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THOMAS M. JOHNSON, DMD 
Temporal and Spatial Angiogenesis-associated 
Gene Expression in Rat Ischemic Skin Flaps 
Under the direction of CAROL LAPP, PhD 

Background: Emerging therapies designed to improve ischemic soft tissue flap survival 

include the use of angiogenic factors. However, endogenous expression patterns for these 

factors have not been characterized. The purpose of this study was to identify variations 

in gene expression patterns for angiogenesis-associated genes in ischemic rat skin flaps 

with respect to post operative time and distance from flap base. 

Methods: Caudally based dorsal random pattern skin flaps measuring 3x10 cm were 

created on fifteen male Sprague-Dawley rats. The rats were sacrificed at one, three, or 

seven days post surgery. Following euthanasia, flaps were harvested and sectioned into 

four 3x2.5 cm zones, with zone I located furthest from the flap base. Total RNA was 

isolated from each zone, amplified, labeled with biotin, and hybridized with oligoDNA 

microarrays containing probes for 113 angiogenesis-associated genes. Microarrays were 

imaged using chemiluminescence, and signal intensities were analyzed using web based 

software. In a previously published report, flap survival was assessed using orthogonal 

polarization spectral imaging, and the areas of the flap characterized by blood flow versus 

stasis ( absent capillary blood flow) were identified. 

Results: Orthogonal polarization spectral imaging results showed the transition of tissue 

from stasis to necrosis over time. The area of necrosis increased from day one to day 

seven as necrotic tissue replaced viable tissue in the stasis zone. Rat angiogenesis 

microarray analysis revealed significant modulation in the expression of multiple genes 

(p<0.05) in the areas of the skin flap characterized by advancing necrosis and stasis. A 

burst of gene modulation occurred from day one to day three in the most distal portion of 

the flap, and a similar burst occurred in the area characterized by stasis from day three to 

day seven. Six patterns of gene expression were defined. Patterns of angiogenesis

associated gene expression were different in the areas of blood flow compared to the 



areas of necrosis and stl!5is. Modulation of various gene functional groups also varied 

temporally and spatially. 

Conclusions: This study represents the first attempt to characterize endogenous spatial 

and temporal angiogenesis-associated gene expression patterns in ischemic skin flaps. 

The molecular analysis performed in this study correlates with the hemodynamic profile 

previously published. The gene expression patterns observed in this study may represent 

responses to hypoxia and necrosis as these processes proceeded proximally from the 

distal flap margin. In the future, molecular analysis of ischemic tissue may allow 

clinicians to distinguish hopeless tissue from a flap that may be rescued via 

pharmacological or surgical intervention. Additionally, molecular analysis in treated and 

untreated tissue may offer insight into the mechanisms by which pharmacological agents 

enhance flap survival. 
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INTRODUCTION 

Statement of Problem 

Confronted with an increasingly older patient population that nonetheless expects 

and deserves successful surgical treatment, scientists and clinicians have sought to 

understand and harness the molecular basis of wound healing. Over the last 50 years, 

great advances have been made towards that end. However, challenges remain, the 

process of wound healing involving complex interactions between molecules and cells. 

Expression of any one of a number of growth factors may be decisive for adequate 

healing, but timing of expression may be equally important. Other factors may need to be 

present or absent in order for a given growth factor to make its impact. Results of clinical 

trials investigating the efficacy of proangiogenic growth factor therapy have been 

equivocal, some investigators questioning whether administration of a single factor may 

produce clinically relevant effects.' Although emerging therapies designed to improve the 

survival of ischemic tissue include use of angiogenic factors, endogenous expression of 

these factors has not been well characterized. To date, inadequate information exists 

regarding the temporal and spatial expression of growth factors in ischemic tissue. Such 

information may directly impact therapeutic intervention. 

Significance 

A previous study demonstrated that subcutaneous injection of a phosphodiesterase 

(PDE) inhibitor improved rat ischemic skin flap survival at 24 h postsurgery but not at 

later time points.2 Establishing spatial and temporal gene expression profiles in the 

ischemic tissue may provide information regarding the mechanism underlying the early 

improvement with PDE inhibitor injection. Such information also may provide a basis for 

therapeutic application of angiogenesis-associated gene products, which may enhance 

flap survival to a greater degree than PDE inhibitor alone. Furthermore, the advent of 

novel scaffold delivery systems may allow delivery of multiple growth factors with 

heterogeneous release rates, mimicking endogenous release profiles.3
•
4 

1 
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Background 

More than two million periodontal surgeries are performed annually in the United 

States, placing this procedure among the most frequently performed surgical procedures. 5 

This number has increased significantly over the past decade for a variety of reasons. 

Longitudinal studies may be interpreted to suggest that surgical treatment of periodontitis 

has demonstrable advantages over non-surgical treatment, particularly in cases of 

advanced periodontal disease. For example, evaluating changes in clinical parameters 

following four periodontal treatment modalities, greater probing depth reduction was 

found in periodontal sites treated using mucogingival flap combined with osseous surgery 

through seven years of follow-up. 6 In a 12-year study, surgical treatment was found to be 

more effective than non-surgical treatment in probing depth reduction and prevention of 

recurrent disease in the 1-3 year period following active treatment.7 In still another long

term study, investigators found that untreated and non-surgically treated teeth showed 

worsening of clinical parameters compared to surgically treated teeth in patients with 

moderate to severe periodontitis. 8 Although other longitudinal studies support the use of 

scaling and root planing alone for the treatment of periodontal disease, most periodontists 

have embraced periodontal surgery as an important treatment option.9
• 

10 

In addition to surgical treatment of periodontal disease, periodontal plastic 

surgery has become increasingly demanded due to patient concerns about esthetics and 

the potential for improvement through surgical intervention. Thus, contemporary 

periodontics offers patients a broad range of surgical procedures including preprosthetic 

and cosmetic surgeries and numerous options for treatment of periodontal disease. In 

addition to an increase in types of procedures offered, the number of patients seeking 

surgical treatment may continuously increase. According to the U.S. Census Bureau, over 

30 million Americans were over age 65 at the beginning of the 21st Century. By 2020, 

that number is expected to reach 4 7 million. 11 This increase is related to the movement of 

the Baby Boomer cohort into older age groups, but also a continued upward movement of 

life expectancy in the U.S. In 1970, life expectancy at birth was estimated to be 67 and 75 

years for males and females, respectively; in 2002 the corresponding life expectancies are 

estimated to be 75 and 80 years. 12 Thus, in oncoming years, more patients seeking 

periodontal treatment will exceed the age of 65. 
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As the U.S. population ages, more patients will likely also present with age

related illnesses, numerous medications, and complicated medical histories. Many 

illnesses and medications will impact the patient's ability to heal following surgery. 

Moreover, advanced age in itself appears a factor potentially impacting wound healing. 

Older individuals may exhibit slower collagen synthesis and catabolism and slower 

epithelization compared to younger subjects. 13 Impaired wound healing may limit 

treatment options and/or reduce the probability of successful outcome. 



REVIEW OF THE LITERATURE 

The basic principles of wound healing are well described. In 1929, Howes and 

Harrey identified three conceptual phases of wound healing: inflammation, fibroplasia, 

and maturation.14 Others have expanded this framework and added detail, resulting in at 

least seven relevant processes: hemostasis, inflammation, migration and proliferation of 

epithelial and mesenchymal cells, synthesis and deposition of extracellular matrix (ECM) 

proteins, angiogenesis, wound contraction, and remodeling. 15
• 

16 A brief overview of the 

wound healing process and the factors important to wound healing follows. This text 

utilizes the convention in which abbreviations that include all capital letters refer to 

proteins, whereas the same abbreviations with only the first letter capitalized refer to the 

associated genes. 

The Inflammatory Phase 

The initial phase of wound healing involves platelet-mediated formation of the 

primary hemostatic plug and activation of the extrinsic coagulation cascade. Disruption 

of the intact vascular endothelium at the site of surgical insult exposes subendothelial 

connective tissue, which potently activates platelets. This local loss of endothelial 

function also eliminates production of endothelial nitric oxide and prostacyclin leading to 

unopposed contraction of vascular smooth muscle and transient vasoconstriction.17 

Injured endothelial cells express tissue factor to initiate the extrinsic coagulation cascade 

producing cross-linked fibrin and a stable fibrin clot: a barrier to bacterial invasion, a 

provisional matrix for regeneration, and a reservoir of growth factors. 18
• 

19 

Edema results from increased vascular permeability and leakage of a protein-rich 

exudate into the interstitial space. Multiple mechanisms account for this leakage. 16 

Endothelial cells are damaged directly by the surgical insult and also indirectly by 

leukocyte-derived toxins and proteolytic enzymes. Apart from endothelial damage, 

affected endothelial cells contract in response to chemical inflammatory mediators 

including bradykinin and histamine. Furthermore, endothelial cells retract due to cytokine 

4 
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mediated cytoskeleton reorganization and increase transcytosis in response to vascular 

endothelial growth factor (VEGF) and other factors. 16 

Margination of neutrophils along venule walls occurs as inflammation products 

accumulate at the site of injury. Selectins expressed on the neutrophil cell surfaces and 

activated endothelial cells interact to produce rolling of neutrophils along the vessel 

walls, and neutrophil integrins interact with endothelial cell surface receptors including 

intercellular adhesion J,llolecule-1 (ICAM-1) to produce neutrophil arrest.20 This firm 

adhesion of neutrophils results from an upregulation of endothelial ICAM-1 and a 

conformational change in a leukocyte integrin called leukocyte functional antigen-I 

(LFA-1), which confers high affinity binding. 16 The acute inflammatory cells undergo 

diapedesis and chemotaxis toward the site of injury along a gradient of chemical stimuli. 

In necrotic tissue, release of intracellular contents results in activation of the nuclear 

factor (NF)-KB system through complement activation, innate immune system toll-like 

receptor pathways, and release of reactive oxygen species.21 This NF-KB signaling results 

in an intense immune response. 

Recruitment of inflammatory cells depends largely on chemokine signaling. Three 

families of chemokines are defined structurally based on the number of amino acids 

between the first and second cysteine residues-CC, CXC, and CX3C families.21 

Functionally, these molecules can be divided into homeostatic chemokines responsible 

for basal leukocyte trafficking and inducible chemokines that are upregulated in 

inflammatory states.21 Chemokines of the CXC family that possess a glutamic acid

leucine-arginine motif in the amino terminal region (ELR-positive CXC chemokines) 

such as CXCLI mediate neutrophil recruitment and are angiogenic.21 The ELR negative 

CXC chemokines such as CXCL3, CXCL9, CXCLIO, and CXCLI I attract Thi cells 

rather than granulocytes and are angiostatic and anti-fibrotic.21 

Within 24 h, large numbers of neutrophils accumulate at the site of injury. By day 

3, monocytes largely replace these cells. 16 Neutrophils begin the processes of tissue 

debridement through phagocytosis of injured and effete cells but expire within hours. 

Monocytes move toward the site of injury in response to neutrophil-derived chemokines. 

These cells survive longer than neutrophils and differentiate into macrophages in the 

extravascular tissues.22 Chemokines and growth factors originating from macrophages 
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such as interleukin-I (IL-1 ), transforming growth factor-P (TGF-P), and macrophage

derived growth factor (MDGF) initiate the proliferative phase of wound healing.13 Also, 

macrophages play an important role in breaking down collagen and other 

macromolecules, providing substrates for biosynthesis.13 

The Proliferative Phase 

Granulation tissue formation, classically characterized by fibroblast and 

endothelial migration and proliferation, ECM deposition, and angiogenesis, begins 

between day I and 5 of injury. 13
• ·

16 Integrin signaling appears important in this process. 

Integrins are transmembrane cell surface molecules that bind components of the ECM 

extracellularly and components of the cytoskeleton intracellularly. Formation of the 

integrin-ECM complex directly activates cytoplasmic signaling cascades, results in 

integrin clustering within the cell membrane, and modulates growth factor signaling in a 

synergistic manner.23 Integrin signaling has been shown to stimulate the platelet derived 

growth factor-P (PDGF-P) receptor independent of the presence of PDGF.23 Cell 

proliferation, motility, and induction of apoptosis all appear to be affected by integrin 

signaling.23 

ECM deposition is a critical process defining the proliferative phase of wound 

healing. Fibroblasts initially deposit collagen, the principal protein of the ECM, in 

disorganized bundles, which confer little mechanical strength to the wound. This newly 

deposited matrix is rich in type III collagen, thought to play a role in regulation of ECM 

composition.24 Type III collagen accounts for 10-20% of total skin collagen, and is 

prevalent in periodontal tissues.25 Moreover, type III collagen has high hydroxyproline 

content · and low hydroxylysine content and contributes to tissue extensibility · and 

elasticity. In addition to collagen, fibroblasts and other cells synthesize and secrete many 

noncollagen proteins and other matrix components, including proteoglycans and 

glycosarninoglycans (GAGs). 

TGF-P is an important factor during the proliferative phase of wound healing. 

TGF-P shares 22% homology with TGF-a., and the functions of the two factors similarly 

diverge. 13 TGF-P mediates granulation tissue formation, upregulates expression of 

multiple ECM proteins and GAGs, and possibly contributes to wound contraction. 13 
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Several cell types including platelets, macrophages, and T-cells produce TGF-~. TGF-~ 

synthesis is induced in states of cellular hypoxia.26 Levels of endogenous TGF-~ 

recovered from acute wounds are much higher than that associated with chronic wounds. 

The TGF-~ 1 isoform, present in normal tissue and acute wounds, does not appear in 

chronic wounds.26 Additionally, TGF-~ may inhibit endothelial proliferation and promote 

maturation in the process of angiogenesis.27 

TGF-a, a membrane-bound protein, serves as a ligand for epithelial growth factor 

receptor (EGFR). Expression of TGF-a represents a point of regulation for EGFR 

signaling. The membrane-bound precursor form of TGF-a does not activate EGFR, and 

metalloprotease mediated precursor cleavage is necessary to liberate the potent ligand 

domain from the transmembrane domain. Stimulation of EGFR activates the 

RASIRAF/MEK./MAPK pathway. Spatial and temporal regulation of EGFR signaling is 

an important feature of normal vertebrate development.28 However, TGF-a produces a 

broad range of physiologic and pathologic responses through dimerization of three other 

EGF-related receptors (ErbB2, ErbB3, and ErbB4).29 These receptors stimulate cell 

migration and proliferation, and are active in multiple types of cancer. Interestingly, 

ErbB2 has no ligand and is active only when forming a dimer with another ErbB family 

member. Amplification of the ErbB2 gene signifies poor prognosis in breast cancer. 

ErbB2 signaling also appears critical for corneal epithelial wound healing.Jo 

Expression of PDGF, similar to TGF-~, appears higher in acute than in chronic 

wounds and absent in non-healing dermal ulcers.26 PDGF and its receptor have been 

shown to be down-regulated in a rat model of impaired wound healing.26 Anti-PDGF 

antibodies can mitigate proliferation of dermal fibroblasts and endothelial cells in 

response to exudate from partial-thickness skin-graft donor sites.JI 

Products of inflammation also significantly impact matrix production and 

deposition during the proliferative phase. Interferon-y (IFN-y) is a cytokine of both innate 

immunity and adaptive immunity, since it is produced by natural killer cells and T

lymphocytes.22 Interleukin-12 (IL-12), produced by macrophages, responding to a 

microbial challenge, stimulates natural· killer cells to produce IFN-y.22 IFN-y in turn 

activates macrophages and stimulates release of proinflarnmatory macrophage-derived 
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cytokines such as IL-I and tumor necrosis factor-a. (TNF-a.).22 INF-y inhibits collagen 

biosynthesis and exerts antiproliferative and cytotoxic effects on multiple cell types. 13 

Epithelization is an intricate process involving several steps. Degradation of the 

ECM must occur to allow epithelial cells to migrate over the defect. In intact skin, alpha 

6 beta 4 integrins serve as the components of hemidesmosomes that interact with laminin 

to anchor keratinocytes to the basal lamina. 18 However, migrating keratinocytes express 

alpha 5 beta I and alpha v beta 6 fibronectin/tenascin receptors and alpha v beta 5 

vitronectin receptors in order to interact with components of the immature matrix. 18 Cells 
. . 

of the stratum basale at the margins of the wound represent the primary cell reservoir for 

epithelial migration, although some suprabasal cells also contribute. 18 These cells shed 

their adhesion to neighboring cells and the basement membrane and move across the 

wound surface. Remarkably, migrating keratinocytes suspend expression of the basement 

membrane adhesion molecule laminin and upregulate expression of fibronectin, a non

collagen ECM protein. When the migrating cell reaches the leading edge of cells from the 

opposite wound margin, expression of fibronectin is downregulated, and laminin 

production resumes. 26 This modulation of expression prevents establishment of basement 

membrane adhesion during migration and permits reestablishment of basement 

membrane complexes at the appropriate location. Importantly, the composition of the 

matrix over which the cells migrate affects the speed and quality of the reestablishment of 

an intact epithelium. In superficial wounds, the basement membrane remains intact, but 

in deeper wounds keratinocytes must negotiate a scaffold containing fibrinogen, 

fibronectin, vitronectin, and tenascin.26 Epithelial growth factor (EGF) and TGF-a. have 

been shown to synergistically accelerate woundepithelialization, while TGF-~ seems to 

inhibit epithelial cell migration. 13
• 

32 In chronic leg and oral ulcers, perivascular fibrin or 

matrix-rich cuffs are evident histologically and may sequester angiogenic growth factors 

that would allow normal healing.33 

Epithelial growth factor (EGF) is one of several growth factors that serve as 

ligands for EGFR. This compound,first isolated from chondrosarcoma tissue, is a potent 

angiogenic factor. 13 Other members of this group include TGF-a., pox virus growth 

factors, amphiregu_lin, and heparin binding EGF (HB-EGF). 18
• 

34 The EGF receptor 

belongs to the tyrosine kinase superfamily of cell surface molecules, and formation of the 
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EGF-EGFR complex leads to activation of phospholipase Cy-I (PLCy-1), 

phosphatidylinositol-3 kinase (PI-3K), GAP, MAP kinase, and raf kinase.34 These 

substrates and others engage in a cascade of signaling that ultimately results in activation 

of multiple downstream effector molecules and an increase in intracellular calcium. EGF, 

TGF-a., and HB-EGF are present in large quantities at wound margins serving as 

mitogens for a variety of cells, in particular, epithelial cells and fibroblasts. 16
• 

34 In 

addition to being mitogens, these growth factors appear to be motogens inducing a 

lamellipodal crawling response in epithelial cells and in fibroblasts. 18 

As cell migration and proliferation continues, formation of new vessels to ensure 

adequate blood supply to the tissue becomes an absolute requirement. Angiogenesis 

remains centrally important due to its role in biologic processes including inflammation, 

wound healing, embryonic development, and tumorigenesis.35 As a result, the molecular 

basis of angiogenesis has become increasingly defined. In the uninjured state, endothelial 

cells maintain vessel integrity and patency via interactions between adhesion molecules, 

such as PECAM-1 and cadherins, and ECM proteins such as collagen and laminin.19 In 

wound healing, endothelial cells must shed these intercellular and extracellular 

connections, proliferate, and migrate toward an angiogenic stimulus as sprouts develop 

from existing vessels. 18
• 

36 VEGF is a considerably characterized factor responsible for 

angiogenesis in wound healing. At least five VEGF isoforms are known resulting from 

alternate splicing of the eight exons in the VEGF gene; two isoforms are cell-associated 

and not secreted.19 This growth factor plays a critical role in embryonic development, 

wound healing including fracture healing, and several pathologic processes including 

rheumatoid arthritis. 19 In fetal life, VEGF produced by the endoderm stimulates VEGF 

receptors located on angioblasts of mesodermal origin. A minimum level of VEGF 

expression appears necessary to maintain angioblast differentiation.36 VEGF-A, VEGF

B, and placental growth factor (PlGF) serve as ligands for VEGFR-1 (FLTl), which may 

act as a decoy receptor, preventing binding of VEGF to other receptors. 19 Mice deficient 

in VEGFR-1 expression produce angioblasts but exhibit impaired ability to form 

functional vessels.36 The exact role of VEGFR-1 in VEGF signaling is not well 

understood.37 Stimulation of the VEGFR-2 (KDR) receptor by VEGF-A, or less 

importantly VEGF-C, accounts for the mitogenic effects of this growth factor. 19 VEGFR-
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2 signaling ultimately results in endothelial proliferation and inhibition of apoptosis. 37 

VEGF also increases vascular permeability 50 thousand times more potently than 

histamine.38 While VEGF-A appears dominant in angiogenesis, VEGF-C and VEGF-D 

appear important in stimulation or°VEGFR-3 receptors on lymphatic endothelial cells.35 

The VEGFR-2 receptor is another tyrosine kinase cell surface receptor, and one of the 

downstream molecules activated upon VEGFR-2 stimulation is p125 focal adhesion 

kinase. This protein kinase mediates changes in endothelial cytoskeleton leading to 

endothelial migration. 19 Once contact inhibition occurs, endothelial cells exhibit 

diminished response to VEGF, and cadherin-5 (vascular endothelial cadherin) may 

mediate this reduced response. 37 Multiple cell types express VEGF in response to a host 

of stimuli including cytokines and growth factors, CD40 ligand, and hypoxia. 19 

Infiltrating neutrophils are a source of VEGF early in wound healing, within 1 day of 

injury.39 The presence or absence of other factors influence VEGF levels. For example, 

long-lasting and transient increases in Vegf mRNA are stimulated by epidermal growth. 

factor (EGF) and TGF-~, respectively.40 

Many other molecules participate in angiogenesis. Following VEGF-mediated 

increase in vascular permeability, angiopoietin-1 (ANGPTI) functions to reduce 

permeability, and angiopoietin-2 (ANGPT2) degrades surrounding matrix and existing 

vessels. 1 Fibroblast growth factors (FGFs) stimulate angiogenesis via interaction with cell 

surface tyrosine kinase fibroblast growth factor receptors (FGFRs), integrins, and 

heparin-sulfate proteoglycans.35 Fibroblast growth factors influence angiogenesis via a 

wide range of effects including upregulation of matrix metalloproteinases (MMPs ), 

stimulation of endothelial chemotaxis, and modulation of integrin expression.35 

Pericellular proteases such as MMP-2 and MMP-9 degrade extracellular matrix 

components, allowing endothelial migration to occur.41 Each member of the MMP family 

has slightly different substrate specificity, and misregulated protease activity can result in 

failure to heal. 18 MMP-9 is capable of degrading both type IV and type VII collagen, and 

is thought to free keratinocytes from their connections to the basal lamina. 18 Proteases 

also promote angiogenesis by liberating and activating angiogenic growth factors present 

in the matrix.41 The plasmin-plasminogen activator system also participates in the critical 

degradation of matrix, early in angiogenesis.35 
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The many promoters of angiogenesis exert positive control over the process. 

However, negative control mechanisms also exi~t, particularly in specialized tissues. For 

example, leukocyte cell derived chemotaxin 1 (LECTl ), also known as chondromodulin

I, inhibits angiogenesis in avascular tissues such as cartilage and avascular compartments 

in the eye. 42
• 

43 A combination of angiogenesis inhibitors restricts formation of vessels in 

the eye despite the presence of potent promoters of angiogenesis such as VEGF and FGF-

2.43 One of the most important endogenous inhibitors of angiogenesis is pigment 

epithelium derived factor (PEDF), also known as serine peptidase inhibitor, clade F, 

member 1 (SERPINFl).27 This anti-angiogenic factor is produced by multiple cells, and 

its inhibitory effect results from stimulation of endothelial apoptosis.27 Tissue inhibitors 

of metalloproteinases (TIMPs) inhibit angiogenesis by preventing MMP induced matrix 

degradation.41
_ However, TIMPs also exert negative control on angiogenesis via other -

mechanisms. For example, TIMP-3 interferes with VEGF binding its receptor, preventing 

its stimulatory effect.41 

The Maturation Phase 

The process of wound maturation and remodeling begins early and continues for 

months to years. It has been found that 5 months following regenerative periodontal 

treatment in nonhuman primates, ECM macromolecules associated with wound healing 

exhibit increased expression in healing tissue compared to intact tissue.44 The irregular 

collagen laid down in the proliferative phase is degraded by proteolytic enzymes, 

including MMPs, serine proteases, and cathepsins, and becomes replaced by newly 

synthesized and highly organized matrix. 26 Despite remodeling, the completely healed 

wound possesses only about 80% of the original tensile strength.26 

Wound contracture mediated by fibroblasts and myofibroblasts helps to 

approximate wound margins and reduce wound surface area. Myofibroblasts possess 

biochemical and morphological characteristics of smooth muscle cells and fibroblasts. 

When these cells contract, they shorten and exert tensile forces on their ECMs.45 

Normally these cells undergo apoptosis as the healing wound matures. When 

myofibroblast apoptosis fails, scar hypertrophy and keloid formation may occur.45 
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Effect of Hypoxia on Wound Healing 

A critical factor for the survival of surgical soft tissue flaps is oxygenation, that 

cellular respiration may proceed.46 Disruption of blood supply to the flap due to improper 

flap design or strangulating suturing may reduce oxygenation below the metabolic 

demands, resulting in ischemia and necrosis.47 Hypovolemia due to dehydration or shock 

may reduce tissue blood supply despite a sufficient quantity of intact vessels. Other 

systemic factors may contribute to the disruption of tissue oxygenation. For example, 

diabetes mellitus insidiously causes microvascular dysfunction leading to retinopathy, 

neuropathy, nephropathy, and poor wound healing. However, the relationship between 

diabetic microvascular disease and poor wound healing appears unrelated to stasis or 

vascular congestion. Albumin deposition has been identified in the basement membrane 

of dermal capillary beds of diabetic patients, indicating abnormal permeability.48 

Inadequate cardiac output or macrovascular disease such as atherosclerosis mayfrustrate 

tissue oxygenation. In addition, reduction of the number of erythrocytes in the blood, the 

amount of hemoglobin, or the presence of defective hemoglobin may contribute to 

reduced oxygenation, although oxygenation appears to be well maintained even with low 

hematocrit levels when perfusion is adequate.26 The effect of improving oxygen supply to 

the wound is readily demonstrable. Potential for wound healing has been shown to 

directly correlate with transcutaneous oxygen tension (PtcO2), and treatment with 

hyperbaric oxygen reliably improves wound healing rates.26 

Beyond a role in cellular respiration, oxygen promotes wound healing via several 

important mechanisms. Most cells in the wound environment possess enzymes that 

convert molecular oxygen to reactive oxygen species (ROS). These ROS were once 

thought universally damaging to tissues, but recent research has demonstrated that at low 

concentrations, ROS participate in cell signaling pathways that trigger angiogenesis, cell 

motility, and matrix formation.46·49 It has been shown that one ROS, hydrogen peroxide 

(H2O2), acts as a second messenger in PDGF signaling, and when H2O2 production is 

curbed, vascular smooth muscle response to PDGF is diminished. 50 Also, low dose 

topical H2O2 potentiates VEGF and VEGFR-1 expression and increases vascularity and 

endothelial cell proliferation at the wound edge. 51 
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The cellular and molecular responses to hypoxia are dramatic. In an ischemic 

state (pO2< 40 mm Hg), the absence of sufficient molecular oxygen prohibits the post

translational hydroxylation of prolyl and lysyl residues on collagen molecules, thus 

preventing both triple helix formation and normal cross-linking.26 However, hypoxia 

triggers fibroblast proliferation and tissue fibrosis. 52
• 

53 

Growth Factors 

Growth factors are potent molecules that exert a wide variety of cellular 

influences depending on setting. The acute or chronic nature of a wound and the presence 

or absence of various other proteins may influence the effect of a specific factor. For 

example, fibroblasts exhibit an activated state in early wound healing, upregulating 

cytoskeletal markers and specific integrin subunits before returning to a quiescent state. 54 

Acute and chronic wounds exhibit different biochemistry and physiology, and individual 

wounds may possess distinct sets of deficient growth factors.26 Therefore, it should be no 

surprise that inconsistent observations are reported regarding the therapeutic efficacy of 

'growth factors. A growth factor may exert its biological ·effect at a specific stage in the 

healing process; the perceived role of a given factor will be at least in part determined by 

spatial and temporal factors. In order to gain a more complete picture of the influences of 

growth factors, studies that simultaneously measure expression of multiple factors at 

different time points are necessary. 

To enhance and accelerate wound healing, investigators have studied growth 

factors and the potential of applying exogenous growth factors therapeutically. For 

example, it has been found that adenoviral mediated PDGF-B overexpression in diabetic 

mice improved recruitment of endothelial precursor cells and neovascularization in full 

thickness wounds.55 Using a rodent hernia incision model, it has been found that priming 

the fascia! incision with TGF-~2, basic fibroblast growth factor (bFGF or FGF-2), or IL

I ~ significantly decreased the incidence of acute wound failure. 56 Initial studies also have 

shown that recombinant human epithelial growth factor (rhEGF) and FGF-2 accelerate 

healing of acute wounds by about 1-4 days. 57 
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Wound Healing Models 

In vitro wound healing models involve fewer ethical issues and are significantly 

less expensive than in vivo models. In vitro studies also offer the ability to identify the 

cell type expressing specific genes. However, in vitro models fail to reproduce the 

complex interactions among cells, matrix molecules, and cytokines found in the wound 

healing process. In vivo animal studies, while more expensive, more closely model 

human wound healing. 

The rat skin flap is a common in vivo wound healing model. The rat is preferred 

due to its availability, size, and cost, however there are significant differences between rat 

and human skin. Rat skin is loosely adherent to underlying structures and exhibits greater 

elasticity and redundancy compared to human skin. Also, the presence of a subcutaneous 

panniculus carnosus muscle in rat aids in wound contraction and collagen formation, and 

the rat enzyme L-gluconolactone, which humans lack, converts L-gluconoganunalactone 

to vitamin C and obviates the requirement for dietary vitamin C.58 Since necrosis 

progresses from the distal portion of the flap to the base over time, it is possible to 

examine the expression of various proteins at different stages of ischemic injury. 

Profiling of growth factor expression in ischemic skin flaps may further the 

understanding of wound healing and may have implications for periodontal surgery. 

Although the tooth-gingival flap interface is the only area in the body where the barrier to 

the outside world consists of a soft to hard tissue attachment, basic principles of wound 

healing apply.59 

The McFarlane Flap 

Mcfarlane (1965) first described a rat skin flap model for studying tissue 

necrosis. 60 He utilized a flap with a dorsal location and rostral base. The width was 

standardized to 4cm, but the length varied based on distance between the scapula and the 

hip joint.60 Necrosis varied from 22% to 50% in this modei.60 Subsequent authors 

modified the flap design to reduce the variability in necrosis and reduce the number of 

animals necessary to show a difference between groups.61
-6

8 The Mcfarlane flap is a type 

of random pattern skin flap, meaning that no attempt is made to follow the course of a 

particular vessel. It is known that pedicle flap viability can be maintained over much 
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longer flap lengths if the flap extends along the course of an intact vessel. 69 Various flap 

widths appear in the literature. The flap width contributes to blood supply, however 

oxygen demand depends on flap area. Thus, the relationship between flap width and 

survival length does not appear to be direct. 69 Furthermore, studies involving disparate 

flap dimensions are not readily comparible. 64 

Key characteristics of a pedicle random pattern skin flap make it useful for 

studying necrosis and wound healing. Immediately after incisions are made, this type of 

flap is always viable, because skin cells are capable of surviving many hours of complete 

avascularity at body temperature.70 The flap is always ischemic, because it becomes 

dependent on flow through collateral circulation between the cut vessels and intact 

vessels in the base.70 Additionally, this type of flap is never initially avascular. Initially, 

there is always at least some flow even at the most distal aspect of the flap. This 

characteristic is important, because it leaves open the possibility of therapeutic 

intervention. 70 l'fecrosis will ensue only if blood flow is inadequate and does not improve 

before cells succumb. 

Early research using ischemic skin flaps focused on the etiology of flap failure. 

Reinisch (1974) noticed warm temperatures at the distal aspect of ischemic porcine skin 

flaps, suggesting that necrosis ensued at the distal aspect of the flap despite a high level 

of blood flow. 71 From experiments using radioactive erythrocytes and microspheres, 

Reinisch concluded that flaps fail due to inappropriate non-nutrient flow resulting from 

arteriovenous shunts. 71 Subsequent reports appeared to contradict Reinisch. Kerrigan 

(1983) repeating Reinisch's studies concluded that flaps failed not due to arteriovenous 

shunting, but due to arterial insufficiency.72 Kerrigan theorized that a triad of interrelated 

processes contributed to flap necrosis. The severance of cutaneous vessels resulted in 

ischemia and accumulation of metabolic vasodilators. 73 Inflammatory components 

including histamine and bradykinin enhanced vasodilation countered by a transient burst 

of adrenergic stimulation due to sympathectomy.73 The net result of these changes was an 

increase in peripheral vascular resistance and an inability to maintain adequate perfusion 

pressure. 73 



PURPOSE 

The purpose of this study was to identify angiogenesis associated genes that are 

up- or down-regulated at various time points postoperatively in progressively more distal 

zones. of the rat surgical skin flap. 

HYPOTHESIS 

Angiogenesis associated gene expression will progressively increase from the 

base of the flap to the most distal portiop. of the flap and from 24h postsurgery to day 7. 

SPECIFIC AIMS 

Specific aim # 1: Identify angiogenesis associated growth factors, proteases, 

cytokines, and receptor proteins up- or down-regulated in progressively distal areas of the 

rat surgical skin flap using oligoDNA microarray analysis. 

Specific aim #2: Identify angiogenesis associated growth factors, proteases, 

cytokines, and receptor proteins up- or down-regulated at progressively longer 

postsurgery time points using oligoDNA microarray analysis. 
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MATERIALS AND METHODS 

Overview of Methods 

As reported previously, a modified McFarlane flap measuring 3xl0 cm was 

designed on the dorsal skin of 109 male Sprague Dawley rats (Figure I). 2• 
60 The 

myocutaneous flap was elevated to separate it from the underlying fascia then returned to 

its native position and secured with staples. The rats were divided into three groups 

(sham, vehicle control, and drug treatment) and subdivided into four additional groups 

based on healing interval (1, 3, 5, and 7 days). Orthogonal polarization spectral imaging 

was utilized to demarcate the areas of the flap exhibiting blood flow, vessels with no 

flow, and no vessels. Following euthanasia, flaps were photographed and harvested. The 

flap was divided into four 3x2.5-mm zones. Half of the tissue from each zone was 

analyzed histologically.2 The other half was stored at -20°C. In this study, tissue from the 

sham-group was further analyzed at the molecular level. The spatial and temporal gene 

expression pattern of each zone was identified and compared at three healing intervals(!, 

3, and 7 days). The experimental design is diagrammed in Figure 2. 

17 
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~ Dorsal random-pattern skin flap 

Rat sacrificed at 1, 3, or 
7 days and the skin flap 
tissue harvested. JtJI' 

10 cm -------4 

RNA integrity is determined 
by running an agarose gel. 

T 
3cm 
..l_ 

created on 300 to 350-gram 
Sprague-Dawley rat. 

Skin flap sectioned into four 
zones, each 2.5 cm in length. 

Zone Zone Zone Zone 
1 2 3 4 

/ 
□':: ______.._ / _____... Orthogonal polarization 

spectral imaging (Hart, 2006). 

' Total RNA 
isolation 

____. 

A bioanalyzer is used to 
determine RNA concentration . 

. .. 
RNA Amplification 

And Labeling 

l 
( RNA Clean-up ) 

1/ '\ 
Confirmation of 

expression levels 
with RT-PCR for 
selected genes. 

Microarray analysis 

• 

• 
• .... . 

• 
• •••••• 

Figure 2. Experimental design. Half of the tissue from each zone was analyzed via 
orthogonal polarization spectral imaging and digital photography reported previous!y.2 
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Methods Description 

Total RNA Extraction. The total RNA and protein was isolated from skin flap 

tissue using a monophase phenol and guanidine thiocyanate isolation reagent according 

to the manufacturer's instructions (TriPure™, Boerhringer Mannheim: Indianapolis, IN). 

Tissues were immersed in 1 mL of isolation reagent per 100 mg of tissue, homogenized, 

and centrifuged at 12,000g for 10 min at 4°C. Homogenized samples were incubated for 5 

min at room temperature, followed by an addition of 

0.2 mL of chloroform per mL isolation reagent. The 

mixture was vigorously shaken and incubated for 

another 15 min. Samples were then centrifuged at 

12,000g for 15 min at 4 °C. After centrifugation, the 

solution contained three phases. The upper aqueous 

phase contained the RNA, while the lower organic 

phase and cloudy interphase contained DNA and 

proteins (Figure 3). Total RNA was recovered from 

the upper phase by isopropanol precipitation (Figure 

4). The RNA was resuspended in 

diethylpyrocarbonate (DEPC)-treated water and 

optical densities were used to estimate the 

quantity and purity of the isolated total RNA. 

Total RNA was stored at -80°C until processed. 

Figure 3. Total RNA extraction. 
Three phases are visible: the lower 
organic phase, the cloudy inter
phase, and the upper aqueous 
phase. 

Figure 4. RNA pellet. The total 
RNA was resuspended in DEPC
treated water and processed f or 
hybridization with a microarray. 

Oligonucleotide microarray analysis. Using tissue from the sham group described 

previously, expression profiles of growth factors, cytokines, adhesion molecules, and 



21 

receptor proteins were generated in skin flap zones I through IV ( corresponding to 10.0, 

7.5, 5.0 and 2.5 cm from the flap base) using 1-, 3-, and 7-day healing intervals.2 A rat 

angiogenesis focused oligoDNAmicroarray (Number ORN-024.2, SuperArray Bioscience 

Corp.: Frederick, MD) was used to screen for rat angiogenesis-associated genes up- or 

down-regulated with respect to time and zone. This microarray included 128 positions 

and 113 unique angiogenesis-associated oligonucleotide probes. A schematic of the 

microarray is shown in Figure 5. The microarrays were imaged using chemiluminescence 

(Kodak Image Station In-Vivo F System, Eastman Kodak Molecular Imaging Systems: 

New Haven, CT). 
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Ppia Adra2b Aggfl Agpt2" Aktl Angptl2 Angptl4 Anpep 
I 2 3 4 5 6 7 8 
Arll2 Bail Cell I Ccl2 Cdh5 Coll8al Col4a3 Csf3 
(predicted) (predicted) (predicted) 
9 IO 11 12 13 14 15 16 
Ctgf Cxcll Cxcll0 Cxcll l Cxcl2 Cxc!S Cxc!9 Ecgfl 
17 18 19 20 21 22 23 24 
Edgl Efnal Efna2 Efna3 Egf Eng Epasl Ereg 
25 26 27 28 29 30 31 32 
F2 Fgfl Fgf2 Fgf6 Fgfr3 Figf Flt! FzdS 
33 34 35 36 37 38 39 40 

Gna13 Hand2 Hgf Hifla !foal lfng lgfl Ill0 
41 42 43 44 45 46 47 48 
Ill2a Ill8 Illb 116 Itgav Itgb3 Jag! . Kdr 

(predicted) 
49 50 51 52 53 54 55 56 

Lama5 Lectl Lep LOC299339 Mapkl4 Mdk Mmpl9 Mmp2 
(predicted) 

57 58 59 60 61 62 63 64 

Mmp9 Notch4 Nppb Nprl Nrpl Nrp2 Nudt6 Pdgfa 
65 66 67 68 69 70 71 72 

Pdgtb Pecam Cxcl4 Pgf Plau Pig Pofutl Prok2 
73 74 75 76 77 78 79 80 

Pten Ptgsl Ptgs2 Ptn Saps! Serpinfl Sh2d2a Smad5 
(predicted) 

81 82 83 84 85 86 87 88 

Sphkl Stab! Stab2 Tux! Tbx4 Tek Tgfa Tgtbl 
(predicted) (predicted) (predicted) 

89 90 91 92 93 94 95 96 
Tgtb2 Tgtb3 Tgtbrl Thbs2 Tie! Timpl Timp2 Timp3 

97 98 99 100 IOI 102 103 104 

Tmprss6 Tnf Tnfrsfl2a Tnfsf12 Tnfsf15 Tonti Vegfa Vegtb 
(predicted) 
105 106 107 108 109 110 II I 112 

Vegfc Wasf2 PUC18 Blank Blank ASIR2 ASIRI AS! 
113 114 115 116 117 118 119 120 

Rpl32 Ldha A!doa Aldoa Gapdh Gapdh BAS2C BAS2C 

121 122 123 124 125 126 127 128 

· Figure 5. Rat angiogenesis focused microarray schematic. This figure represents an 
enlarged schematic of an actual microarray. Each position on the positively charged 
nylon membrane (except positions 116 and 117) contains one 60-basepair 
oligonucleotide probe corresponding to an angiogenesis-associated gene or a 
housekeeping control gene. The isolated RNA was labeled and hybridized with the 
microarray to determine presence and relative expression levels of the genes.The full 
names of the genes are presented in Appendix 1. 

Data Analysis 

Web-based software (GEArray Analysis Suite 2.0, SuperArray BioScience Corp.: 

Frederick, MD) was used to analyze the signal intensity produced at each location on the 

microarray for each specimen. To correct for background differences among microarrays, 

interquartile normalization of the signal intensity was utilized. Thus, the signal intensities 
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were ranked, and the absolute intensity of each signal was divided by the mean intensity 

of the genes that fell between the 25% and 75% quartiles. 

For each zone, the mean normalized signal intensity at day 1 was compared to the 

mean normalized signal intensities at days 3 and 7. Differences between mean 

normalized signal intensities at day 3 and 7 were also analyzed. A Student's t-test was 

performed for each comparison. Differences in mean normalized signal intensity were 

deemed statistically significant when the fold change was greater than or equal to two and 

the p-value was less than 0.05. Scatter plots and volcano plots were generated to evaluate 

differences in signal intensity within the four zones over time. In these plots, each point 

represents a gene analyzed via microarray. In the scatter plots, the black points in the 

center represent genes exhibiting less than a two-fold difference in mean normalized 

signal intensity between the two time points compared. The red points represent genes 

that exhibited greater than a two-fold increase in signal intensity over the compared time 

interval. The green points represent genes that exhibited greater than a two-fold decrease 

in signal intensity over the compared time interval. The further a point exists from the 

central oblique line, the greater the fold-change in mean normalized signal intensity over 

the time interval. Volcano plots provide similar information, while also indicating 

statistical significance. In the volcano plot, the blue line indicates a p-value of 0.05. Only 

the red and green points above the blue line represent statistically significant changes in 

signal intensity. 

Finally, the genes were grouped according to function, and analysis was 

performed to determine the proportion of activity (increase or decrease in mean 

normalized signal intensity) attributed to each functional group. Seven groups of genes 

were defined: growth factors, cell surface receptors, adhesion molecules and matrix 

proteins, cytokines / chemokines and hormones, proteases and protease inhibitors, cell 

signaling and regulatory proteins, and transcription factors. The genes comprising each 

group are shown in Table 15 (Appendix 5). For this analysis, only genes exhibiting a 

two-fold or greater change in signal intensity were considered, and statistical significance 

was ignored. 



RESULTS 

Distinct temporal and spatial angiogenesis-associated gene expression patterns 

were observed in ischemic rat skin flaps. 'Scatter plots and volcano plots demonstrated 

spatial and temporal differences in mean normalized signal intensity (Appendix 4). For 

example, in zone I, numerous genes showed relatively large changes in signal intensity 

from day 1 to day 3, whereas changes in zone II over the same time interval were much 

less pronounced. From day 3 to day 7, zone I exhibited relatively few genes with greater 

than two-fold changes in signal intensity, yet in zone II there were numerous genes with 

large magnitude changes (Figure 3). 
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Figure 6. Comparisons of zane I and zone II scatter plots. These scatter plots show 
changes in mean normalized signal intensity from day I to day 3 (top) and from day 3 to 
day 7 (bottom) in zone I (left) versus zone II (right). In both zanes, some genes were 
modulated more than two-fold over the early time interval. However, in zone I, the 
changes were much more robust. The opposite is true when the later time interval is 
compared. 

In both zones ill and IV, changes in mean normalized signal intensity were relatively 

minor from day I to day 3. However, changes from day 3 to day 7 were much more 

pronounced (Figure 4 ). 
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Figure 7. Comparisons of zone Ill and zane JV scatter plots. These scatter plots show 
changes in mean normalized signal intensity from day 1 to day 3 (top) and from day 3 to 
day 7 (bottom) in zane Ill (left) versus zone JV (right). In both zones, the changes in 
signal intensity were more pronounced during the later time interval, from day 3 to day 
7. Also, in both zones, up-regulation was more prominent than down-regulation over the 
later time interval. 

The proportions of the total number of genes exhibiting at least a two-fold change in 

signal intensity attributed to each of the seven gene families defined above are presented 

in Figure 8. 
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Relative Activity by Gene Functional Group 
Zone I: Day 1-3 Day 3-7 

9% 
Zone II: Day 1-3 

6% 6% 

6% 6% 

Zone Ill: Day 1-3 

20% 

Zone IV: Day 1-3 

8% 8% 

8% 

Day3-7 

17% 

19% 
Day3-7 

11 % 

3% 

D Growth 
factors (up) 

I Cell surface 
receptors (up) 

I Adhesion molecules / 
Matrix proteins (up) 

I Cytokines, chemokines, 
and hormones (up) 

I Proteases / 
protease inhibitors (up) 

I Cell signaling / 
11 % regulatory proteins (up) 

4% 

I Transcription 
factors (up) 

~ Growth 
factors (down) 

I Cell surface 
receptors (down) 

I Adhesion molecules / 
Matrix proteins (down) 

I Cytokines, chemokines, 
and hormones (down) 

~ Proteases / 
protease inhibitors (down) 

Cell signaling / 
regulatory proteins (down) 

I Transcription 
factors (down) 

Figure 8. Relative activity by gene functional group. The pie charts indicate the 
proportion of the total number of changes in mean normalized signal intensity ( either up 
or down) attributed to each of seven gene functional groups. Distinct spatial and 
temporal patterns were observed. 
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Of the 113 angiogenesis-associated genes analyzed, 64 (57%) exhibited a 

statistically significant change in mean signal intensity in at least one zone over at least 

one time interval (day 1 compared to day 3, day 3 compared to day 7, or day 1 compared 

to day 7). The magnitude of the signal intensity fold change ranged from 2.00 to 16.39 

(mean = 3.58). The fold changes and associated p-values for individual genes are 

reported in Appendix 2. Only three genes (Pig, Cdh5, and Serpinfl) exhibited statistically 

significant modulation in all four zones over at least one time interval. The genes 

significantly modulated in zones I and II were largely distinct from the genes 

significantly modulated in zones III and IV. As demonstrated in Table 1, relatively high 

proportions of significantly modulated genes were common either to zones I and II or to 

zones III and IV. 
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Table 1. Cross tabulation of statistically significant gene modulation 

Number of same !!enes also sionificantlv up-regulated in: 
Number of genes sig. 
up-regulated in zone I Zone II Zone III Zone IV 

11 4 (36%) 3 (27%) 3 (27%) 

Number of same !!enes also sionificantly down-re!!lllated in: 
Number of genes sig. 

down-regulated in Zone II Zone III Zone IV 
zone I 

18 10 (56%) 5 (28%) 4 (22%) 

Number of same genes also si<mificantlv uo-re,mlated in: 
Number of genes sig. 

up-regulated Zone I Zone III Zone IV 
in zone II 

6 4 (67%) I (I 7%) I (17%) 

Number of same genes also sionificantlv down-regulated in: 

Number of genes, sig. 
down-regulated in Zone I Zone III Zone IV 

zone II 
20 10 (50%) 3 (15%) 3 (15%) 

' 
Number of same genes also si,mificantlv uo-rem,Iated in: 

Number of genes sig. 
up-regulated in zone Zone I Zone II Zone IV 

III 
17 3 (18%) I (6%) 4 (24%) 

Number of same genes also si1mificantly down-re,mlated in: 

Number of genes sig. 
down-regulated in Zone I Zone II Zone IV 

zone III 
8 5 (63%) 3 (38%) 5 (63%) 

Number of same genes si1mificantlv also uo-re,mlated in: 

Number of genes sig. 
up-regulated in zone · Zone I Zone II Zone III 

IV 
13 3 (23%) I (8%) 4 (31 %) -Number of same genes significantly also down-rem1lated in: 

Number of genes sig. 
down-regulated in Zone I Zone II Zone III 

zone IV 
7 4 (57%) 3 (43%) 5 (71 %) 
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Additionally, a subset of genes exhibited statistically significant modulation only in zones 

I and/or II. These genes are presented in Tables 2 and 3. Conversely, another set of 

genes exhibited statistically significant modulation only in zones III and/or IV. These 

genes are presented in tables 4 and 5. 

Table 2. Genes significantly up-regulated in zones I and/or II but not significantly 
modulated in zones III and/or IV 

Gene Zone Time interval Fold-change P-value 
Ccl2 II Day I-Day 3 2.09 0.04 
Fgf6 I Day I -Day 3 2.53 0.03 
Leet! I Day 1-Day7 13.15 0.05 

Notch4 I Dayl-Day3 2.10 0.01 
I Day 1-Day7 3.62 0.01 
II Day 1.-Dav7 3.11 0.02 

Nro2 I Dayl-Dav3 7.95 0.05 
II Day 1-Dav3 2.10 <0.01 

Pecam I Day 1-Dav3 3.06 0.02 
II Day 1-Day7 2.88 0.02 

Ptgsl I Dav 1-Day3 2.77 0.02 
I Dav 1-Day7 2.94 0.02 

Sphkl I Day I -Day 3 2.04 0.01 
Vegfc II Day 1-Dav7 3.82 0.04 



Table 3. Genes significantly down-regulated in zones I and/or II, but not significantly 
modulated in zones III and/or IV 

Gene Zone Time interval Fold-chan!!e P-value 
Adra2b II Day 1-Day7 2.88 0.03 
Cclll I Day 1-Day3 2.05 0.04 
Ctgf I Day3-Day7 4.89 0.02 

Ecgfl II Day 1-Day3 2.50 0.05 
II Day 1-Day7 5.74 0.01 

Eoasl I Day 1-Dav3 5.63 0.01 
I Day 1-Day7 3.00 0.02 
II Day 1-Day 3 5.06 0.03 
II Day 1-Day7 5.61 0.03 

Ereg I Day 1-Dav3 3.91 <0.01 
I Day 1-Day 7 3.75 <0.01 
II Day 1-Day3 2.43 0.05 
II Day 1-Day7 3.19 0.03 

Il12a I Dav 1-Day3 3.08 <0.01 
I Day 1-Day7 2.35 0.03 
II Day 1-Day7 2.87 0.02 

Ifnal I Dav 1-Dav7 2.83 0.05 
Itgav I Day 1-Day3 10.16 0.01 

I Dav 1-Day7 12.68 <0.01 
II Day 1-Day7 16.39 0.01 

Nudt6 I Day 1-Day3 3.20 <0.01 
I Day 1-Day7 2.40 0.01 

Pofutl I Day 1-Day7 2.00 0.01 
Sans! II Day3-Day7 2.21 0.02 

II Day 1-Day7 2.64 <0.01 
Sh2d2a I Day I-Day 3 2.21 0.02 
Smad5 I Day 1-Day7 3.16 <0.01 
Tbx4 II Day 3-Day7 3.41 0.01 

II Day 1-Dav 7 2.79 <0.01 
Tgfbrl I Dav 1-Dav3 3.99 0.01 

I Day 1-Dav7 6.20 <0.01 
II Day 1-Day7 5.92 0.01 

Thbs2 I Day 1-Day7 2.30 0.05 
TimnI II Dav 3-Day7 2.17 0.02 

Tnfrsf12a II Day 1-Day3 2.49 0.02 
II Dav 1-Dav7 2.42 0.03 

Tnfsf15 II Day3-Day7 2.07 0.02 
Tnntl II Day 1-Day 7 2.27 0.04 
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Table 4. Genes significantly up-regulated in zones III and/or IV but not significantly 
modulated in zones I and/or II 

Gene Zone Time interval Fold-chane:e P-value 
Animtl III Dav3-Dav7 4.57 0.03 
Anpep III Day3-Day7 2.58 0.01 
Col4a3 III Day 3-Day7 3.08 0.02 

Csf3 III Day3-Dav7 2.23 0.01 
Egf III Day3-Day7 2.13 <0.01 

III Day 1-Dav 7 2.10 0.01 
Efna3 III Dav3-Dav7 4.46 - 0.01 

IV Dav3-Day7 2.64 0.03 
F2 IV Day 3-Day 7 3.12 0.03 

FzdS III Day3-Day7 3.22 <0.01 
III Day 1-Day7 2.43 0.01 

Illb IV Dav3-Day7 2.34 0.01 
Ill0 III Day3-Day7 2.28 0.02 
JagJ1 III Day 1-Day 3 2.46 0.03 

Lamas III Davl-Day3 2.05 <0.01 
Mmp2 III Day 1-Day 7 2.08 <0.01 
Mmp9 III Dav3-Day7 3.14 <0.01 
Pdgfa IV Day l-Dav7 2.09 0.05 
Prok2 III Day 3-Day 7 2.02 0.01 
Pten IV Day3-Day7 3.73 <0.01 

Sphkl IV Day3-Day7 2.27 <0.01 
Tgfb2 IV Day3-Day7 2.55 0.01 
Tnf IV Dav 3-Day 7 2.12 0.04 

Table S. Genes significantly down-regulated in zones III and IV, but not significantly 
modulated in zones I and/or II 

Gene Zone Time interval Fold-chanl!e P-value 
Arll2 III Day l-Dav3 2.49 0.01 

Coll8al III Day 1-Day 3 2.13 0.05 
IV Day3-Dav7 2.44 0.02 

Cxclll IV Day3-Day7 9.94 0.01 
Fgfr3 III Day l-Dav3 2.66 0.02 
Pdgfa IV Day3-Day7 3.26 0.02 
Stab! III Dav 1-Day 3 2.05 <0.01 
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This apparent grouping of zone I with zone II and zone III with zone IV is also 

evident when, for each significantly modulated gene, the mean signal intensity for each 

zone is plotted over time (Appendix 3). In these bar graphs, six signal intensity patterns 
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were defined (Table 6). In most patterns, signal intensity in zones I and II followed 

similar trends, while signal intensity in zones III and IV followed similar trends. 

Table 6. Signal intensity patterns 

Pattern Defining features Number 
of !!enes 

In zones I and/or II, signal intensity was markedly higher at day I 
I compared to subsequent time points. There was no statistically 13 

significant difference in signal intensity in zones III and IV 
among the three time points. 
In zones I and/or II, sig~al intensity was significantly higher at 
day I compared to subsequent time points.In zones III and IV, 

2 signal intensity tended to decrease at day 3 and return to or 8 
exceed baseline levels at day 7. Some changes in zones ill and IV 
were statistically si=ificant. 
In zones I and II, signal intensity progressively increased over 

3 time. There was no statistically significant difference in signal 4 
intensity in zones III and IV amon!! the three time points. 
In zones I and II, signal intensity tended to increase at day 3 and 

4 return to baseline at day 7. In zones III and IV, signal intensity 12 
tended to decrease at day 3 and return to baseline levels at day 7. 
At day I, there was no statistically significant difference in signal 

5 intensity among the four zones. At day 7, signal intensity in zone 3 
II was significantly diminished. 
At day I, there was no statistically significant difference in signal 
intensity among the four zones. At day 3, there was a significant 

6 increase in intensity in zone I, which diminished at day 7. 7 
However, in zone II, the increase in signal intensity did not 
aooear until day 7. 



DISCUSSION 

Orthogonal polarization spectral imaging is a noninvasive technique for 

visualizing soft tissue microcirculation without the use of dyes. 74
• 

75 Previously in our 

laboratory, orthogonal polarization spectral imaging was used to define three areas of the 

modified Mcfarlane skin flap. The area of necrosis was devoid of blood vessels, the area 

of stasis exhibited vessels without flow, and the unaffected area clearly showed vessels 

with blood flow.2 The area of necrosis together with the area of stasis defined the total 

affected area. The area of stasis, containing vessels yet absent blood flow, represents the 

area of the flap susceptible to pharmacological intervention. At all time points up to 7 

days, the mean total affected area terminated at approximately 4 cm from the distal 

margin of the flap base. Thus, zones III and IV were characterized by blood flow at all 

time points. While the total affected area remained constant at all time points, the mean 

area of necrosis increased at the expense of the area of stasis. Thus, at day 1, the mean . 

area of stasis was located between 2.4 and 4.0 cm as measured from the distal margin of 

the flap.2 By day 7, the mean area of stasis occupied the area between 3.6 and 4.1cm from 

the distal flap margin (Figure 9).2 At 3 days, the full width of zone I exhibited necrosis. In 

this model, the portion of the flap destined to die is overtly necrotic by 7 days.75 
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Figure 9. Total affected area. This chart was constructed using previously published 
data. 2 At 24 h, a small portion of the area of stasis was located within zone I, and the 
majority of zone II exhibited stasis. From day 3 forward, the area of stasis was located 
completely within zone II, which included areas of flow, stasis, and necrosis. By day 7, a 
portion of zone II still exhibited stasis, although necrosis continued to progress toward 
the flap base. 

In the present study, pairwise comparison by zone of genes exhibiting statistically 

significant modulation (Table 1), tables listing genes significantly modulated only in 

either the distal half of the flap or the proximal half of the flap (Tables 2-5), and patterns 

identified in the plots of the mean signal intensity (Appendix 3) all suggest that many 

genes may be modulated differently in zones I and II versus zones III and IV. Therefore, 

many genes may be modulated differently in the affected area versus the area defined by 

blood flow. In this section, assessment of angiogenesis-associated gene expression is 

presented in three parts: an overview of temporal and spatial expression patterns, a 

comparison of changes in expression within gene functional groups, and a detailed 

consideration of some specific angiogenesis-associated genes relative to known wound 

healing events. 
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Overview of Temporal and Spatial Gene Expression Patterns 

The angiogenesis-associated gene expression patterns observed are most 

interesting when considered in the context of the orthogonal polarization spectral imaging 

data and the visual appearance of the tissue. Standardized digital photographs illustrate 

the appearance of the tissue as necrosis progressed (Figure 10). 

Zone II Ill IV 

24h 

3 days 

5 days 

7 days 

Figure 10. Visual appearance of tissue. Flap survival can be assessed visually. 
However, orthogonal polarization spectral imaging has been shown to be more accurate 
than visual appearance in the assessment of flap viability. 75 

At 24 h, zone I appears completely necrotic despite the presence of vessels in the 

proximal portion of the zone detected via orthogonal polarization spectral imaging. In 

zone Ill and the proximal portion of zone II, erythema is present. By day 7, orthogonal 

polarization spectral imaging showed that the total affected area still comprised the distal 

4 cm of the flap, with an increased area of necrosis within zone II. Thus the 

hemodynamic data parallels the visual appearance of the tissue. At the day 7, the 

proximal portion of zone II appears viable and the distal portion of zone II appears 

necrotic, with an intervening transitional area corresponding to the area of stasis. In the 

area of flow, healing appeared to proceed rapidly. In some specimens, considerable 

tensile strength at the incision line was observed by day 7 in zones III and IV. 
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Nearly completely necrotic by 24 h, zone I exhibited extensive modulation of 

numerous genes from day 1 to day 3 (Figure 6). In contrast, gene modulation activity in 

zone I from day 3 to day 7 was much less robust, possibly due to a large reduction in the 

number of viable cells within the zone. As necrosis progressed into zone II from day 3 to 

day 7, a burst of activity occurred in zone II, similar to that observed over the early time 

interval in zone I. One may speculate that analysis of a time point beyond 7 days would 

show a reduction in modulation activity in zone II, similar to the pattern observed in zone 

I from day 3 to day 7. In the areas of the flap lacking stasis and necrosis (zones III and 

IV), only modest changes in gene expression were observed during the early time interval 

(Figure 7). However, gene modulation activity increased in both of these zones from day 

3 to day 7. Also, in both zones, up-regulation was more pronounce over the late time 

interval compared to the early time interval. Possibly, a gene program important for 

wound maturation and remodeling was implemented in the area of flow at this time. In 

the area of flow, where tissue damage was limited mainly to the area near incision Jines, 

the number of necrotic cells was much Jess burdensome. The inflammatory response was 

presumably much less intense. Healing in this area may have included re-anastomosis of 

severed blood vessels. It is possible that the area of flow proceeded through the early 

phases of wound healing quickly, and genes required for later phases of healing were 

required in this area. This hypothesis is supported by the fact that many of the genes 

significantly modulated in the area of flow were different than the genes modulated in the 

areas of necrosis and stasis. 

Comparison of Changes in Expression among Gene Functional Groups 

Genes were grouped according to function in order to determine proportional 

changes in gene expression by group. The functional groups are shown in Table I 5 

(Appendix 5). For each zone and time point, the total number of genes modulated at least 

two-fold was determined, and the percentage of the total calculated for each functional 

group (Figure 8). Proportional contributions of the various functional groups varied 

temporally and spatially. In the area of the flap exhibiting complete necrosis by day 3 

(zone I), growth factors represented the functional group with the greatest temporal 

change in percentage of modulated genes. In the interval between day I and day 3, 

growth factors accounted for 15% of the modulated genes (11 % up-regulated, 4% down-
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regulated). In the later time interval, growth factors accounted for 31 % of the modulated 

genes (8% up-regulated, 23% down-regulated). Changes in cell surface receptor 

expression accounted for 18% (7% up-regulated, 11 % down-regulated) and 15% ( all up

regulated) of modulated genes for the early and later time intervals, respectively. In this 

zone, 15% of modulated genes in the early time interval were up-regulated cell signaling 

/ regulatory proteins, whereas there were no up-regulated genes of this functional group 

in the later time interval. 

In the zone containing a progressively larger area of necrosis and smaller area of 

stasis (zone II), up-regulated cytokines and chemokines comprised 6% of the modulated 

genes in the early time interval and 17% of the modulated genes from day 3 to day 7. 

Also, transcription factors were up-regulated at least two-fold only in zone II during the 

later time interval, accounting for 3% of the modulated genes. Up-regulation of 

transcription factors was not observed in any other zone over either time interval. 

In the areas of the flap with continuous blood flow through 7 days postsurgery 

(zones III and IV), no transcription factors were modulated two-fold or greater over either 

time interval. In this proximal half of the skin flap, up-regulated growth factors accounted 

for a large proportion of modulated genes during the day 3 to day 7 time interval-15% 

in zone III and 26% in zone IV. In zone III, there was a striking change from down

regulation during the early time interval to up-regulation in the later time interval in 

multiple functional groups, adhesion molecules / matrix proteins being the exception. 

Overall, in zone III 80% of modulated genes were down-regulated during the early time 

interval versus 27% down-regulation in the later time interval. 

Comparison of Observed Gene Modulation to Known Molecular Events in 

Angiogenesis 

Although the small number of time points analyzed in this study may preclude 

complete identification of the actual changes in gene expression, the changes that were 

observed may offer insight into the processes at work within the tissue. 

The inflammatory response that occurs following a surgical insult generates 

growth factors that stimulate vessel growth and remodeling, and inflammatory cells are 

important regulators of angiogenesis.76
"
78 The acute inflammatory infiltrate primarily 
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consists of neutrophils initially, followed by monocytes and lymphocytes. Ccl2 is a well

studied monocyte chemoattractant. In the present study, at 24 h there was no statistically 

significant difference between Ccl2 expression among the four zones. In the areas of the 

flap defined by blood flow, Ccl2 signal intensity remained at baseline level or diminished 

over time. However, in the areas of the flap defined by stasis and necrosis, Ccl2 levels 

progressively increased over time. This pattern is consistent with the known sequence of 

cellular infiltration during acute inflammation. Neutrophils dominate the first 24 h, 

whereas macrophages are present in force by day 3. 16 Macrophages are the cells 

responsible for most of the resorption of necrotic debris. Since necrotic tissue is known to 

cause an intense inflammatory response, the presence of higher levels of a monocyte 

h . h . . d 21 c emoattractant m t e necrotic area 1s expecte . 

Some changes in chemokine expression levels also provide clues to the processes 

at work in the tissue. The CXC chemokine family can be divided into two groups based 

on the presence (ELR-positive) or absence (ELR-negative) pf a glutamic acid-leucine

arginine motif in the amino terminal region.21 Two ELR-negative members of the CXC 

chemokine family, Cxcl9 and Cxcll 1, exhibited similar signal intensity patterns over 

time. For both of these chemokines, signal intensity was significantly decreased at day 3 

and day 7 relative to the day I level. The neutrophil response is known to peak at about 

24 h and then wane, followed by an increased monocyte/macrophage response by day 2-

3 .16 ELR-negative CXC chemokines do not attract granulocytes or monocytes but induce 

Thi cell infiltration.21 Macrophages serve as effector cells for Thi lyphocytes.22 IFN-y 

derived from Thi cells enhances killing of microbes by increasing expression of 

macrophage proteases and enzymes that catalyze synthesis of reactive oxygen species.22 

Therefore, an increase in signal intensity of Cxcl9 and Cxcll 1 at 24 h may signify 

preparation for a macrophage/Th! response. Additionally, the ELR-negative CXC 

chemokines being angiostatic, down-regulation of Cxcl9 and Cxcll l at later time points 

may be permissive for angiogenesis. 

Two cytokines, II IO and II I b, also exhibited similar signal intensity patterns. Both 

cytokines exhibited low expression levels in the area of blood flow. At day 3, the signal· 

intensity significantly increased in the most ischemic area of the flap, and at day 7, signal 

intensity significantly increased in the area of stasis. It is possible that these cytokines are 
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differentially expressed based in part on the level of ischemia. This hypothesis would 

account for elevated signal intensity at day 3 in the most distal aspect of the flap and an 

increase in signal intensity unapparent in the area of stasis until day 7. Another reason for 

the increase in these cytokines beginning at day 3 may the cellular sources. Macrophages 

are a principle source of both ILI and ILI 0.22 IL-I 0, produced also by Th2 cells, limits 

damaging effects of activated macrophages by reducing expression of cell surface 

costimulators and class II major histocompatibilty complex (MHC) molecules.22 IL-I and 

TNF-a from macrophages lead to activation of endothelial cells, increased collagen and 

collagenase production by fibroblasts, increased circulating acute phase proteins, and 

priming of leukocytes. 16 

Angiogenesis involves the outgrowth of endothelial cells from existing vessels. 

Early in the process, vascular smooth muscle cells detach, and perivascular ECM is 

degraded.79 The proteases responsible for matrix degradation depend on the matrix 

composition.79 For example, fibrin is degraded by MT-1-MMP, whereas type I collagen 

degradation requires MMP-2.79 In the present study, Mmp2 expression displayed a 2.22-

fold increase (p<0.05) from day I to day 3 in zone II and a 2.08-fold increase in zone III 

over the same time interval. Mmp2 was one of the few genes that showed statistically 

significant changes in expression both in areas of flow and non-flow. Able to degrade 

type IV collagen and gelatin ( denatured collagens ), MMP-9 also plays a role early in 

angiogenesis. In this study, Mmp9 expression was highest in the proximal half of the flap 

at day 7. A 3.14-fold increase (p<0.01) in Mmp9 expression occurred from day 3 to 7 

within the area of the flap defined by flow. In the areas of the flap defined by stasis and 

necrosis, Mmp9 expression was essentially unchanged over time and tended to be lower 

than expression in the area of flow. 

VEGF signaling mediates increased vascular permeability, endothelial cell 

proliferation and migration, and tube formation. 80 In the present study, the only isoform 

ofVegf exhibiting a statistically significant change in signal intensity was Vegfc. In an in 

vitro study, VEGF-C was shown to stimulate collagen ·constriction, capillary sprouting, 

tube formation, and invasion of endothelial progenitor cells. 81 The observed statistically 

significant change in signal intensity occurred in the area of stasis/advancing necrosis 

between day 3 and day 7. While the literature pertaining to VEGF is vast, a limited 
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number of studies report the timing of Vegf expression in skin wounds or temporal 

changes in Vegf rnRNA levels during wound healing. In a rat skin incision model, 

Nogarni (2007) reported significantly higher Vegf rnRNA at 24 h postsurgery relative to 

7 days using quantitative real time reverse transcriptase polymerase chain reaction (qRT

PCR).39 In this study, VEGF protein concentrations were also significantly higher in 

wounded skin compared to intact skin at 1 and 3 days postsurgery, with no significant 

difference by day 7.39 The maximum VEGF concentration was observed at day 3.39 In 

split thickness punch biopsy rat and guinea skin wounds, Brown (1992) noted elevated 

Vegf mRNA levels as early as 1 day after wounding using fluorescent in situ 

hybridization.38 Brown found maximal Vegf hybridization at 2-3 days, and at 7 days, 

Vegf mRNA remained elevated compared to normal levels. 38 The probe used in this 

study reacted with all Vegf isoforrns. 

In response to VEGF signaling, tyrosine residues on the cytoplasmic domain of 

CDHS are phosphorylated by Src kinase. 82 This domain interacts with j3--catenin, and 

tyrosine phosphorylation of the cadherin-catenin complex may regulate the stability of 

cell-cell junctions. 82 Thus, CDHS represents a critical point of regulation for endothelial 

migration and vascular perrneability.82 CDHS can also associate with VEGFR-2 and 

modulate its signaling to promote endothelial cell survival and decrease proliferation.83 In 

this study, CdhS expression in the most distal portion of the flap decreased 4.52-fold 

(p<0.01) from day 1 to day 3. In the area of advancing necrosis/ stasis, CdhS expression 

decreased 7.65-fold (p<0.01) from day 1 to day 7. The change from day 3 to day 7 was 

not statistically significant due to the relatively large standard deviation at day 3. 

Like VEGF, the angiopoietins are specific mitogens for endothelial cells.79 

ANGPT2 also mediates degradation of the basement membrane and perivascular stroma 

and the outgrowth endothelial cells from existing vessels. In this study, both Angptl and 

Angpt2 exhibited expression pattern 4. At all time points, expression levels in the areas of 

flow were lower than level observed in areas of necrosis and stasis. In the distal half of 

the flap, angiopoietin levels tended to increase from day 1 to day 3, followed by a modest 

decrease from day 3 to day 7. However, in the distal half of the flap there were no 

statistical differences in angiopoietin levels between any time points. In the areas of 

blood flow, angiopoietin levels tended to decrease slightly over the early time interval, 
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followed by a more pronounced increase from day 3 to day 7. Angptl showed a 4.57-fold 

(p<0.03) increase in expression from day 3 to day 7. Multiple changes in Angpt2 

expression approached but did not reach statistical significance. 

TGF-~ is both an angiogenic and angiostatic factor. While low dose TGF-~1 

stimulates endothelial proliferation and tube formation, higher doses decrease 

proliferation, migration, and survival of endothelial cells, decrease plasminogen 

activators, and increase expression of TIMPs.79 Tgfbl exhibited expression pattern 4 in 

this study. In the area of the flap closest to the base, a 2.55-fold (p<0.01) increase in 

Tgfb2 expression occurred. However, in the distal half of the flap, Tgfbrl (pattern I) 

exhibited statistically significant decreases in expression-3.99-fold (p<0.01) in zone I 

from day I to day 3 and 5.92-fold (p<0.01) in zone II comparing day I to day 7. 

Inhibitors of angiogenesis were also significantly modulated over time. Serpinfl, 

also known as pigment epithelium derived factor (PEDF) and alpha-2-antiplasmin, 

exhibited significantly lower signal intensity at 24 h compared to day 3 and day 7 levels 

in the areas of the flap not retaining blood flow. Unfortunately, this study did not address 

time points within the first 24h, and it is not possible to discern the point at which 

Serpinfl signal intensity increased compared to unwounded skin, if such an increase 

occurred. Serpinfl is one of the most potent endogenous antiangiogenic factors. 84 It has 

been studied extensively for its role in physiologic and pathologic ocular vascularization, 

and is also found in liver, testes, ovaries, placenta, brain, pancreas, kidney, and diverse 

tumor cell lines. 84 To our knowledge Serpinfl has not been shown to be an important 

factor in ischemic skin flap wound healing. The Serpinfl gene product selectively 

induces apoptosis in actively remodeling vessels. 84 Endothelial cells stimulated by VEGF 

or FGF-2 display cell surface Fas, and Serpinfl induces expression of FasL.84 Fas/FasL 

interaction leads to apoptosis. 

Leet!, also called chondromodulin-1, inhibits proliferation of endothelial cells and 

tube formation.42 This antiangiogenic factor acts in avascular tissues such as cartilage, 

tendons, ligaments, retina, and heart valves to prevent vessel formation. 85 In the present 

study, Leet 1 exhibited expression pattern 6 defined above. A statistically significant 

increase in signal intensity occurred from day 1 to day 3 in the most distal aspect of the 

flap where vessels were no longer observed. As necrosis progressed into zone II, a 
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statistically significant increase in Lectl expression occurred from day 3 to day 7. To 

date we are unaware of any report identifying Lectl as an important factor in ischemic 

skin flap wound healing. 

Integrins are dimeric transmembrane proteins consisting of a and ~ subunits that 

mediate intercellular adhesion, cell-ECM adhesion, and cell signaling. Type IV collagen 

anchors cells, including endothelial cells, to the ECM at the basement membrane. 

Protomers of type IV collagen possess a noncollagenous (NCI) domain at the C terminus, 

and diverse NCI domains exist among the type IV collagen a-chains (al- a6).86 Some 

NCI domains strongly activate cell migration and adhesion.86 However, the NCI 

domains of some a-chains inhibit angiogenesis, and this inhibitory activity is thought to 

be mediated by integrin av~3.86 In our study, both integrin av and ~3 subunits showed a 

statistically significant decrease in expression over time (Pattern 1 ). The signal intensity 

fold-change for integrin av subunit from day 1 to day 3 in the most ischemic portion of 

the flap was 10.16 (p<0.01), among the largest observed changes. 

PDGF appears to be essential for vessel stabilization and maturation. While 

multiple PDGF heterodimers and homodimers exist, vascular endothelial cells express 

PDGF-~ receptor only.79 PDGF-~ receptor stimulation by PDGF-BB induces endothelial 

proliferation, sprouting, and tube formation in vitro and is mitogenic for vascular smooth 

muscle cells and pericytes.79 In this study, Pdgfb exhibited statistically significant 

modulation in opposite directions in areas of flow versus non-flow. In the most distal area 

of the flap, Pdgfb expression decreased 3.00-fold (p<0.03) from day 3 to day 7. In the 

area of the flap closest to the blood supply, Pdgfb expression increased 3.07-fold 

(p<0.01) over the same time interval. 

Limitations 

The present study was designed to identify variations in gene expression 

patterns in rat ischemic skin flaps with respect to time and distance from the flap base. 

Three healing intervals were analyzed-I, 3, and 7 days. However, important events that 

occur during the first 24 h of the wound healing process were not analyzed in this study. 

As in most microarray studies, data analysis was challenging due to the large amount of 

data involved. In the present study, emphasis was placed on spatial and temporal changes 
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in gene expression patterns rather than signal intensities of individual genes. The analysis 

of percent activity by gene function illustrates this point. Due to the variation in the 

number of genes within each functional group, the relative contribution from each group 

per se was less informative than changes in the relative contributions among zones of the 

ischemic flap at different points in time. 

Statistically significant changes in angiogenesis-associated gene expression were 

identified in this study. Biological significance, however, may be independent from 

statistical significance. For example, an increase in expression of a particular growth 

factor may not have a biological effect if its receptor is concurrently down-regulated. 

Since many receptors have multiple ligands and many ligands can act as agonists for 

more than one receptor, wound healing quality and speed is expected to depend upon a 

complex spatial and temporal pattern of gene regulation. Post-translational regulatory 

mechanisms also influence the ultimate amount of protein produced and the effect that a 

change in gene expression generates. Small changes in some genes may have dramatic 

impact, whereas larger changes in other genes may not be as important biologically. 

In addition to limitations in study design, the microarray itself had limitations in 

ability to detect changes in gene expression. The microarray used in this study had a 

specificity of ninety. percent. Thus, if a mRNA transcript had fewer than six base-pair 

differences compared to the target sequence, the labeled transcript would bind the sixty 

base-pair oligoDNA probe on the microarray, and a false positive may have occurred. On 

the other hand, the microarray was sensitive enough to detect a IO femtomolar 

concentration of the target sequence. Below this concentration, false negatives may have 

occurred. 

Future Directions 

In the future, understanding angiogenesis-associated gene expression profiles may 

guide flap diagnosis and therapy. Just as orthogonal polarization spectral imaging has 

surpassed visual inspection of tissue in determining flap viability, molecular analysis may 

offer earlier and more accurate information for clinical decision-making. Our goal should 

be to predict rather than detect necrosis. Some research suggests that we are already 
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headed in that direction. For example, when molecular analysis indicates misregulation of 

protease activity, the use of exogenous growth factor therapy may be futile. 18 

Another application of this technology may exist in assessing the basis for 

successful pharmacological therapies. Multiple drugs have been shown to enhance flap 

viability. However, the molecular basis for improvement in flap survival is not often 

understood. Comparing gene expression profiles in treated versus untreated flaps may 

provide insight into successful therapy and suggest reasons for inconsistent outcomes. 

For example, initial data from our laboratory suggests that in the flow zone, Cdh5 is 

modulated differently in sildenafil treated flaps versus control (unpublished). 

Summary 

In this study, distinct temporal and spatial angiogenesis-associated gene 

expression profiles were identified in rat ischemic skin flaps. Expression profiles 

correlated with previously reported orthogonal polarization spectral imaging data. Genes 

modulated in areas of blood flow were generally distinct from genes modulated in areas 

of stasis and advancing necrosis. In the future, molecular analysis may be useful in 

guiding ischemic skin flap diagnosis and treatment and assessing the molecular basis for 

successful therapies. 



Appendix 1: Abbreviations 

Aldoa 

AS1R2 

ASlRl 

ASl 

BAS2C 

Ccl2 

Cdh5 

Col18al 

Col4a3 

Csf3 

Ctgf 

Cxcll 

Cxcll0 

Cxcll 1 

Cxcl2 

Cxcl4 

Cxcl5 

Cxcl9 

Ecgfl 

Edgl 

Efnal 

Efna2 

Efna3 

Egf 

Eng 

Epasl 

Ereg 

F2 

Fgfl 

Aldolase A 

Artificial Sequence I Related 2 (80% identity)( 48/60) 

Artificial Sequence I Related I (90% identity)(54/60) 

Artificial Sequence 1 

Biotinylated Artificial Sequence 2 Complementary sequence 

Chemokine (C-C motif) ligand 2 

Cadherin 5 (predicted) 

Procollagen, type XVIII, alpha I 

Procollagen, type IV, alpha 3 

Colony stimulating factor 3 (granulocyte) 

Connective tissue growth factor 

Chemokine (C-X-C motif) ligand 1 

Chemokine (C-X-C motif) ligand 10 

Chemokine (C-X-C motif) ligand 11 

Chemokine (C-X-C motif) ligand 2 

Chemokine (C-X-C motif) ligand 4 

Chemokine (C-X-C motif) ligand 5 

Chemokine (C-X-C motif) ligand 9 

Endothelial cell growth factor 1 (platelet-derived) 

Endothelial differentiation sphingolipid G-protein-coupled receptor 1 

EphrinAl 

EphrinA2 

EphrinA3 

Epidermal growth factor 

Endoglin 

Endothelial PAS domainprotein 1 

Epiregulin 

Coagulation factor II 

Fibroblast growth factor I 

46 
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Appendix 1: Abbreviations 

Fgf2 

Fgf6 

Fgfr3 

Figf 

Fltl 

FzdS 

Gapdh 

Gna13 

Hand2 

Hgf 

Hifla 

Ifnal 

Ifng 

Igfl 

Ill0 

1112a 

1118 

Ill b 

116 

Itgav 

Itgb3 

Jagl 

Kdr 

Lamas 

Ldha 

Lectl 

Lep 

Fibroblast growth factor 2 (also known as basic fibroblast growth factor) 

Fibroblast growth factor 6 

Fibroblast growth factor receptor 3 

C-fos induced growth factor 

FMS-Iike tyrosine kinase 1 

Frizzled homolog 5 (Drosophila) 

Glyceraldehyde-3-phosphate dehydrogenase 

Guanine nucleotide binding protein, alpha 13 

Heart and neural crest derivatives expressed transcript 2 

Hepatocyte growth factor 

Hypoxia inducible factor 1, alpha subunit 

Interferon alpha 1 

Interferon gamma 

Insulin-like growth factor 1 

Interleukin 1 0 

Interleukin 12a 

Interleukin 18 

Interleukin I beta 

Interleukin 6 

Integrin alpha V (predicted) 

Integrin beta 3 

Jagged 1 

Kinaseinsert domain protein receptor 

Laminin, alpha 5 

Lactatedehydrogenase A 

Leul;:ocyte cell derived chemotaxin 1 

Leptin 

LOC299339 Similar to Tumor necrosis factor, alpha-induced protein 2 (Primary 

response gene B94 protein) 
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Mapk14 

Mdk 

Mmp19 

Mmp2 

Mmp9 

Notch4 

Nppb 

Nprl 

Nrpl 

Nrp2 

Nudt6 

Pdgfa 

Pdgfb 

PDE 

Pecam 

PEDF 

Pgf 

Plau 

Pig 

Pofutl 

Prok2 

Pten 

Ptgsl 

Ptgs2 

Ptn 

PUC18 

Rpl32 

Saps! 

Serpinfl 

Mitogen activated protein kinase 14 

Midkine 

Matrix metalloproteinase 19 (predicted) 

Matrix metallopeptidase 2 

Matrix metallopeptidase 9 

Notch homolog 4 

Natriuretic peptide precursor type B_ 

Natriureticpeptide receptor 1 

N europilin 1 

Neuropilin 2 

Nudix (nucleoside diphosphate linked moiety X)-type motif 6 

Platelet derived growth factor, alpha 

Platelet derived growth factor, B polypeptide 

Phosphodiesterase 

Platelet/endothelial cell adhesion molecule 

Pigment epithelium derived factor 

Placental growth factor 

Plasminogen activator, urokinase 

Plasminogen 

ProteinO-fucosyltransferase 1 

Prokineticin 2 

Phosphatase and tensin homolog 

Prostaglandin-endoperoxidesynthase 1 

Prostaglandin-endoperoxidesynthase 2 

Pleiotrophin 

PUC18 Plasmid DNA 

Ribosomal protein 132 

SAPS domain family, member 1 (predicted) 

Serine ( or cysteine) peptidase inhibitor, clade F, member 1 
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Appendix I: Abbreviations 

Sh2d2a 

Smad5 

Sphkl 

Stabl 

Stab2 

Tbxl 

Tbx4 

Tek 

Tgfa 

Tgfbl 

Tgfb2 

Tgfb3 

Tgfbrl 

Thbs2 

Tiel 

Timpl 

Timp2 

Timp3 

Tmprss6 

Tnf 

Tnfrsfl2a 

Tnfsfl2 

Tnfsfl5 

Tnntl 

Vegfa 

Vegfb 

Vegfc 

Wasf2 

SH2 domain protein 2A 

MAD homolog 5 (Drosophila) 

Sphingosinekinase I 

Stabilin I (predicted) 

Stabilin 2 

T-box I (predicted) 

T-box 4 (predicted) 

Endothelial-specific receptor tyrosine kil)ase 

Transforming growth factor alpha 

Transforming growth factor, beta I 

Transforming growth factor, beta 2 

Transforming growth factor, beta 3 

Transforming growth factor, beta receptor I 

Thrombospondin 2 

Tyrosine kinase with immunoglobulin-like and EGF-like domains I 

Tissue inhibitor of metallopeptidase I 

Tissue inhibitor of metalloproteinase 2 

Tissue inhibitor of metalloproteinase 3 (Sorsbyfundus dystrophy, 

pseudoinflammatory) 

Transmembrane serine protease 6 (predicted) 

Tumor necrosis factor (TNF superfamily, member 2) 

Tumor necrosis factor receptor superfamily, member 12a 

Tumor necrosis factor ligand superfamily member 12 

Tumor necrosis factor (ligand) superfamily, member 15 

Troponin Tl, skeletal, slow 

Vascular endothelial growth factor A 

Vascular endothelial growth factor B 

Vascular endothelial growth factor C 

WAS protein family, member 2 
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Appendix 2: Genes significantly modulated with respect to time and zone 

Table 7. Genes significantly up-regulated in zone I 

Gene Time interval Fold-chane:e P-value 
Efna2 Dav 1-Day3 2.56 0.04 
Fgf6 Dav 1-Day 3 2.53 0.03 

Notch4 Day 1-Day 3 2.10 0.01 
Dayl-Day7 3.62 0.01 

Nrn2 Dav 1-Day 3 7.95 0.05 
Pecam Day 1-Dav 3 3.06 0.02 
Pts!!l Day 1-Dav3 2.77 0.02 
Sohkl Dav 1-Dav 3 2.04 0.01 
Timp2 Day3-Day7 3.01 0.05 
Lectl Day 1-Day 7 13.15 0.05 
Mmo2 Dav 1-Day7 2.43 0.02 
Pt!!sl Dav 1-Day 7 2.94 0.02 



Appendix 2: Genes significantly modulated with respect to time and zone 

Table 8. Genes significantly down-regulated in zone I 

Gene Time interval Fold-chanl!e P-value 
Ccll 1 Day 1-Day 3 2.05 0.04 
Cdh5 Dav 1-Day 3 4.52 0.01 

Day 1-Day 7 7.65 <0.01 
Cxcl9 Day I -Dav 3 6.80 0.04 
Epasl Day 1-Day3 5.63 0.01 

Day 1-Dav7 3.00 0.02 
Ere!! Day 1-Day 3 3.91 <0.01 

Day 1-Dav7 3.75 <0.01 
1112a Day 1-Day3 3.08 <0.01 

Day I -Dav 7 2.35 0.03 
Itgav Day 1-Dav3 10.16 0.01 

Day I-Day 7 12.68 <0.01 
Nudt6 Dayl-Day3 3.20 <0.01 

Day 1-Dav7 2.40 0.01 
Pl!! Day I-Day 3 3.15 0.02 

Dayl-Day7 3.12 0.01 
Seroinfl Day I-Dav 3 3.82 0.01 

Day I -Dav 7 7.67 <0.01 
Sh2d2a Day I -Day 3 2.21 0.02 
Tgfbrl Day I-Day 3 3.99 0.01 

Day I-Day 7 6.20 <0.01 
Tnfsfl2 Day I -Day 3 3.75 <0.01 

Day I -Day 7 3.57 <0.01 
Ctgf Day 3-Dav7 4.89 0.02 

Pdgfb Day 3-Dav 7 3.00 0.03 
Ifnal Dav I -Day 7 2.83 0.05 
Itgb3 Day I -Day 7 3.73 0.02 
Thbs2 Day 1-Day7 2.30 0.05 

Table 9. Genes significantly up-regulated in zone II 

Gene Time interval Fold-chanl!e P-value 
Ccl2 Day I-Dav 3 2.09 0.04 

Mmo2 Dav I-Day 3 2.22 0.05 
Day 1-Day7 2.56 0.02 

Nrn2 Dav 1-Day3 2.10 <0.01 
Notch4 Day 1-Day7 3.11 0.02 
Pecam Day 1-Dav7 2.88 0.02 
Vegfc Day 1-Dav7 3.76 0.04 
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Appendix 2: Genes significantly modulated with respect to time and zone 

Table 10. Genes significantly down-regulated in zone II 

Gene Time interval Fold-chanl!e P-value 
Ecgfl Dav 1-Dav3 2.50 0.05 

Dav I -Dav 7 5.74 0.01 
Epasl Day 1-Day 3 5.06 0.03 

Dayl-Dav7 5.61 0.03 
Ereg Day 1-Dav 3 2.43 0.05 

Dav I -Day 7 3.19 0.03 
Serninfl Day 1-Dav3 3.51 0.02 

Dav 1-Day7 5.27 0.02 
Tnfrsf12a Day I -Day 3 2.49 0.02 

Day 1-Dav7 2.42 0.03 
Tnfsf12 Day 1-Dav3 2.60 0.01 

Day 1-Dav7 5.13 <0.01 
Pl!! Day3-Day7 3.20 0.01 

Saosl DavJ-Day7 2.21 0.02 
Day I-Dav 7 2.64 <0.01 

Tbx4 Day3-Day7 3.41 0.01 
Dav I -Day 7 2.79 <0.01 

Timol Dav3-Day7 2.17 0.02 
Tnfsf15 Day3-Day7 2.07 0.02 
Adra2b Day 1-Day7 2.88 0.03 
Cdh5 Day I-Day 7 3.21 0.01 
1112a Day 1-Day7 2.87 0.02 
Itgav Day 1-Day7 16.39 0.01 
Nudt6 Davl-Day7 2.96 <0.01 
Pofutl Day 1-Day7 2.00 0.01 
Smad5 Day I -Day 7 3:16 <0.01 
Tgfbrl Dav 1-Dav 7 5.92 0.01 
Tnntl Day I -Day 7 2.27 0.04 



Appendix 2: Genes significantly modulated with respect to time and zone 

Table 11. Genes significantly up-regulated in zone III 

Gene Time interval Fold-chanl!e P-value 
Egf Day l-Day3 2.10 0.02 

Day3-Day7 2.13 <0.01 
·, Day 1 - Day 7 2.10 0.02 

Fzd5 Day I -Dav 3 2.43 0.01 
Dav3-Dav7 3.22 <0.01 
Day 1-Day7 2.43 0.01 

Mmo2 Day I-Dav 3 2.08 <0.01 
Day I -Day 7 2.08 <0.01 

Timp2 Dayl-Day3 2.08 0.02 
Day 1-Day7 2.08 0.02 

Angptl Day3-Dav7 4.57 0.03 
Anpep Day3-Day7 2.58 0.01 
Col4a3 Day 3-Day7 3.08 0.02 

Csf3 Day3-Day7 2.23 0.01 
Efua2 Day3-Dav7 2.96 <0.01 
Efua3 Day 3-Day 7 4.46 0.01 
Fgfr3 Day3-Day7 3.28 0.02 
Fi!!f Day3-Dav7 3.31 0.01 
1110 Day3-Day7 2.28 0.02 

Mmo9 Day 3-Day7 3.14 <0.01 
Prok2 Dav3-Dav7 2.02 0.01 

Tnfrsf12a Day3-Day7 6.63 0.02 
Tnfsf12 Day3-Day7 2.18 <0.01 

Table 12. Genes significantly down-regulated in zone III 

Gene Time interval Fold-chanl!e P-value 
Cdh5 Day I-Dav 3 3.03 0.01 

Day3-Dav7 2.78 <0.01 
Day 1-Dav7 3.03 0.01 

Cxcl9 Day I-Dav 3 2.55 0.04 
Day 1-Day 7 2.55 0.04 

Arl12 Dav3-Dav7 2.49 0.01 
Col18al Day3-Dav7 2.13 0.05 

Itgb3 Day 3-Dav 7 2.22 0.04 
Pig Dav3-Day7 4.16 <0.01 

Serpinfl Day3-Day7 2.50 0.02 
Stab! Day3-Day7 2.05 <0.01 
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Appendix 2: Genes significantly modulated with respect to time and zone 

Table 13. Genes significantly up-regulated in zone IV 

Gene Time interval Fold-change P-value 
Pdirfa Day 1-Day3 2.09 0.05 
Anpep Day 3-Day7 2.39 0.02 
Efna2 Day3-Day7 2.14 0.04 
Efna3 Day3-Day7 2.64 0.03 

F2 Day3-Day7 3.12 0.03 
Illb Day3-Day7 2.34 0.01 

Pdgfb Day 3-Day7 3.07 <0.01 
Pecam Day3-Day7 2.48 <0.01 
Pten Day3-Day7 3.73 <0.01 

Sphkl Day3-Day7 2.27 <0.01 
Tgfb2 Day3-Day7 2.55 0.01 
Tnf Day3-Day7 2.12 0.04 

Tnfrsf12a Day3-Day7 4.29 0.05 

Table 14. Genes significantly down-regulated in zone IV 

Gene Time interval Fold-change P-value 
Cdh5 Day3-Day 7 4.23 0.05 

Co118al Day 3-Day 7 2.44 0.02 
Cxcll 1 Day3-Day7 9.94 0.01 
ltgb3 Day3-Day7 4.05 0.05 
Pdgfa Day3-Day7 3.26 0.02 

Pig Day3-Day7 4.98 0.02 
Serpinfl Day 3-Day 7 5.43 0.04 



Appendix 3: Bar graphs of mean normalized signal intens ity with respect to time 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 1 ( continued) 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 2 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 3 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 4 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 4 ( continued) 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 5 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Pattern 6 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Genes not exhibiting any of the defined expression patterns 
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Appendix 3: Bar graphs of mean normalized signal intensity with respect to time 
Genes not exhibiting any of the defined expression patterns ( continued) 
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Appendix 4: Scatter plots and volcano plots 
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Appendix 4: Scatter plots and volcano plots 
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Appendix 4: Scatter plots and volcano plots 
Zone III 

0 

00 
0 
-l 

Zone Ill: Day l vs. Day 3 

+ + + 
++ 

Log IO (Signal Intensity Day I) 

Oil 
0 -l .•. 

,-., 
r
>, 

"' 0 
b 
·;;; 
C: 
~ 
..s 
"t;i 
C: 
Oil 

§ 
0 

00 
0 
-l 

Zone III: Day 3 vs. Day 7 

+ + 

Log IO (Signal Intensity Day 3) 
Zone III: Day l vs. Day 7 

Log IO (Signal Intensity Day I) 

67 

Zone III: Day l vs. Day 3 

0 - ,u 
0( 
0 

...J u: t • 

Q) 
::, 

"t;i 
> 
~ 
0 

00 
0 
-l 

Q) 
::, 

"t;i 
> 

c:.. .._., 
0 

00 

3 

.. 

Log 2 (Sig Intensity Day 3 / Sig Intensity Day I) 
Zone III: Day 3 vs. Day 7 

'" + 

+ 

.. + 
+ + ;. ~· 

Log 2 (Sig Intensity Day 7 / Sig Intensity Day 3) 
Zone Ill: Day l vs. Day 7 

♦ ♦ 

•♦..+ \++ I 

t ;+ 
l ++ * ::·.i * 

Log 2 (Sig Intensity Day 7 / Sig Intensity Day I) 

Blue line - P-value = 0.05. 



Appendix 4: Scatter plots and volcano plots 
Zone IV 

r. 
;:,-, 

"' 0 
?;> 
·;;; 
C 
II) 

.5 
cQ 
C 

-~ 
Cl) 

C 
<'1 
II) 

~ ....... 
0 

00 
0 

....l 

~ 

r-
;:,-, 
<'1 

0 
?;> 
·er. 
C 
~ 
.5 
cQ 
C 
00 

U) 
C 

"' II) 

6 
0 

00 
0 

....l 

•UI 
+ 
+ 

Zone IV: Day I vs. Day 3 

+ 
+ + 

Log IO (Mean Signal Intensity Day I) 
Zone IV: Day 3 vs. Day 7 

• + 

Log IO (Mean Sig Int Day 3) 
Zone IV : Day I vs. Day 7 

+ 

+ 
+ 

++ + 
+ + 

Log 10 (Mean Signal Intensity Day I) 

+ 
+ 

~ 
::l 

cQ 
> 

~ 
0 

00 
0 

....l 

0 

00 
0 

....l 

68 

Zone IV: Day I vs. Day 3 

Log 2 (Mean Sig Int Day 3 I Mean Sig Int Day I) 
Zone IV: Day 3 vs. Day 7 

IW 

+ 
+ + ... 

• + + 
• .l ; v:r 

Log 2 (Mean Sig Int Day 7 / Mean Sig Int Day 3) 
Zone IV: Day 1 vs. Day 7 

Log 2 (Mean Sig Int Day 7 / Sig Int Day I) 
Blue line - P-value = 0.05. 



69 

Appendix 5: Gene Functional Groups 

Table 15. Gene families. The 113 analyzed genes were grouped as shown to determine 
the contributions of gene functional groups relative to the total number of changes in 
signal intensitv. 

Adhesion molecules 
Growth factors and matrix nroteins 

Angptl Mdk Cdh5 Lamas 
An1mt2 Pdgfa Coll Sal Pecam 
Angptl4 Pdgfb Col4a3 Stab! 
Ctgf Pgf Eng Stab2 
Ecgfl Ptn Itgav Tek 
Edgl Tgfa Itgb3 Thbs2 
Egf Tgfbl 
Fgfl Tgfb2 Transcri1 tion factors 
Fgf2 Tgfb3 Epasl Smad5 
Fgf6 Vegfa Hand2 Tbxl 
Figf Vegfb Hifla Tbx4 
Hgf Vegfc 
lgfl Cvtokines, chemokine. hormones 

Ccl2 lfng 
Cell surface recentors Celli Ill b 

Adra2b Kdr Csf3 116 
Bail Notch4 Cxcll 1110 
Ereg Nprl Cxcl2 1112a 
Fgfr3 Nrpl Cxcl4 1118 
Flt! Nrp2 Cxcl5 Lep 
Fzd5 Tgfbrl Cxcl9 Tnf 
Gna13 Tie! Cxcll0 Tnfsf12 
Jag! Tnfrsf12a Cxcll 1 Tnfsf!S 

Ifnal Tnntl 

Other cell si@aling and 
Proteases and inhibitors re1rulato .., nroteins 

Anpep Pig Aggfl Nnnb 
F2 Serpinfl Aktl Pofutl 
Mmp2 Timpl Arl12 Prok2 
Mmp9 Timp2 Efnal Pten 
Mmo19 Timp3 Efna2 Ptgsl 
Plau Tm_p_rss6 Efna3 Ptgs2 

Leet! Saps! 
LOC299339 Sh2d2a 
Mapk14 Sphkl 
Nudt6 Wasf2 
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