymer devices need to evaluate these devices within the tissue environment where the 

device will reside. 

Not only was the site of implantation an important factor in influencing the 

healing response, but also the chemical and physical characteristics of the polymer played 

a flmdamental role. Most notably were the differences observed in tlie angiogenic 
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responses within infarcted myocardium from control ePTFE and HaCaT-modified 

ePTFE. The HaCaT-modified ePTFE stimulated a greater angiogenic response within 

damaged cardiac tissues. Additionally, the HaCaT-modified ePTFE and the viable 3DFC 

construct stimulated significantly different healing responses within similarly infarcted 

myocardium. For example the extracellular-matrix modified ePTFE (HaCaT-modified 

ePTFE) induced a more homogenous microvasculature with a majority of the vessels 

being capillaries. In contrast, the viable 3DFC construct stimulated a healing response 

where the microvessels were primarily capillaries, however, a significantly greater 

number of arterioles (distribution vessels) were present within the infarcted tissues in 

comparison to HaCaT-modified ePTFE. Furthermore, the viable 3DFC constructs 

induced a healing response where the effective angiogenic depth into the infarcted 

myocardium was greater than HaCaT-modified ePTFE. 

The ability of the viable 3DFC constructs to stimulate a greater arteriogenesis 

response (development of new arterioles) may be due to the milieu of soluble and 

insoluble factors that it produces and secretes. Additionally, a major difference between 

the HaCaT-modified ePTFE and the 3DFC construct is the ability of the 3DFC construct 

to create a complete angiogenic environment that is capable of influencing the local peri-

tissue envrionment. The 3DFC construct has been previously shown to produce a pro-

angiogenic environment (Piimey et al., 2000). This biological construct is able to 

influence the local tissue environment and also be influenced by this same tissue. 

Therefore, the "fine-tuning" of the biology can be engineered by living cells as they 

create a complete environment. In contrast, the HaCaT-modified ePTFE no longer 
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contains viable cells, but rather the insoluble extracellular matrix and any matrix-bound 

cytokines and growth factors. However, with the HaCaT modification there are no 

longer living cells to adapt and continuously modifiy a complete angiogenic environment. 

In this situation, the biology is used to manufacture the construct; however, it is 

temporally arrested from its ability to be influenced by the surrounding tissue 

environment. 

The soluble and insoluble factors that regulate angiogenesis suggest that the 

development of a new vascular tube is a complex process diat is governed by a complete 

environment. I propose that the 3DFC material ftinctions to establish a complete 

angiogenic environment that is able to adapt to the needs of the local environment. This 

complete environment includes the soluble signals and insoluble matrix environment 

through which these activities take place. The insoluble matrix components produced by 

the 3DFC material have been previously described in this disseration to include collagen 

type I and II, fibronectin, and tenascin (Naughton et al., 1997). These matrix proteins 

represent major structural proteins of the myocardium (i.e. collagens) and allow for cell 

adhesion, spreading, migration, and mitogenesis (i.e. fibronectin and tenascin). 

Additonally, 3DFC constructs are capable of secreting glycosaminoglycans such as 

versican (binds hylauronic acid and collagen), decorin (binds growth factors), betaglycan 

(TGF-P type III receptor), and syndecan (binds growth factors) (Naughton et al., 1997). 

These glycosaminoglycans serve as vital matrix components diat allow for cell migration 

and for the binding of soluble growth factors within the matrix environment. Therefore, 

the three-dimensional structure of 3DFC constructs provides an extracellular matrix 
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environment suitable for cell residence, matrix deposition, and the local persistence of 

soluble and matrix bound growth factors. 

The 3DFC construct uses a biological strategy to appropriately "tissue engineer" 

the complete environment for stimulation of new vessel formation and matrix 

remodeling. Lack of a single component of this environment may influence the outcome 

of the developing vessels and the remodeling matrix. Likewise, delivery of a single 

component such as an isolated growth factor (i.e. VEGF) from this complete environment 

may not allow for the formation of a stable and mature vasculature. Consequently, in 

vivo experiments suggest that blood vessels that have not recruited periendothelial cells 

(i.e. smooth muscle cells or pericytes) need VEGF for survival, whereas vessels that have 

a periendothelial cell investment will survive in the absence of VEGF and avoid 

angioregression (Benjamin et al., 1998), (Benjamin et al., 1999). Therefore, single 

growth factor therapies do not have the biological advantage that 3DFC provides. 

The 3DFC construct specifically conUibutes three soluble candidates that collectively 

play a major role in angiogenesis including VEGF, Ang-1, and TGF-P (Mansbridge et 

al., 1999), (Pinney et al., 2000). Currently, the knowledge of how soluble factors 

influence the major events of angiogenesis (previously discussed) has been discovered 

through the use of in vitro and in vivo experimentation. For example, VEGF has been 

well described as a vascular permeability factor (Senger et al., 1983) as well as an 

inducer of endothelial migration and proliferation (Connolly et al., 1989). More recently 

the role of Ang-l and its TIE2 receptor, found on endothelial cells, has been shown to 

have no mitogenic influence on endothelium. However, Ang-1 does have a significant 



217 

effect on periendothelial cells such as smooth muscle cells and pericytes where Ang-l 

deficient mice present with a failure to recruit mural cells (Suri et al., 1996b). For this 

reason, Ang-l has been suggested to play a vessel maturation role through the 

recruitment of vessel stabilization cells (Suri et al., 1996b), (Folkman et al., 1996). 

Additionally, Ang-l has been shown to influence vessel polarity through its heterogenous 

expression during the early stages of angiogenesis. For example, the polarized 

expression of Ang-l in combination with the TIE 1 signaling pathway dictates the 

extablishment of the right-hand side of the vasculature in mouse embryos (Loughna et al., 

2001). Equally compelling are the combined effects of VEGF and Ang-l (Carmeliet, 

1999) where their co-expression in mice led to the development of a leakage-resistant 

vasculature characterized by vessels of increased luminal size, and more frequent 

recruitment of periendothelial cells (Thurston et al., 1999). 

The activity of Ang-l to influence periendothelial cells utilizes the endothelium as 

its signaling pathway. The TIE2 receptor located on the endothelium can propagate the 

acitivities of Ang-l to the periendothelial cells. This pathway of propagation may be 

through the activities of platelet derived growth factor B (PDGF-B) released from 

proliferating endothelial cells. PDGF-B released from endothelium has been shown to 

stimulate the migration (Hellstrom et al., 1999) and proliferation (Hirschi et al., 1998)of 

mesencyhmal cells to the area of the developing vascular tube. Additionally, PDGF-B 

has been suggested to stimulate the migration of pre-existing smooth muscle cells to 

newly formed vessels (Hellstrom et al., 1999). Furthermore, in vitro experiments using 

co-culture techniques have demonstrated endothelial cells to produce TGF-P that can 
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stimulate mesencymal cells in the immediate area to differentiate into mural cells (i.e. 

smooth muscle cells and pericytes) (Hirschi et al., 1998). These data combined with in 

vivo studies that indicate TGF-P to stimulate angiogenic activity (Roberts et al., 1996) 

have led investigators to suggest a secondary role for TGF-p. For this reason TGF-p has 

been labeled as an in vivo vascular maturation signal that stimulates a mural cell 

investment around the newly formed vascular tube (Folkman et al., 1996). 

Therefore, I propose that the observed angiogenic effects of viable 3DFC in this 

dissertation are significantly influenced by the soluble angiogenic cytokines and growth 

factors (specifically VEGF, Ang-1, and TGF-P) that are released by the tissue-engineered 

construct. This soluble milieu produced by the viable 3DFC construct may allow for a 

robust angiogenic response that is then stabilized by the recruitment of periendothelial 

cells such as pericytes and smooth muscle cells. The mechanisms of these soluble factors 

have been previously discussed and are summarized in figure 7.1. 
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Figure 7.1 Diagram proposing the angiogenic, vessel stabilization, and maturation 

signals provided by viable 3DFC. 

* = soluble factors produced by 3DFC constructs. 



220 

Ang-1 

VEGF 

sP / /  

Mesenchymal 

m 

Pencyte 

mmmi 
si'Am 

Pericyte 



221 

The stabilization of this new microvasculature is critical to the formation of 

arterioles or distribution vessels. The induction of a microvasculature with a significantly 

greater number of distribution vessels has been associated with enhanced myocardial 

perfusion (linger et al., 1994). In these studies the intramyocardial injection of bFGF did 

not significantly influence microvessel density within the damaged myocardium when 

compared to control saline injections (Unger et al., 1994). However, bFGF injections 

significantly increased the number of distribution vessels and these hearts had greater 

myocardial perfusion values as measured by 

microsphere injection methods (Unger et al., 1994). 

A few possible mechanisms exist by which the 3DFC constructs may stimulate 

improvements in left venUicular function following infarct. First, the enhancement of 

new microvessel development in infarcted myocardium as well as stabilization of the 

vasculature by the development of arterioles can lead to longer temporal improvements in 

myocardial flow. This increased myocardial flow can lead to improved lef^. ventricular 

function by preventing the continued progression of the infarct condition. This can be 

achieved by re-vascularizing ischemic (reversible or hibernating) myocardium that 

borders the infarct area (Frazier et al., 1999), (Pagano et al., 2001). This ischemic or 

hibernating myocardium represents an underperflissed tissue that can be re-vascularized 

to achieve fimctional recovery (Vanoverschelde et al., 2001). 

Furthermore, a second mechanism by which 3DFC may be stimulating an 

improvement in contractile lefl ventricular function (i.e. PRSW or EF) is through the 

activities of the calcium-cycling protein SERCA 2. SERCA 2 contributes in an important 
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manner to diastolic calcium lowering and relaxation of the heart (Dillmann, 1998). 

Furthermore, in vivo cardiac functional studies have demonstrated a significantly 

accelerated contraction and relaxation in SERCA 2 transgenic mice (Dillmann, 1998). 

Data presented in chapter 6 demonstrate that 3DFC-treated hearts revealed higher levels 

of SERCA 2a protein levels and lower levels of its inhibitory protein phospholamban 

(PLB). While it remains uncertain if the 3DFC treatment stimulated higher SERCA 2a 

protein levels or if it inhibited PLB levels, the possibility exists that 3DFC treatement 

may influence both of these mechanisms. The downregulation of PLB may diminish its 

inhibitory role on SERCA 2a and allow for accelerated calcium cycling activity 

independent of increased SERCA 2a levels. Therefore, at the molecular level both 

SERCA 2a and PLB protein levels may be influenced by 3DFC U-eatment to result in 

greater left ventricular function of infarcted hearts. 

A third mechanism by which 3DFC may influence acutely infarcted myocardium 

lies in the extracellular matrix remodeling that is induced by 3DFC material. 3DFC 

materials have been well described to release a number of different matrix proteins 

including collagen type I and III, fibronection, and tenascin (Naughton et al., 1997). The 

collagen proteins represent major structural proteins of myocardium while fibronectin 

serves a primary role in cell adhesion, spreading, and migration through the extracellular 

matrix. From the gross photographs it is apparent that the infarct-only mice experienced 

dramatic matrix remodeling where structural integrity was compromised under the 

volumetric changes throughout the cardiac cycle. This resulted in an aneurysm of the 

myocardium. However, m infarcted mice treated with 3DFC, the matrix remodeling was 
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influenced by the cytoicines, growth factors, and matrix proteins produced by the 3DFC 

material. The result was a more structurally intact myocardium that did not experience 

the aneurysm defect as a result of volumetric loading. These observations are supported 

by the trends in the measured parameter of p (reported in chapter 6). The p parameter is 

a measure of compliance, where changes in volume (independent variable) will cause 

changes in pressure (dependent variable). A smaller P value, as observed with the 

infarct-only group demonstrates a decreased compliance where increased volumes do not 

result in increased pressures. In contrast, 3DFC-treated hearts exhibited a higher 

compliance value (P ) similar to normal SCID mice. 

The possibility exists that 3DFC treatment may utilize a number of mechanisms to 

achieve overall improvements in left ventricular function. The significant improvements 

in PRSW, EF, and CO may collectively be a result of the following mechanisms: 1) An 

increased new mature microvessel formation that increases local perfusion into the 

myocardium thus reversing hibernating myocardium and preventing expansion of the 

infarct; 2) Increased expression of SERCA 2a protein to allow existing functional 

myocytes to perform in a hypercontractile state; 3) Downregulation of the SERCA 2a 

inhibitor, PLB; and 4) Matrix remodeling of the infarcted myocardium that results in a 

more compliant tissue that can adapt to changing volumes throughout the cardiac cycle. 

In summary, the data presented in this dissertation support the four proposed 

hypotheses: 1) ePTFE stimulates a tissue-environment specific healing response, 2) 

ePTFE material that has been surface treated with a xenogeneic extracelluar matrix 

environment stimulates a greater angiogenic response in infarcted myocardium compared 
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to control ePTFE, 3) 3DFC constructs that secrete soluble angiogenic factors induce new 

microvessel growth in infarcted myocardium, and 4) infarcted myocardium treated with 

3DFC demonstrated better left ventricular function compared to infarct-only mice. The 

data presented in this dissertation suggest that tissue-engineered cardiac patches may 

provide the patient population with an additional therapy to re-vascularize infarcted 

cardiac tissues. 
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METHODS FOR MAKING AVERTIN ANESTHESIA 

Stock (100%) 
10 gm tribromoethyl alcohol (Aldrich T4,840-2) 
10 ml tertiary amyl alcohol (Aldrich 24,048-6) 
Store at 4 ° C, in the dark 

To use: 
Break up in 100% stock by stirring on a warm hot plate. 
Dilute 100% stock to 2.5% in warm (37°C) PBS. 
Mix by gently shaking. Incubate for 2-4 hours at 37° C to ensure that components 
are completely mixed before use. 

Mouse weight (gm) Avcrtin (ml) 
15 .22 
16 .24 
17 .26 
18 .27 
19 .29 
20 .30 
21 .32 
22 .33 
23 .35 

24 .36 

25 .38 
26 .39 
27 .41 
28 .42 

29 .44 
30 .45 



MYOCARDIAL INFARCTION AND IMPLANT PROCEDURE 
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General anesthesia is induced and maintained by an intraperitoneal injection of 

2.5 % Avertin. Animals are injected subcutaneously with 100|il of atropine sulfate 

solution (solution = 1ml stock in 9ml saline) to limit salivary secretions. Sterility is 

maintained and a warming pad used throughout the procedure. Animals are weighed, and 

the chest shaved and prepared (a depilatory agent, such as Nair™, may be used to help 

remove hair). In the supine position, a tracheotomy is performed, and mice are ventilated 

with a small animal respirator (tidal volume = 0.5 ml, rate = 120-130 breaths/min). 

Proper intubation is confirmed by observation of chest expansion and retraction during 

ventilated breaths. 

All surgical procedures are carried out with an operating microscope. A left 

thoracotomy is performed between ribs 4 and 5 (about 3mm inferior from axillary area). 

The pectoralis muscle groups is cut transversely, exposing the thoracic cage. The fourth 

intercostal space will be entered using scissors and blunt dissection. Two 6-0 silk sutures 

are placed around the upper and lower ribs for retraction. The thymus is retracted 

upward, and the left lung is collapsed using a sterile cotton swab. Presswe is then 

applied to the right thorax to displace the heart to the left. 

A coronary occlusion is performed using an ophthahnic cautery (thermal ligation, 

Optemp® from Alcon® Surgical or Aaron Medical Industries, Inc.) to induce 

epicardial/myocardial infarction. Following occlusion, a tissue-engineered polymer of 
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choice material is sutured onto the infarcted epicardial/myocardial tissue using 10-0 or 

11-0 suture. For control mice, no polymer is implanted following ischemic damage. 

The lungs are re-expanded using positive pressure at end expiration. The chest 

cavity is closed in layers with 6-0 silk. Once the chest is closed, the chest can be 

evacuated using a 30-gauge needle to re-establish slight negative pressure within the 

pleural space. The animal is gradually weaned from the respirator. Once spontaneous 

respiration is resumed, the tracheal tube is removed, and the trachea closed using 10-0 or 

11-0 suture. The neck is closed using 6-0 silk suture. Animals are injected intra 

muscularly in the hamstrings with lactated ringer's with 600 ng Bupemex I ml (2ng /gm 

mouse) for pain relief. Additionally, each mouse is given 3ml of saline subcutaneously to 

maintain fluid volume. The animals remain in a supervised setting until fully conscious. 

Postoperatively the mice are housed in the University Animal Care facility at the 

University of Arizona. The general health status of each animal is determined each day. 

The implant sites are checked for signs of infection. 
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CARDIAC FUNCTION ANALYSIS 

At the explant time, animals are anesthetized and a tracheotomy is performed. The 

animal is ventilated according to previously described methods. The superior vena cava 

is isolated and a 30-gauge needle catheter will be inserted. A standard (200 )il) volume 

of 50% albumin saline is slowly introduced into the venous circulation. The chest is 

opened and the heart is isolated. 

Using a 30-gauge needle an apical hole is made into the left ventricle. The 

Millar catheter is introduced through the apical hole. In mice who have an infarct that 

affects the left ventricle, a 11 -0 suture purstring may need to be used to hold the catheter 

in the left ventricle and to prevent blood loss during data acquisition. The Millar 1.4Fr 

catheter (SPR-710) is a composite of four conductance electrodes and a micromanometer. 

The distance between the conductance sensor electrodes is 4.5 mm, which is equal to the 

distance between the apex and the aortic valve of the mouse heart. Baseline pressure and 

volume measurements are collected. Measurements are then collected during an inferior 

vena cava occlusion (which ftinctions to temporarily reduce venous return to the heart). 

Finally, a lO-^il bolus of hypertonic (15%) saline is administered through the superior 

vena cava catheter while pressure and volume measurements are collected for calibration 

of parallel volume. 

The raw conductance signals include both the conductance of left ventricle blood 

volume and the conductance of the volume of the surrounding myocardiimi and thoracic 

tissues. Therefore, the use of a hypertonic saline dilution method allows for the 

calibration of parallel volume (Vp) from the parallel conductance (Gp). 
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The conductance catheter system allows for the measurement or calculation of 

various parameters of cardiac function, including but not limited to the following; 

HR (beats/ min) = heart rate 

Ved (|il) = end-diastolic volume 

Ves (^1) = end-systolic volume 

Ea (mmHg/^l) = elastance of artery 

Ped (mmHg) = end-diastolic pressure 

Pes (mmHg) = end-systolic pressure 

SV (|il) = stroke volume 

CO (^il/min) = cardiac output 

EF (%) = ejection fraction 

EDPVR (mmHg,/nl) = end-diastolic pressure volume relationship 

PRSW (mmHg) = preload recruitable stroke work 

(mmHg/iil) = slope of the end-diastolic pressure-volume relationship 

Tau-Weiss (msec) = relaxation time 

The signals of the conductance and pressure are digitized utilizing BioBench 

software (National Instruments, Austin, TX). 
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DATA ANALYSIS IN P-VAN SOFTWARE by Sergio Monies 

1. In Biobench 2 graph analysis, open Vp filenumber of mouse to be analyzed and 
select good basline loops (see page 3) at the beginning of Vp spectrum. 

2. Autoscale graph one (magnify/y button) and record value for volume minimum (Vi) 
to 2 decimals(cliclc on axis scale to change # of decimals). 

3. View entire Vp spectrum again and select good Vp loops (see page 203) and export 
to spreadsheet. 

4. In PVAN open data file: Export BB Data.txt 

• Select saline then continue file open 
• If dialogue box pops up, select shift waveforms to make values positive 
• Select No Calibration and Accept 

5. Goto main menu 

• Select hemodynamics, main menu, then Saline Calibration. 
• Select [VmaxA^min]buttonbuttonandrecordVp value from top of display. 

6. In Biobench open baseline filenumber and select good baseline loops. Autoscale 
graph one and record Volume Minimum (Vi) to 2 decimals. 

7. If Vi is larger than V2 then subtract (V1-V2) = x. If V2 is larger than Vi, then x = 0. 

8. CalculateGp. (Vp-x = Gp) 

9. Export selected baseline loops to spreadsheet. 

10. In PVAN ooen data file "Exoort BB Data.txt" as a steady-state file. 

Baseline anc 
saline cal. 

Data file 

IVC 

BioBendi 
lortBB Datatxt 

fwiacute cocaine ^ 

acule TNF study ^ 

1^ alcohol^^^^** 
^£M.J^alccihokaqe M 

bfliigeOOl 
pouseuB? 
mouse003 

ImouseOOS 
mouse006 
mouseOQ? 
mouseOOS 
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11. In PVAN enter slope value(froni catheter calibration), and enter product of 
-(slope) X (Gp) for the intercept. Calibrate Data and Accept. 

12. In main menu select hemodynamics and print statistics. Record filename on top of 
printout, (ie. mouse3/baseline) 

13. In Biobench, open IVC file and select good loops. Export loops to spreadsheet. 

14. In PVAN open IVC file as occlusion (see FIG.l) 

15. Calibrate with same slope and intercept as for baseline. 

16. In Main Menu select; 

• ESPVR - Main Menu 
• EDPVR - linear fit - Main Menu 
• PRSW-Main Menu 
• DPT max vs. EDV - Main Menu 
• Emax - Main Menu 
• Summary - Print Parameters - Main Menu 

• PVA: On printout, record loop one values for SW, PE, PVA, and EfF. 

"(slope) X (Gp) 

Slope value 

Calibrate 

Accept 

Output Vollai* (rem MKUZOO Rcprtiinunf an RVU/Cuvttt* Signal 
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SELECTION OF GOOD LOOPS 

GOOD BASELINE: 

FlG.3a 
Good 

High and low 
volume are constant 

High and low 
pressures are constant 

• The selected loops have a constant high and low volume and a constant high and low 

pressure. 

• Below is an example of a good array for the selected baseline loops. 
FIG.3b 

• With a good selection, Several loops will superimpose on each other as above. 



GOOD INFERIOR VENA CAVA BLOCK (IVC): 
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Good IVC 

loops 

Inflow occlusion 
pressure>60 

'Si*; 

a 

• Good IVC Block has an inflow occlusion pressure of 60 nimHg or higher. 

End-systolic 
Pressure Volume 

Relationship 

(ESPVR) 

Select loops with a positive ESPVR slope like above, and a pressure of 60+. 



GOOD Vp (SALINE) LOOPS; 

(ji.t|)h An.tly-.it 

Good Vp 

selection 

1—r 
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Good loops for Vp 
baseline calibration. 

(Step 1) 

Pressure 
constant for 

selected loops 

:• • J ;w -A® 

The Vp loops have a steadily rising Volume and constant pressure. The selected 
loops start from beginning of slope to the peak. 

Relationship 

of top of 
loops should 

be linear 

The selected loops should show an even shift to the right without any shape 
distortion. 
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METHODS FOR DETERMINING THE DEPTH OF ANGIOGENIC EFFECT 

Gs-1 lectin-reacted sections are used for this analysis. For best results use cross-

sectional samples of the myocardium of interest. Obtain microvessel density counts (see 

micro vessel density methods in chapters 2, 3, or 4) within the damaged myocardium at 

various depths from the epicardial surface (deep to the epicardial surface). For example, 

microvessel density values can be recorded from the first high light-magnification area 

(HLMA, 54 fim X 54 jam), which will be the most superficial density value. Next, record 

microvessel density values from the next HLMA, which is deep to the first HLMA. 

Continue to record microvessel density values through the thickness of the ventricle wall. 

Statistically compare density values of each HLMA from infarct-only myocardium and 

treated myocardium. The depth of angiogenic effect from the treatment has been lost 

when density values from a HLMA of treated myocardium resemble infarct-only 

myocardium. Using SCION image, or a known micrometer distance, measure this 

distance from the epicardial surface. 
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MICROFIL PERFUSION CASTING METHODS 

(In collaboration with Benjamin R. Shepherd) 

At time of explant the animal is anesthitized and thoracic and abdominal cavities 

opened. The abdominal aorta is isolated, and cannulated with a 24g catheter (Jelco). The 

heart is then perfused in a retrograde fashion with a heparinized saline solution, (0.9% 

NaCl in 0.01 M phosphate, 10 U/ml heparin) to which appropriate amounts of papaverine 

was added. Blood and perfusate are drained through an opening made in the right atrium. 

The heart is then injected with 2-3 ml of Microfil® silicone rubber injection compound 

(25 centipoise viscosity. Flow Tech Inc.). After Microfil® injection the mouse is placed 

at 4°C for 12-24 hours in order for casting material to polymerize. The heart is then 

excised and dehydrated by placement in a series of ethanol concentrations for 24 hours 

(25, 50, 75, 95, 100% ethanol). The heart is then placed in 100% methyl salicylate for 

tissue clearing and visualization of the vasculature. The hearts are then stored in methyl 

salicylate. An example of a viable 3DFC microfil experiment is shown in figure A.l. 
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Figure A. 1 Microfil® image of a viable 3DFC-treated heart following 2 weeks 

of infarction. 
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