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ABSTRACT 

Wounds on equine limbs often develop exuberant granulation tissue and 

subsequently heal in a delayed fashion, while body wounds generally heal uneventhlIy. 

Many growth factors favor angiogenesis and the deposition of extracellular matrix. In 

other species, transforming growth factor beta (TGF-b)-1 IeveIs are eIevated in fibrotic 

disease and its neutralization provides an antiscaning effect. Conversely, TGF-p3 is 

considered antifibrotic since its application reduces co~ective tissue deposition and 

subsequent scarring. To understand the pathogenesis of exuberant granulation tissue, the 

expression of various growth factors in normally healing equine Iimb and thoracic 

wounds, as well as in limb wounds healing exubuantIy, was determined. 

Four horses had six wounds created over each metacarpus IlI and midthoracic 

areas. The wounds of one side of the body were sunmi; those of the other side were not. 

Another four horses had six wounds created over each metacarpus JII area; one fonlimb 

received no tmtment, the other was bandaged (exuberant granulation tissue model). 

Wounds were assessed grossly and histologically at 12 and 24 hours, and two, five, ten 

and 14 days postoperatively. ELXSAs were used to measure the protein IeveIs of TGF-$1 

and TGF-83, and basic fibroblast growth factor in tissue extracts of wound biopsies. 

The quality and speed of htaIing were greater in thoracic wounds, which 

demonstrated Iess imflammrtion and acceIeratcd @thelid coverage. Bandaged wounds 



developed exuberant granulation tissue which was associated with delayed 

epithelialization. TGF-81 expression was upregulated early in the study for all wounds. 

By the end of the study its levels were significautly reduced in thoracic wounds as 

compared to limb wounds. The expression of TGF-$3 differed with an overail pattern of 

gradual increase over time and peak levels attained towards the end of the study period. 

This is the first study to map the expression of growth factors during wound 

repair in the horse. There appears to be a differential regulation of TGF-p1 and TGF-B3 

over time. The persistent elevation of profibrotic TGF-P 1 may contribute to the 

development of exuberant healing in the limb wounds of some horses. 
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1 INTRODUCTION 

P e w s  the most impartant attribute of living orgmims is their capacity for 

self-repair. There are many ways by which they can repair themselves, depending on 

their level of organization and the nature of the defect, but in every case it is achieved in 

much the same way in which normal deveIopmental processes take place. Two 

processes are involved in the healing of most wounds: repair and regeneration. 

Regeneration is the replacement of destroyed tissue with normal fimctioning cells of the 

type Ion and is only possible in tissues having a sustained population of cells capable 

of undergoing mitotic division. In higher vertebrates these are epithelium, liver and bone. 

Repair is a "stopgap* reaction designed to reestablish the continuity of interrupted 

tissues. Tissue forms between the severed parts, without differentiating totally new 

elernknts, and ultimately results in a nonfunctional tissue (i.c. scar). Abemtions in the 

normal repair p r o c e s s  lead to even less desirable outcomes; for example, when the 

inciting cause of injury persists, inflammation is perpetuated and may favor extensive 

damage and excessive repair pmcesses and/or fibrosis. 

Regardless of the nature of the inciting events, the wound heslling response 

foUows a predictable pattern- AIthough a temporal compartmentalization risks 

oversimplification and thus some degree of inaccuracy, such a model can be useM in 

dcscnimg wotmd heraling. The events can be divided into overhppmg phases.. acute 

inflammation, a prolifdve phase characterized by fibroblast, endothelid and epithelial 

cell prolifkdon, and fhaUy, matrix symhesis and remodeling with scar fox ma ti or^ 

Wound repair is regulated by a cafffully ofchsbated cascade of cytokints and growth 

factors (a subset of cytokines with mitogenic activities). When injury occurs, cytokine 





processes by which fetal wounds heal by regeneration rather thaa by scarring. This 

suggests that manipulation of adult wound healing by altering inflammatory and growth 

factor responses may enabie a scarless outcome. Indeed, experimental neutralization of 

TGF-B1 and -82 within adult wounds by either antibodies (Shah et al, 1994) or 

antisense oligodeoxynucleotides (Choi et al, 1996) provides an antiscarring effect. 

Cutaneous wounds occur commonly in horses and often require expensive and 

prolonged treatment. Second intention healing occurs when primary closure cannot be 

accompIished. Secondary closure depends entirely on angiogenesis and matrix 

remodeling to restore tissue bulk, wound contrac60n to reestablish normal tissue 

tension, and reepitheliabation to provide a normal covering (Fretz et al, 1983). 

Second intention wound healing in horses is associated with species-specif?c problems 

such as exuberant granulation (''proud flesh"') and subsequent retardation of 

epitheliahtion and contraction, especially when the wounds are located on the distal 

aspect of the limbs. Compared with wounds of the trunk, wounds in this area show 

greater retraction, slower rates and earlier cessation of wound contraction, and slower 

rates'of epithelialization (Jacobs et al, 1984). Wounds on the limbs fhquently become 

contaminated, which slows heding, but even uncomplicated kg wounds heal more 

slowly than those of the body (Jacobs et al, 1984). In the equine literature, many 

authors d e s c n i  treatments to promote wound healing, often by attempting to control 

the excess h p I a s i a  that appears in response to injury (Fretz et al, 1983; Bertone et al, 

1985; Barber et d, 1990; Blackford et al, 1991; Madison et al, 1991; Howard et aI, 

1993). Aside fiom corticostcroids, none of these tmumnts haw consistentiy eIiminated 

the formation of exubnant grandation tissue in wounds of the distal aspect of the limb 

of horses. Tbis is not sorprising as the specific cause for development of proud flesh 

remains to be eiuddated. 

C h i d  evidence h m  humans with keloids, a wound p w t h  which bears 

considerable resemblance to the proud flesh of horses m a  and Adams, 1970; Jacobs 

et al, 1984), has demonstrated that levels of the profibtotic isoforms TGF-fi 1 and -82 



are elevated in keloid fibroblast cultures compared with normal human dermal 

fibroblasts, but that TGF-$3, the antifibrotic isoform, has comparable levels in the two 

cultures (Lee et al, 1999). 

Further knowIedge of the roles of endogenous growth factors in wound repair is 

needed before reasoned therapeutic approaches using such factors can be implemented. 

I .  order to effectvely enhance wound healing in limbs and to prevent the development 

of or treat proud flesh in horses, we must first mderstsilld the pathogenesis of this 

lesion. I hypothesize that TGF-Pl and bFGF, growth factors favoring the formation of 

granulation tissue, achieve persistently higher levels in limb wounds, whereas TGF-g3, a 

growth factor limiting the fibrotic process, demonsttates a more marked upregulation in 

thoracic wounds. Furthermore, I propose that wound biopsy levels of these profibrotic 

growth factors are elevated in an experimentai model of p d  flesh whereas levels of the 

antifibrotic growth factor TGF-@3 are reduced relative to normally granulating wounds. 

Thus, the objectives of my study are to map the expression kinetics of TGF-PI, TGF- 

83, qnd bFGF in full-thickness skin wounds of the horse, and to com?are the levels of 

these growth factors between limb and thoracic wounds and between wounds with 

normal healing characteristics and those devehping h t  granulation tissue. 

Eight, two-to-four year old horses were w d  for the study. I .  the first part, four 

horses had six wounds created on each metacarpus III and midthoracic areas. The 

wounds of one side of the body were left to heal by second intention while those of the 

other side of the body were suaned In the second part, four horses had six wounds 

cffated on each metampus III area; one forelimb received no treatment whereas the 

0 t h  forelimb was bandaged for the duration of the study in order to stimdate the 

development of exuberant grandation tissue in the wmds (Barber, 1990). All wounds 

wcre assessed grossly and histologically at 12 and 24 hours, and two, five, ten and 14 

days postoperative1y. ELISAs wne utiIized to measure the levels of various growth 

factor pmttins in tissut acarcts of wound margin biopsies. 



2 ISTIERATUREREVIEW 

2.1 Dermal Wound Healing in the Adult 

2.1.1 Inflammation 

Inflammation can be characterid as a vascular and cellular response designed to 

defend the body against alien substances and to dispose of dead and dying tissue in 

preparation for the subsequent repair process. The degree of the inflammatory response 

genedy correlates strongly and positively with the severity of trauma. 

Blood vessel disruption with concomitant extravasation of bIood constituents 

often results f h m  tissue injury and is the w g  pint for the subsequent cascade of 

events ultimately leading to repair of the wound Platelet aggregation and blood 

coagulation resuit in the formation of a clot that simultaneously ensures hemostasis and 

provides a scaffold for cell migration. The coagulation and complement cascades supply 

vasoactive mediators and chem-ts tha? directly and indirectly recruit 

idammatory cells to the site of tissue injmy. Invading neutrophils cleanse the wound 

by destroying foreign mamid through phagocytasis. Monocytes also infiltrate the 

wound in m n s e  to chcmoattractants, diffeientiate iato macrophages once in situ, and 

promote continued debridement, but also may convert to a phenotype which expresses 

growth factors necessary to the proliferative phase of healing. The roles of many of 

these contributors to wound healing are olrttined below. 



2.1.1.1 Platelet 

Platelets are derived fiom bone manow megakzuyacytcs and resemble anucleate 

discoid fragments, measuring approximately 2 urn in diameter. Their distinguishing 

features are their three types of storage organelles. The dpha (a)-granules are the 

storage site of platelet-specific proteins and adhesive glywproteins, the dense body is 

the storage site for biogenic amines (serotonin), and the lysosomes contain neuuaI and 

acid hydrolases. The normal lifespan of a platelet is seven-to-ten days, after which it is 

removed firom the circulation by the reticuloendothelial system (MaK:us, 1999). 

The main fimction of the platelet is to initiate hemostasis by forming and helping 

consolidate a fibrin and cellular plug at sites of vascular injury. However, platelets act in 

response to perturbations of vascular integrity and thus are also among the earliest 

promotors of inflammation. The activated platelet releases de novo-synthesized and 

preformed inflammatory mediators. The effects of these mediators are widespread and 

include a modulation of vascular tone and permeability, chemoattraction of 

idammatory cells, tissue destruction, and mitogenesis of connective tissue cells. The 

platelet a-grandes are particuIarIy interesting as they secrete mediators involved in 

hemostasis and others stimulating the later phases of repair (chemoattractants, 

mitogens). The list of currently known a-granular proteins that play a rote in wound 

repair continues to enlarge ant includes coagulation factors (eg: factor V), adhesive 

glycopmteins [eg: fibrinogen, von Willebrand factor (vWF) and thrombospondin], 

pIasma pro- [eg: immunoglobulin (Ig) G, albumin], ceIIuIar mitogens [eg: pIateIet- 

derived growth fictor (PDGF), TGF-a, TGF-b and bFGF] and protease inhibitors (eg: 

armacrogIobuIin and a~tiproteast). 

Disruption of the vascular endothelium promotes adsorption and activation of 

specific coagulation cascade proenzymes through exposure of subendothelial structures 

and various connective tissue components. Adhesion and aggngstion of platelets to 



collagen types IV and V is mediated by the platelet membrane glycoprotein receptor, 

GPLIWa (integrin dbf l3 )  and vWF which binds to both collagen and GPIIb/Eh 

Once aggregated, platelets can be activated by traditional hemostatic factors such as 

thrombin, adenosine diphosphatase (ADP) and arachidonate derivatives. Other agents 

such as platelet activating factor (PAF), a phospholipid released fiom mast cells, 

neutrophils and mamphages, and complement proteins from both the cIassic and 

alternare pathways can similarly affect platelets. Activated platelets then release 

adhesive glycoproteins and inflammatory mediators fiom their storage granules. Some of 

these mediators induce vasoconstriction, the immediate response of small vessels in the 

area of injury. This is a pathway, other than clot foxmation, whereby hemostasis is 

insured Vasoconstriction, induced by the release of serotonin, thromboxane m 3 ,  

and leukotrienes (LT) C4 and D4 usually lasts only five-to-ten minutes and is folIowed 

by active v d a t i o n  which results in increased capillary permeability and is a response 

to histamine, bradykinin, prostaglandin (PG) I2 (prostacyclin), and PAF. 

- A change in microvascular permeability, in response to the release of 

inflammatory mediators h m  platelet storage grauules, may actually be tbe most 

important factor, outside of overt m e 1  rupture, to initiate extravascular coagulation in 

most tissues, because of the resultant vascular Ieakage of plasma proteins, incLuding 

tibrinogell. 

The activated platelet undergoes a series of stmctud and functional changes that 

are invalwd in cuagulation. The change in shape fesuits in more efficient pIateIet-platdet 

contact and adhesiw and also produces a rearrangement of the platelet m w h e  

phospholipopmtein compartment, converting the platekt membrane into a highiy 

efficient pracoaguIant slrrfiice (Nesheim a al, 1981). Both intrinsic and eminsic 

coaguiation cascades are thus initiated; the first by the Haganan factor adsorbing onto 

fibrillar collagen, and the second by activation of factor VII by tissue ptocoagulant factor 

found in the intastitium and released h m  damaged cells. Prohmbinase activity is the 



result of these interactions and potentiates the ultimate step of coagulation by 

catalyzing the conversion to thrombin. Thrombin stimulates continued aggregation by 

activated platelets and catalyzes the formation of fibrin from fibrinogen, Fibrin strands 

trap red blood cells, rendering the clot impermeable to plasma, thus sealing off the injury 

and preventing further bleeding (Marcus, 1999). 

A second function of the blood clot is to provide a provisional matrix for cell 

emigration, consisting of fibrin, fibronectin, vitranectin, vWF and thrombospondin. To 

move into the wound site, inflammatory cells, endothelid cells, fibroblasts and epithelial 

cells are thought to utilize special receptors (integrins) that recognize these provisional 

matrix components. With time, this surface clot dessicates to form the familiar scab, 

which in turn sloughs as wound healing proceeds fiom below. 

Several intrinsic activities of the vascular endothelium limit the extent of platelet 

aggregation and subsequent blood coagulation to the womded area. These include 

production of PGIt which inhiiits platelet aggregation, inactivation of thrombin, 

genetation of protein C, a potent enyme that degrades coagulation factors V and WI, 

and release of plasminogen activator (PA), which initiates cIot lysis. 

Platelets have a dual function. They play a major role in healing wounds, 

participating both in hemostasis and the generation of provisional matrix. They aisa 

release potent chemoateractants and mitogens necessary for the later stages of wound 

healiag. Four such products arc PDGF, TGF-$, and the epidermal growth factor (EGF) 

family including EGF and TGF-a, each of which promotes new tissue generation (Clark, 

1993). These wiU be discussed in greater detail in subsequent sections. 



2.1.13 Mast Cell 

Mast cells should not be regarded simply as cells that initiate acute allergic 

reactions. Through many of the inflammatory mediators they release, they aIso appear 

to contribute to the early stages of wound healing. 

The mast cell is derived h m  hematopietic precursors and although widely 

distniuted throughout different organs, has a relative predilection for host-environment 

interfaces (skin, respiratory and gastrointestinal tracts), where it is mainly concentrated 

around small blood vessels, lymphatics and nmes (Hebda et al, 1993). On its slafiice it 

expresses a receptor with high sty for IgE, and txhibits specialized intercellular 

contacts with endothelial cells andfor fibroblasts. These contacts may permit 

bidirectional transport of regulatory molecules between mast cells and other cell 

populations (Hebda et al, 1993). The most characteristic feature of the cell is the 

presence of numerous cytoplasmic granuies, which are known to store a number of 

preformed inflammatory mediators: histamine, heparin, chemoattractants for neutrophils 

and eosinophils, and wine proteases (Tharp, 1991). These mediators are released upon 

degranulation of the mast cell, which occurs when it is activated by IgE antlibdies, C3a, 

CSa, neuropeptides, or cytokines (GalIi, 1993). Additionally, mediators can be 

synthesized de novo at the time of mast cell stimulation. They include metabolites of 

arachidonic acid, such as  PGD2 and leukotrienes, which cause vasodilation and promote 

neutrophil migration into the skin (Hebda et al, 1993), as well as numerous cytokints 

( N i i n  et al, 1999). 

Elhamine widens endothelial cell gaps thmby promoting extravasation of fluid, 

proteins, and cells into tissues @ale and Laidlaw, 1910)- It has also been reported to 

increase proliferation of endothelial cek and fibroblasts, suggesting a role in angiogenesis 

and wound h e m  (Marks et al, 1986). Heparin attaches to the endothelial cell surface 

where it serves as a binding site for growth factors, thacby promoting endotheiia1 cell 



growth (Hebda et al, 1993). The production of cytokines by mast cek  suggests a role in 

late-phase inflammatory reactions. Interleukin (1L)-1, -3, -4, -5 and -6, granulocyte- 

macrophage colony stimulating factor (GM-CSF), tumor necrosis factor (TNF)-a and 

TGF-f31 have all been identified as secretory products of the mast cell (Galli, 1993). 

These cytokines affect inflammation, hemostasis, hematopoiesis, angiogenesis, and 

tissue remodeling. More specifically, TNF-a induces the expression of multiple 

adhesion molecules on the luminal surface of endothelid cells and promotes the 

production of procoagulant factors by these cells (Nawroth and Stem, 1986). Tumor 

necrosis factor-a also stimulates neutrophil and mondcyte chemoattraction (Gamble et 

al, 1985) and enhances mimbicidal activities (Beutler and Cerami, 1987). F i d y ,  this 

multifimctional cytokine has been shown to induce dermal fibroblast proliferation and 

collagen synthesis, in vitro (Viicek et al, 1986). The serine protease trypsin is 

abundantly produced by mast cells, and has been shown to stimulate cultured 

fibroblasts to proliferate (Ruoss et ai, 1991). Interleukin-4 can also favor heahg by 

inducing a modest increase in production of types I and III collagen as well as 

fibronectin (Postlethwaite et al, 1992). 

In conclusion, mast cells can no longer be regarded uniquely as cells that initiate 

acute allergic reactions. Mast cells can also orchestrate the infiltration of leukocytes 

thereby contributing to the early stages of wound healing, and they may also participate 

in the proliferative phase of repair through actions on mescnchymd cek. 

The primary role of the neutrophil is as a Eirst line of defense in ~01.lhrminated 

wounds. CeUuIar influx begins early and neutrophil numbers increase steadily to reach a 

peak m the injured tissues at 24-tu-48 hours post-wounding (Chmibi and Ferguson, 

1999). They appear earlier than monacytes mainly because of their relative abundance in 



the circulation and their faster locomotive characteristics. The neutrophil is important in 

creating a favorable wound environment and serves as an important source of 

proinflammatory cytokines, but is not essential to the healing process in uninfected 

wounds. Indeed, wound repair in guinea pigs depleted of circulating neutrophils 

proceeds normally through the phases of debridement and formation of granulation 

tissue (Simpson and Ross, 1972). 

Injured cells, foreign materials, or infectious organisms in a tissue further 

stirnulate the release of chemical signals that bring about the accumulation of defensive 

cells &om the blood. These cells are essential for the removal of the offending agent 

It has been demonstrated that during inflammatory reactions, permeability and 

chemoattraction can be clearIy separated and are probably not due to the same 

substances. Chemoattractauts are generated as a resuit of blood vessel disruption with 

concomitant blood extravasation and coagulation, platelet aggregation and complement 

activation. The chemoattractant activities of C3a, CSa, fibrin degradation products, 

PAF, platelet factor (PF)-4, LTB4, endothelid cell chemokines (IL-8) (Silverstein, 

1999), and cytokines IL-la and and TNF-a (Chemii and Fergusan, 1999) are the 

most studied. They include chemoat&action, chemokinesis, aggregation, enzyme release 

and tespiratory burst, and appear to act primady on the neutrophil. 

Recruitment of leukocytes fiom the circulating blood pool into the wound 

tissues is mediated by the processes of rolling, activation, tight adhesion and 

transmigration through the endothelium (Menger and Vohar, 1996). The rolling step 

involves interaction between members of the selectin famiy of adhesion molecules 

expressed on both the leukocyte and endotheLial all. Leukocytes rolling along the 

endothelium are in a position to have their 82 htegrins activated by a variety of stimuli 

(chemokines, PAF) p m t e d  by the endothelial cell and resuiting in tight adhesion to 

the latter. The counter-receptors on the mdothelial cell have been identified as members 

of the irmnunogiobulin gene superfamily r i l l d a r  adhesion molecule (1CAM)-1 and 



vascular cell adhesion moIecule (VCAM)-I]. Expression of these counter-receptors is 

stimufated by various cytokines, for examp1e IL-la and B and R J F q  which in turn 

stimulate chemokine m-8, monocyte chemoattractant protein (MCP)-I] release locally, 

at the site of vascular response (Miller and Krangel, 1992, Zimmennan et al, 1992). 

Transmigration invo1ves diapedesis of leukocytes between tightIy apposed endothelial 

cells, and the expression of platekt endothelid cell adhesion molecule (PECAM)-1 on 

both types of celIs plays a crucial role in this process (MuIIer, 1999). Neutrophils 

migrate between endothelial cells, first extending pseudopods and then passing through 

the mtenellular junctions. These endothelid interceuular junctions immediately reform 

behind the migrating ceb. The critical importance of the neutrophil-endothelid 

interaction and enhanced adhesiveness on the part of the neuirophil is exemplified by 

patients with leukocyte adhesion deficiency. Such patients are characterized by their 

inability to mobilize neuaophik to injdmfected tissues, resulting in recurrent or 

progressive soft tissue infections, diminished pus f o d o n ,  and impaired wound 

heahg. 

NeutropM activation by chemoattractants a h  stimulates the release of 

enymes (elastase and dagenase) which W t a t e  penetration through vascular 

basement membranes. Diapedesis of the neutrophih is further kilitated by the 

i n d  capdhy permeability following the reIease of a spectrum of vasodilatory 

agents including histamine, serotonin, bradykinin and arachidonic acid metabolites. While 

emigration of neutmphils from the vascular space appears to be adherencedependent, 

migration though extravascular tissues may be adhereaceindependent. Neutrophils 

show contact guidance, that is, they orient themselves in response to the three- 

dimensional shape of the substtatam, 

Once they've arrived at the wound site, neutrophils destroy debris through 

pbagocptosis and subsequent enzgmatic and oxygen radical mechanisms. The oxygen 

metabolites generated in the phagocytosisdcpendmt "rrspiratory burst" incIude 



hypohalides, superoxide anion, hydrogen p x i d e ,  and hydroxyl radical. Interleukin-1 

and TNF-a activate the respiratory burst and oxygen radical h i t i o n  by neutrophils 

(Dinarello, 1999). Neutrophils can kill bacteria intra- or extraceUularly. Intracellular 

killing occurs in the phagosome (phagocytic vacuole) subsequent to the binding and 

internalization of the m i c f o o r ~ .  However, some oxygen metabotites can also be 

released to the outside of the neutrophil, and this occurs without the expected 

consequence of cell lysis (Johnston and Lehmeyer, 1976). Oxygen radicals released hrn 

neutrophils are, however, toxic to endothelid cells, fibroblasts, and epithelial cells. 

Besides the "respiratory b d ,  toxic metabolites may also be formed from the 

oxidation of fm acids. Lipid peroxidation within cell membranes may then directly 

promote cell and tissue injury by dtering permeability and ultimately causing celldar 

swelling (Maridonneau et al, 1983). Finally, certain oxygen species may cause tissue 

damage indirectly, by inactivating circulating antiproteases thus permitting proteoiytic 

enzymes to act in an unrestricted fashion (Carp and Janoff, 1979). 

Neutrophils have also been shown to kilt rni~t~~rganisms through oxygen- 

independent mechanisms. Several proteins with antimicrobial properties have been 

found in the primary (azu~ophilic) granules of neutrophils. As well, some of the 

enzymes contained in these granules may kill microorganisms by a mechanism unrelated 

to their enzymatic activity. For example, cathepsin G, a neutral p r o w ,  has been 

shown to destroy both gram-negative and gram-positive bacteria (Odeberg a al, 1975). 

Interleukin-1 and TNFa aid in debridement at the site of tissue i n j q  by enhancing 

collagenase and other matrix metalloptotease (MMP)s production (Uncmori et al, 1994). 

Ifthese hydrolytic enymes are released by the nemphil they wifl iikely contniute to 

remod of damaged tissue but may aka cause f k h r  injury, ad., and, soluble ECM 

degradation products are chemoattractant, to infiltration of monocytcs and fibroblasts. 

Nelrtrophil migration and ptzagocytosis ccax whm the contamhat@ particles 

are cleared h m  the site of injury. Most celIs then become entrapped within the clot 



which is sloughed during later phases of healing. The neutrophils which remain within 

viable tissue die in a few days and are removed by tissue macrophages (Newman et aI, 

1982). This marks the termination of the early inflammatory phase of wound repair. 

Should bacteria or other foreign material persist in the wound their surfaces will be 

opsonized with C3b. Generation of C3a and CSa anaphylatoxins with associated 

chernoattraction of additional neutrophiIs will ensue and result in a persistent 

neutrophil-rich inflammatory response (Clark, 1996). 

2.1.1.4 Monocyte ! Macrophage 

T i e  injury rapidly induces nonspecific inflammation as a result of blood 

vessel disruption with associated extravasation of blood constituents. Following the 

early accumulation of neutrophils, monocytes become evident at the inflammatory site. 

These cells remain at the wound site for days-to-weeks, during which time they carry 

out debridement, microbid killing, and orchestration of the Iater stages of tissue repair. 

In fact, contraxy to the nemophil, the wound macrophage plays a key role in both the 

degradative and teparative phases of healing. The classical study by Leibovich and Ross 

(Leibovich and Ross, 1975) has determined that wounds in guinea pigs depleted of both 

circulating blood monacytes and tissue macrophages have not only severe rctmhhon of 

tissue debridement but a h  a marked delay in h b l a s t  proliferation and subsequeat 

wound fibrosis. Thus, macrophages appear to play a pivotal role in the transition 

between wound inflammation and wound repair. 

While there is little doubt concerning the origin of the blood monacyte (bane 

m m w  monoblast), there is considerable debate over the origin of the tissue maaophqe 

(local production versus monocyte influx)), In all likelihood, the resident tissue 

macrophages originate h m  two sources. Under steady state conditions, rnacrophagw 

are replenished predominantly by local replication while blood monocytts rapidly 



migrate through the vasculature of tissues for the purpose of surveillance. Under 

innammatoqr conditions, the rapid increase in macrophage numbers is due 

predominantly to the emigration of monocytes h m  the vascdature, which then 

differentiate into macrophages to assist the resident tissue macrophages (van Fuah et al, 

1985). In this manner, the responsive and adaptable circuIating monocyte can 

differentiate into a macrophage whose functional properties are determined by the 

conditions it encounters at the site of demobilization. 

The recruitment of monocytes to the site of injury is mediated by numerous 

endogenous and exogenous chemoattractants released by platelets and neutrophils and 

for which specific receptors exist on its smEoce. Such fhctors include PF-4, growth 

factors (PDGF, TGF-p), chemokines (MCP-I, -2, -3) (Ham et aI, 1 Bl) ,  macrophage 

inflammatory proteins-la and P (Sheny et aI, 1988) and cytokines (IL-I$ and TNF-a). 

The sustained infiltration of monocytes in preference to granulocytes or lymphocytes, 

is thought to reIy upon the formation of a local chemoattractant gradient that favors 

monocytes. For example, early wound macrophages produce the powerful MCP-I, 

suggesting that resident macrophages themselves may recruit additiod 

rnonucytedmacrophages (DiPietro et al, 1995). In addition to specific monoqte 

chemoattrac&nts, disruption of capillaries will activate both the classic and aIteraate 

pathways of the complement system, generating the glycopeptide CSa which is 

vasodiIatory, anaphylatoxic (via the release of histamine h m  mast ceh), and 

chemoattractant for both neutrophiis and monocytes. C5a has aIso been found to 

stimulate adherence of m o n v  to endotheiial ceh in vim, a necessary precursor to 

diapedesis, At the infiammatnry site neutrophils can promote degradation of the 

coMeCtive tissue matrix via the release of e~lzymes fiom their primary granules. EIastase 

and cobgenasc are contained within these granuies, and are capable of degrading 

inso1ubIe elastin and cohgen to soIuble fragments. These COIMCCtive tissue fragmtnts are 

chemotacticaUy active both for monocym and fibroblasts (Posticthwaite and Kang, 



1976). In tissue injury, proteases can bc generated h m  sources other than neutrophils; 

for example, plssmin is generated h m  plasmhogen by PA and can degrade fibronectin. 

Fibronectin itself exhiits severd fimctions: it behaves as an anchor protein for 

fibroblasts and monocytes (Bevilacqua et d, 198 I), it directs epithelidimion, and 

fragments of fibronectin are potent chemoattmctants for monocytes (Nonis et al, 1982). 

One of the most potent chemoattractants present within the idammatory site is TGF- 

By a product of platelets, neutrophils, monocytes, macrophages, and lymphocytes 

(Pierce et al, 1989a) (see section 22.1). Plateletderived growth factor is another growth 

factor with chemoattractant activity on monocytes and macmphages; frathermore, it 

induces activated macrophages to secrete TGF-B both in vim and in vivo (Pierce et al, 

199 1 b). Conversely, interferons (IFN), secreted by wound neutraphils, 

rnonocytes/rnaCMphages, lymphocytes, endotheEd cells and fibroblasts, can depress 

monocyte migration, which may promote the retention of cells at the inflammatory site 

(Wahl and Wahl, 1992). These are only a few of the many chemoattractants that may be 

generated during tissue injury. It appears that they potentially aII play a role in the 

attraction of monocytes to the site of injury. 

Subsequent to their migration into tissues, monocytes rapidly differentiate into 

cells with characteristics intermediate between those of the blood monocyte and those of 

the resident tissue macrophage. Most of these changes are in preparation for the 

primary fimction of the macrophage in the inflammatory process, namely, tissue 

debridement. These charaetaistics indude increased levels of lysosomd enzymes and 

enhanced capacity for endocytosis. The generation of reparative macrophages within the 

wound RQrzires acrivati011. The marmcr in which macrophages are activated within the 

wouud milieu may be relevant, as the activating and stimulating agents can M y  

influence the cytokinelpwth factor production profile of these =Us ( A h  and 

Hamilton, 1992). One k I y  early source of macrophage activators is the platelet, which 

upon clotting reIeases TGF-$ and PAF. This type of activation would provide a Iink 



between hemostasis and the inflammatory phase of repair. Activated macrophages 

within the early wound may synthesize and release q t o W g r o w t h  fhctors, for 

example TNF- that act in a pamcrine fishion on incoming monocytes. The responsive 

tissue macrophage is able to contniute to numerous aspects of host defense. This 

functional diversity is the result of a pluripotentid cell that responds to the shmuli and 

conditions that prevail at the site to which it has been amacted Interaction of cells with 

the surrounding matrix occurs via B1 integrins, which are central to the recognition of 

defined components of the ECM; thus 8 1 integrins are important factors for cells to 

adapt their biosynthetic capacities to changing biological requirements. A noteworthy 

observation is that a single macrophage possesses the capacity to change its phenotype 

even after it has committed itsetfto an original stimulus, should other stimuli present 

themselves subsequently (Laszlo et d, 1993). This finding may heIp explain how a 

macrophage is able to contribute to the degradative md then the proliferative phases of 

repair. 

Upon arrival at the site of inflammation, monocytes participate in bacterial 

killing via secretion of Iysosomal enzymes and oxygemhived frec radicals. In the case 

of the monocyte, reactive oxygen metabolite generation can be regulated by IL-2, which 

resuits in an increase in superoxide anion release and killing ofccrtain microorganisms. 

Damaged tissue and debris at the site of injury must aIso be degraded and cleared before 

healing can proceed. Extracellular mmix consists of a crosslinked supporting fhmework 

of collagen fibrils and elastin fibers, which is sar~rated with a substance composed of 

proteo&cans and other glycoproteins mch as raminin and fibrcmectin (see section 

2.1 -4)- Thus, w c e d d  breakdown and clesmce of damaged ECM requires enzymes 

capabIe ofd- its major components. Responsive macf~phages synthesize and 

secrete proteolytic enzymes capable of dtgrading collagen, eIastin, and the ground 

substance proteogIy~8~1~. Both artraceIiular and intraceIIuIar dtgradation are features of 

the macrophagt, Extracclldar bxcaMown of ECM can be considered a"softening-upn 



process occuring in the immediate vicinity of the cell, through which smaller pieces are 

generated for subsequent interaalization and intracelldar degradation. It seems likely 

that partial breakdown of the proteoglycan and glycoprotein components of the ECM 

precedes the initiation of colIagen and elastin degradation, in order to allow the proteases 

access to their respective substrates. Three inducible secreted neutral proteases have 

been identified in macrophages elastase, coUagenase, and PA. As macrophages become 

more differentiated they secrete a broader spectrum and greater quantities of 

metalloproteases (WeIgus et al, 1990). EIastase can degrade both the elastin and 

glycoprotein components of the ECM, while plasmin, the potent proteolytic enzyme 

generated from plasmhogen by the action of PA, degrades 50 to 70?h of the 

glycoprotein component (Werb et d, 1980). The triple helical structure of collagen can 

only be cleaved by collagenase. The ability of macrophages to synthesize and secrete 

collagenase is dependent upon activation of the cells. Following activation, macrophages 

generate PGEz which causes an elevation m intracelluhr cyclic adenosine 

monophosphate (CAMP). The increase in these two substances triggers the pathway 

which regulates collagenase production (Prosser and Wa& 1988). Regulation of 

macrophage cobgenase secretion may provide an important mechanism for controlling 

excessive enzymatic degradation of connective tissue in destructive inflammatory 

Iesions. Another possiile mechanism is the constitutive expression of tissue inhibitors 

of metalloproteases (T1MP)s by m o n q t e s  (Campbell et al, 1987). Although 

responsive macrophages do produce and secrete an extraceiluiarly acting collagenase, the 

fibroblast contniutes more significantly to extracellular collagenolysis. The secretion of 

collagenase by the fibroblast is inducl'ble and a p p r s  to be rcguIated by the macrophage 

(Huybrechts-Godin et a4 1979). The macrophage regdatory factors rcsponsiile for this 

induction have recently been identified as IL-I (Padethwaite et al, 1983), PDGF 

(Hhoka et al, t992), TNFa (Chua and Chua, 1990), and Z-6 (Ito et aI, 1992). 

Conversely, EN-y suppresses the K-1p induction of stromelysin synthesis by 



fibroblasts (Unemori et at, 199 1) and TGF-fl stimulates the synthesis of TlMPs 

(Wright et af, 1 99 1). 

As mentioned previously, macrophagedependent degradation of damaged ECM 

no doubt proceeds in a two-step fashion, beginning extracellularly and ending with the 

internalization and digestion of the frzlgments. The uptake of connective tissue fkagments 

by macrophages probably depends on cell surfice receptor systems. Intracellular 

degradation d y  relies on lysosomal enzymes, the secretion of which is stimulated by 

ZFNs, as well as on endo- and exopeptidases. 

It has been established that the blood-derived mononuckar phagocyte is essential 

for both the degradative and reparative phases of wound repair (Leibovich and Ross, 

1975). It is probable that these antagonistic processes are differentiated on a time d e  

in order to avoid counterproductivity. Alternatively, tissue debridement m y  

automatidy cease once al l  the damaged tissue has been removed, at which time the 

prevailing conditions of the wound direct the macrophage towards tissue repair. 

Monocytes are a major secretory cell, capable of synthesizing more than 100 

different types ofmo~ecuIes (Nathan. 1987). Among these products are monokines, 

polypeptide molecules central to the initiation, amplification, and resolution of 

inflammation. Other molecules, known as growth fktors, participate in at Ieast three 

aspects of tissue remodeling: proliferation of mesenchymal ceIls, angiogenesis, and 

production of ECM. CoUectively, the secretion of these macrophagederived hctors can 

be significandy increased following stimulation of the macrophage. Tbe following is a 

britfdescription of the growth k o r s  believed to play a critical role in the repative 

phase of wound heding, A more detailed discussion wiII be the subject of subsupat 

sections (22.1 and 2.2.2). 

T d o m i n g  growth &torsst and -B are produced by many celI types, 

including the activated monocyte (Rappolce et aI, 1988). At low conceneatons, TGF-B 

can initiate monocyte mRNA expression of other cytokines and growth a r s  such as 



TNFa, IL- 1, and PDGF. It also appears to inhibit certain macrophage functions such as 

the release of toxic oxygen metaboiites, via downteguiation of receptors for macrophage- 

activating growth factors like IFN-y (Pinson et al, 1992) and TNF-a (Bemudez et a4 

1993). At slightly higher concentrations it is a potent chemoattractant for monocytes 

(Wahl et d, 1988). As these monocytes become macrophages within the wound, they 

are activated to produce a fill array of growth factors; in fact macrophages appear to be 

a major source of TGF-P during repair and fibrosis (Riches, 1996). Control of TGF-P 

activity is modulated by release of the active growth factor fiom its latent complex, and 

the macrophage possesses many mechanisms to mediate this process. Most notably, the 

macrophage generates acid both intra- and extracelldady and may thus reduce the pH of 

the milieu to a level conducive to release of active TGF-p fiom its latent complex 

(Riches, 1996) (see section 22.1). The macrophage also secretes a wide repertoire of 

neutral and acid pH-optimum proteases and glycosidases which are able to degrade the 

precursor remnant to, once again, release active TGF-B. Collectively, the 

monocyte/macrophage products stimulate fibroblasts and smooth muscle cells to 

proIiferate and generate new blood vessels and ECM components. Transforming growth 

factor-$ on its own is also capable of directly stimulating fibroblasts to produce collagen 

and k n e c t i n ,  and thus accelerate wound healing (Roberts et al, 1986). Transforming 

growth factor-a, although it shares a common nomencIature with TGF-8, resembles 

EGF in its bioactivity (Matquardt et al, 1984), probably via a common receptor. They 

both stimulate epidermal growth and kenhimion, angiogmesis, and proliferation of 

various mesenchymaI cell types (Carpenter and Cohen, 1979). 

Plateletderived growth f&or hZ1S been mentioned earlier (section 2.1.1.1) as a 

product secreted from the a-granules of activated pIatelets. It can also be released brn 

activated macrophages (Shimokado et aI, I985), and exhrIb'i chernoanractatlt properties 

for neutrophils, monocytcs, macrophages and fibmbIasts muel a d  Huang, 1984). At 

higher concentmiom it is a mitogen and stimulates collagen synthesis through the 



release of other growth k tors  (Cmmack et al, 1990), name1y TGF-B (Pierce et aI, 

1992). 

It appears that the activated wound macrophage also secretes bFGF (Rappole 

et al, 1988), however this fact is contestable since immunohistochemical studies have 

not detected bFGF positive macrophages within wounds (Kurita et al, 1992). Its most 

notable positive effect is the induction of the formation and growth of new capiUaries 

(Gospodarowicz et al, 1979). It is also mitogenic for fibroblasts, endothelid cells, and a 

wide variety of cells of mesodermal origin (Gospodarowicz et al, 1979). 

A final macrophagederived factor worthy of mention is IFN-a The previous 

factors discwed are, for the most part, chemoattractant andlor mitogenic for a variety 

of cell types, whereas FN-a hhi'bits the chemoamaction of fibroblasts (Adehann- 

Grill et al, 1987), and appears to inhibit angiogenesis and reepitheliahation (Stout et A, 

1993). 

In conclusion, macrophages are the major inflammatory cell responsible for 

cclluiar debridement, recruitment of other inflammatory and fibroblastic cells, and 

induction of reepithelialization and ceflular proliferaton. Because the macrophage is so 

central to wound healing, it is probable that its activation to release multiple growth 

factors represents a more powem stimulant to wound repair than any single 

exogenously applied cytokine. Thus, a genera1 strategy for improving wound healing 

may be via any molecule that can tecruit or possibly activate macrophages (Cmmack et 

aI, 1990). 

2.12 Resolution of Infhmmation 

Infiammation is generally considered a beneficial response to injury, and one that 

is necessary to the normal outcome ofwouud healing. Paradoxically, Mammation may 

contniute to the pathogenesis of a Iarge number of diseases characterized by ezccessivt 



fibrosis &or scarring. Idimmmry diseases no doubt involve either abnormalities of 

resolution andfor an initial insult so severe that the tissue cannot repair itself 

satisfactorily. 

Mammation is a sequence of events: production of mediators, rolling, tethering 

and adhesion of neutrophils to vascular endothelium and subsequent migration through 

endothelium and basement membranes, altered vascular permeability with passage of 

fluid into tissues, neutrophil phagocytosis of invading organisms and release of 

biologically active materials, emigration of monocytes from the local vasculature, 

maturation of monocytes into inflammatory macrophages with subsequent removal of 

the components of inflammation. Resolution of infiammation should therefore address 

each one of these events and hait or potentially reverse it. 

For inflammation to be resolved, mediators must be dissipated. Potential 

mechanisms whereby this could be achieved include cessation of production with 

spontaneous decay, inactivation, dilution, alteration in responsiveness of the target cell 

[for example, neutrophils become desensitized to high concentrations of a variety of 

idlammatory mediators via the downregulation of their surface receptors (Colditz and 

Movat, 1984)], and antagonism of the effect of the mediator [eg: IL-I activity is 

inhibited by IL-1 receptor antagonist (ra)]. 

Similarly, several theoretical mechanisms may contribute to the cessation of 

neuaopbir migration: altered cellular barria to migration, chcmotactic inhibitory 

factors, desensitization of neuaophils to chemoa-ts, negative fetdback [eg: 

neutrophildcpcndent inhiiition of Iocal blood flow involving PAF and TXA2 (Hellewell 

et al, 199 1) 1, and exhaustion of chemoattractants. 

During neutmphiI emigration h m  blood vessels, gaps between endothelid cells 

form but are not associated with overt endothclial cell damage. These intercellular gaps 

can be induced by short-term mediators (histamine, bradyidnin), and arc thought to 

provide a control point for leakage of fluid and protein into the innamed site. 



Restoration of normal microvascular permeability probably results fiom dissipation of 

inflammatory mediators. 

Possible mechanisms by which the secretory events of the inflammatory cell are 

downregulated or terminated include exhaustion of intracellular supplies of the secretory 

product or energy required for secretion, receptor downregulation, inactivation of 

stimuli, development of inhibitory factors, and finally, death or removal of cells (Haslett 

and Henson, 1996). Apoptosis, or programmed cell death is the universal pathway for 

the elimination of unneeded cells and tissues in a phagocytotic process that does not 

elicit additional inflammation (Greenhalgh, 1998). Potential sources of apoptosis signals 

have been found to originate in the tissues that cover the open wound, whether 

epithelium, skin graft or flap. Failure to reepitheiidize an open wound within w t o -  

three weeks leads to a much higher chance of human patients developing a hypertrophic 

scar (Greenhalgh, 1998). It appears that if the signal to downregulate fibroblast and 

myofibroblast activity is delayed beyond a specific time point then apoptosis is 

peraanently impaired. The parallel apoptosis patterns of fibroblasts and endothelial 

cells suggtm that there is a coordinated decrease in cellularity with wound maturation 

that may involve cell-tocell communicatiotl In vitro studies suggest that TNF-a is 

involved in the signaling of neutrophil apoptosis (Ohata a al, 1994). Another Iiely 

mediator involved in apoptosis of idammatory cells during the healing process, and 

thus in the resolution of repair, is the antiproliferatve protein p53. This protein is 

expressed in late phases of repair by numerous cell types. Indeed, Antoniades et a1 have 

examined p53 expression d m  the heaiing of cutaneous wounds in swine, and have 

found that its expression decreases during periods of rapid proliferation but then 

increases during the later stages of repair (Antoniades ct al, 1994). Additionally, Van 

Meir and colleagues have demonstrated that the production of p53 witfiin tumor cell 

Iines is linked to the production of an inhiiitor ofangiogenesis (Van Meir et aI, 1994). 



One hypothesis then, is that the appearance of p53 production within wounds signals 

the concomitant appearance of an inhiiitor of angiogenesis. 

Mechanisms responsiile for the cessation of monocyte influx are hypothesized 

to resemble those for the neutrophil. The inflammatory macrophage is believed to play 

an active part in the resolution of idammation via phagocytosis of debris and removal 

of enzymes and other proteins by endocytosis. However, reactive oxygen species and 

enzymes such as elastase and collagenase which are released by activated macrophages 

can be injurious to local tissues. Thus, control of secretion, macrophage deactivation or 

further maturation into a Iess active cell, and removal of modulating agents are no doubt 

important in limiting local injury. Transforming growth factor-$-mediated suppression 

of  macrophage activity is critical in the resolution of inflammation. More specifically, as 

immune cells become activated, they alter their cytokindgrowth factor receptor 

expression and afkity and become susceptiile to TGF-B 1-mediated suppression 

(Bogdan and Nathan, 1993). Thus, by deactivating mac~~phages, TGF-PI prepares the 

site for fibroblast recruitment, proliferation and matrix synthesis. 

Complete resolution of inflammation only occurs once fluid, proteins, fibrin, 

debris and inflammatory cells are entirely dispersed. Most fluid and protein is removed 

by lymphatic drainage, aIthough the inflammatory macrophage may participate through 

pinocytosis and endocytosis. How the macrophage is ultimately cleared fiom the 

inflammatory site once its numerous hctions are accomplished, is uuknown. 

In conclusion, it appears that the termination of inflammation is a complex but 

closely regulated sequence of events. There are several steps at which the resolution 

process could go astray, leading to suppuntion, chronic idlammation, and/or excessive 

mmsis. 



2.13 Proliferation 

The proliferative phase of repair follows inflammation and includes rapid 

reepithelialization and the formation of grandation tissue composed of macrophages, 

fibroblasts, loose co~ective tissue, and new blood vessels. 

2.13.1 Epithelial Cell (Reepithelialization) 

Epithelium covers alI surfices of the body, and acts as a selective barrier between 

the body and the environment. This barrier prevents pathogenic agents from gaining 

access to the body, and Iimits loss of fluid, electrolytes and other essential materials 

fiom underlying tissues. Thus, the epithelium is the primary defense against a hostile 

environment and is a major factor in maintaining internal horncostasis. The outer region 

of mammalian skin (the body's Iargest organ) is a muhilayered, shatified squamous 

epithelium, the epidermis. The epidermis interfaces with the musculoskeletal b e w o r k  

by means of the dermis, a connective tissue layer, and the subcutis, a fibrofatty layer. 

Epidermal cell growth occurs among the cells of the lower epidermis which rest on the 

basement membrane zone or just above i t  This cell growth in the lower epidermis 

balances the loss of cells h m  the outer epidermis. As a daughter cell leaves the basal 

layer ("stratum basale" or "stmtum germinatiwm") to move outwards, it begins to 

differentiate. The basal cell is cuboidal, but as it moves upward it becomes progressively 

flattened. Above the basaI layer, epidermal ceb accumulate keratin filaments and 

desmosomes and this hyer is referred to as sstrahnn spinomm". Above the "stratum 

spinosumn the cells acqrriR keratohyalin granules, forming the "stra;tum granulosumn. 

F i i y ,  above the granular layer, epitheIial cells 10% the*= cytopIasmic organelIes, 

become surrounded by an inner wall, the cornified envelope, and lose their intercelldar 

cohesions so that the outer epidermis breaks into individual desquamating cells 



(%mum cornem"). The basement membrane m e  is a welldefined, thin, 

glycoprotein-rich layer composed primarily of laminin and type IV collagen, where 

attachment of the epidermis to the dermis occurs. The basal cells attach to the basement 

membrane by means of hemidesmosomes. The basement membrane zone thus semes to 

moor the epidermis to the dermis, binding the cytoskeleton of the epitheliaI cell to the 

coilagen bundles of the dermis by means of vertically arranged type VfI collagen 

anchoring fibrils (Stenn and Malhotra, 1992). 

Because of its location, the epidermis is exposed to the physical and chemical 

trauma of the environment. After damage to the epidermis occurs it is critical to survival 

that the rent be biocked without delay. Wound closure is accomplished by hvo 

mechanisms: within minutes a blood clot is formed to reestablish a temporary barrier, 

and then within hours (24-to-48) to days there is movement of the residua1 epithelium 

below the clot and over the underlying dermis. In order to cover a denuded fllrf8ce, 

epithelial cells must either move or grow over the wounded area Both processes will be 

stimulated by wounding however, for early closure, migration dominates and occurs 

independently of ceu division (Fitch and Swaim, 1995). The rate of wound closure 

depends on the animal species, the wound site, substrate? and size. The rate of 

mpithelialization is enhanced if the wound is only superficial and the basement 

membrane zone is intact (Stenn and Malhotra, 1992), and if the wound environment is 

kept clean and moist (Bennett, 1988). 

Migrating cells arise from the residual epithelium at the periphery in deep 

wounds, or fiom residuai dermal epithelial appendages (hair or sweat structures) at the 

wound base. It is the basal cell that responds within hours of wormding and initiates 

migration &r marked phenotypic altemions (Clark, 1993). The cell flattens out in the 

dirrction of the wound and sends out cytoplasmic projections containing actin f?Iaments 

which dow cellular movement over the substratum, In preparation for Iateral mobility, 

the epithelial cells Iaascn their interce11ulat aod substratum attachments: they lose 



hemidesmosomal junctions, their tonofilaments withdraw from the cell periphery, and 

the basement membrane zone becomes less wetl-defhd. Additionally, the cells at the 

leading edge become actively phagocytic. Phagocytosis may facilitate migration by 

permitting the cells to ingest the clot and debris found along the migratory route, when 

dissecting between the clot and the underIyhg viabk tissue. If the basement membrane 

is destroyed, wound epidermal cells migrate o v a  a provisional mafix consisting of fibrin 

and fibronectin (originating originally h m  the circulation and after a few days h m  

wound macrophages and fibroblasts), tenascin and vitronectin, and types I and V 

collagen (Clark, 1996). The migratory route appears to be determined by the array of 

integrin receptors that the migrating wllnd epithelial cells express on their cellular 

membranes (Larjava et al, 1993). In fact, the presence of new ECM proteins during the 

early stages of wound healing is a @or factor in epitheIiai cell migration since it results 

in a simultaneous increase in i n t e e  expression (Walt and Jones, 1993). In particular, 

a3DI (laminin 5 receptor) plays an important role in epithelial cell migration by 

strongly promoting the interaction of the cells with the substratum, as do tamp5 

[vitronectin receptor (Kim et al, 199411, me6 (tenascin receptor), and a5P1 

[fibronectin receptor (Chettiii and Ferguson, 1999)]. Degradation of ECM is a 

prerequisite for wound epidermal cells to migrate between the colIagenous dermis and 

the fibrin dot. Epidermal cells produce coUagamc (Pilcha et aI, 1997) and PA (Bugge 

et al, 1996) for this purpose. In fact, LL-l and TNF-a h m  inflammatory cells may 

stimulate epithelial cell chemoattraction by increasing the secretion of urokinase-type 

PA by the epithelial cell (Bechtet et al, 1996). PI& could thus become available for 

proteolysis of pericellular glycoproteins, providing the physicai space within the 

provisional wound matrix necessary for epithetid ceUs to migrate. 

Two different modes of epithelial migration into wounds have been proposed. 

The first is known as the sliding theory (Stcrm and Mahotra, 1992) and has been 

likened to the unrohg of a carpet During this type of migration, epitheIial cells do not 



migrate over the wound as single cells, instead, they move in smal l  clusters or sheets, It 

appears that the cells at the margins of the moving sheet are actively motile wMe the 

cells behind are passively dragged along. The sheets continue to spread until microvillus 

processes of cells &om opposing epithelial sheets contact and form attachments. 

Evidence for the sliding model has been presented for epithelial cells in culture, for 

embryos, for amphibian wound closrrre, and for corneal wound closure (Stenn and 

Malhotra, 1992). In adult mammalian skin, the pattern of epithelial wound closure 

appears somewhat different: the leapfrog theory of epidermal movement has been 

proposed (Winter, 1964). In this model, the cells at the migrating h n t  adhere to the 

substratum only to be replaced at the front, in turn, by the cells b r n  above and behind. 

Thus, successive submarginal cells crawl over the newly adherent basal cells in turn. It is 

probable that simple epithelium moves by the sliding model whereas more complex 

stratified epithelia adopt a leapfrog method. Either way, epitheliahation is thought to 

be initiated by a &e edge and continues until the wound is covered and migration ceases 

because of contact inhibition. 

Cells within the wound environment (platelets, monocytes, macrophages, 

endothelid and epithelial cells) release cytokinedgrowth factors that influence the repair 

process, affecting epithelial migration, proliferation and differentiation. Leading 

contenders include IL-1, EGF, TGF-a and keratinocyte growth factor (KGF) (Werner et 

al, 1994). Interleukin-1 synthesized by epitheIial cells in response to injury stimulates 

both chemoamaction and growth of these cells, via the high affinity receptors found on 

their surface (Sauder et al, 1990). The autocrine nature of epithelial cellderived IL-1 is 

emphasized by the fact that it induces the cell to synthesize 1.-1 and TGF-cr, the latter 

fixtor a h  known to induce epithelial cell motility (Chen et aI, 1995; Bechtel et aI, 

1996). Tumor necrosis f8ctor-a also stimulates epithelial cell migmion and this is 

thought to occur via the expression KGF (BranchIe et 4 1994). The latter growth factor 

is a potent mitogen for a variety of epithelial cells, and its expression by fibroblasts is 



induced by IL-l and specifxally bIocked by anti-ll-1 m t i i e s  (Chedid et ai, 1994)- 

E p i d d  growth k t o r  induces epithelial cells to migrate, divide and differentiate. 

Receptors for this very influential growth h r  have been locaked to the migrating and 

proliferating epithelial tips present at the wound edges, and in epithelial islands arising 

from the remnant epidermd appendages (Wermak et al, 1992). Transforming growth 

factor-b 1 is coordinately upregdated with various integrin receptors (a5p 1, avp5, and 

cxvp6) in the leading tip of epidamal ceils migrating over provisional matrix during 

reepithelialidon (Gailit et al, 1994). In fact, treatment of a monolayer culture with 

TGF-p 1 enhances the synthesis of related integrins and substantidy augments the 

migratory response of epithelia1 cells to vitronectin and fibrouectin (Zambruno et ai, 

1995). In contrast, TGF-8 I drives the proIiferative potential of epithelial c e h  to 

negligiile levels ( S m t  et al, 1992). Once the wound d a c e  is covered by epithelial 

cells, laminin is once again expressed within the ECM. Laminin serves as a major cell 

adhesion factor for epithelial cells, anchoring the latter to the substratum and thus 

inhtiiting further migration (Marinkovich et al, 1994). 

Initial migration dws not require an increase in cellular praMicration however, 

after m i w o n  has begun, epithelial proliferation increases at wound margins to provide 

additional cells. Proliferation is maxhd witbin 48-to42 hours after wounding with a 

17-fold increase in mitosis and epithelia1 hypcrptasia at the edge of the wound. The new 

epithelial cells either participate in wotmd closure through migration, or restratify to 

restore the original epidermis. With differclltiation, a monolayer of cells changes into 

epidermis that is nearly normal, however this change is a lengthy process compared with 

migration and may take weeks-to-months. Insulin-like growth haor (IGF)-I can 

enhance epithelial cell p H e m i o n  in a concentraion-dcpcndcnt marmet in vitro (Ando 

and Jensen, 1993). The provisional mat& disappears and is repiaced by a mame 

basement membrane zone if it was destroyed during the original injury. It appears that 

the repairing epidermis reassembles the basement membrane constituents (fibronech, 



collagen, laminin) in the proper stmcfm, from the margin of the wound inward (Clark et 

al, 1983). This particular aspect of wound healing appears to be time-consuming, 

occuring long after reepithelialization is complete. This delay may expIain the continued 

fhgility of the neoepidermis for extended periods after apparently compIete healing of 

wounds. Finally, epidermal ceUs revert to their "resting" phenotype once again firmly 

anaching to the reestabiished basement membrane through hemidesmosomes, and to the 

underlying dermis through type VII collagen fib& (Gipson et al, 1988). 

2.13.2 Endothelial Cell (Angiogenesis) 

Besides their roIe in the initiation of the inflammatory response through their 

interaction with Ieukocytes in the early stages of wouud healing, microvascular 

endothelid cells have a vital roIe in the proliferative phase of healing. The formation of 

granulation tissue includes accumulation of macrophages, ingrowth of fibroblasts, 

deposition of Imse connective tissue, and angiogenesis, The term "granulation tissue" 

describes the granular appearance of the newly-formed tissue and is due to the presence 

of multiple new blood vessels. Mampbages, hblasts ,  and blood vessels are 

intcrdcpendent and move into the wound space as a unit: macrophages debride the 

tissues and produce a variety of cytokines/growth factors stirnulatory to angiogenesis 

and fibroplasia (section 2.1 .I.4), -blasts respond by migrating, prolifaating, and 

forming new ECM which macrophagcs, new bid vessels and fibroblasts themselves 

use as a substrate for migration, and fhdy, new b I d  vessels carry oxygen and 

nhen t s  necessary fbr cell metabolism and growth. 

Angiogenesis itself can be broken down into numerous events that occur either 

simdtaneously or subsequent to one another. Injury causes tissue destruction and 

hypoxia folIowed by the release ofinnammatory mediators by activated cells, such as 

the platelet and the wound macrophage. Some of these soluble mediators are specific 



angiogenic factors: bFGF and vasdar endothem cell growth factor (VEGF) are the 

most notable examples. Other molecuIes fomd to exhibit angiogenic activity [TGF-p I, 

W-a, EGF, PDGF (Sato et al, 1993), angiogenin, angiotropin, angiopoietin-1 and 

thrombospondin] appear to act by enhancing the production of bFGF and VEGF by 

macrophages and endothelid cells, as do Iow oxygen tension and lactic acid 

accumulation. Basic FGF may be primarily active during the first three days of repair 

whereas VEGF is critical for angiogenesis during the fomation of grandation tissue on 

days four through seven (Nissen et aI, 1998). 

In order for angiogenesis to occur, the microvascular endothelial cell must be 

fteed from the constraints of its basement membrane. When an angiogenic stimulus 

induces the endothelial cell to migrate, the iatter will be activated by bFGF to secrete PA 

and procollagenase. The ensuing conversion of pIasminogen to plasmin and of 

procollagenase to active collagenase will  Iead to the digestion of components of the 

basement membraue. Once endothem cells are h i  h m  their normal attachments 

to suttmatum, they commence migration into the wound space. Migration of the 

activated endotheliaI cell now released h m  its basement membrane is modulated by: the 

responsiveness of the cell to a variw of soluble fixtors (EGF, bFGF, PDGF, TGF-$, 

IGF-I), interactions of the cell with the various ECM components of the wound via 

hegrin receptors at the cell surf=, and endothelial ceil-endothelid cell interactions. 

More specifically, certain integrins can moddate cellular attachment, migration, and 

maaix assembly. The expression of aSPl integrins (fibtoncctin receptots) is thought to 

favor migration of mimvascuIar endothehl cells (Bauer et al, 1992). Furthermore, 

solubIe factors such as bFGF and TGF-$1 apparently moddate endothelid cell 

migration by dtering s p B c  htq& srafsEt tlrpression (Basson et al, 1992). In vitro, 

endothelial cells b m  the side ofthe postcapiuary venule closest to the angiogenic 

stimulus begin to migrate on the second day by projecting pseudopodia through 

fiagmdbasernentmcmbrartcs,S~tiy,thccntircce~mi~intothe 



perivascular space. Cells remaining in the parent vessel begin to proliferate, providing a 

continuous source of endothelial cells for angiogenesis (Clark, 1993). The endothelial 

cells near the Leading migratory cells at the tip of the angiogenic sprouts make up this 

proliferative population. The prolifitive stimuli are believed to be very similar to the 

migratory stimuli. In addition, the enzyme thrombin generated by the clotting cascade, 

may play a role in triggering endothelial cell proliferation by fonning a fibrin fiamework 

for the neovasculature to grow into (Nicosia and Madri, 1987). Conversely, IL-1, TNF- 

a and INF-y have been shown to &'bit endothelid cell growth in vitro (Norioka et al, 

I 992). 

As endothelial cells proliferate behind the migrating tip, they form a lumen 

through which flow is established. Lumen formation is thought to occur via inter- and 

intracelldar mechanisms (Wagner, 1980) and involve seIected cell adhesion molecules 

(CAWS and substrate adhesion molecuIes [SAMs (Madri et ai, 1996)]. The first theory 

for lumen formation involves the joining of plasma membrane processes of individual 

andlor adjacent ceUs (Montesano et d, 1983). The second theory invo1ve-s extensive 

intracellular vacuolization followed by h i o n  of these vacuoles to create "ring cellsn and 

ultimateiy cekel l  plasma membrane fhsion to form scamless capillaries ( F o b  and 

Haudenschild, 1980). The above two mechanisms are thought to occur simultaneously in 

vivo, uuder the influence of a variety of cell- and tissuederived factors. Lumen 

fomtion is dependent on bFGF-induced proteolysis while TGF-p1-induced 

mtiproteolysis is necessary for controlling the diameters of the newly-formed vesseIs 

(Pepper and Montesano, 1990). Transfomhg growth factor-a induces tubulogenesis in 

human microvascular endotheliaI cells (On0 et al, I992), while IL-1 prevents bovine 

capiIlary endotheiid cell tube formation (Sueishi et aI 1989), and may thus Iimit the 

quantity of granulation tissue deposited in a wound during the proliferative phase of 

healing. It is believed that specific matrix components have significant influences on 

angiogenesis. For example, p r o l i f h g  dotheIiaI cells within wbuuds transiently 



deposit increased amounts of fibronecth within the vascular wall (Clark et al, 1982); 

this fibronectin may act as a conduit for the movement of endothelid cells at the tips of 

capillary buds since these cells adhere avidly to fibronectin via integrin receptors 

(Brooks et al, 1994). Once new capillaries have formed they are stabilized in order to 

become functional. Stability appears to be provided by the basement membrane 

synthesized by the capillary endothelid cells themselves, within 24 hours of new vessel 

formation, and is favored by the presence of TGF-B1 (Pepper and Montesano 1990). 

Once the reconstitution of parenchyma is complete there is no longer the need 

for a rich vascular supply. Apparently, angiogenic stimuli withdraw, and most of the 

recently formed capillary network quickly involutes through apoptosis of endotheiial 

cells (see section 2-1 2). The mechanism of control of apoptosis remains undefined but 

may be triggered by the loss of specific integrin-mediated interactions with the 

underlying basement membrane (Bates et al, 1994). 

2.133 Fibroblast (Fibroplasia) 

In the adult mammal, cutaneous wound repair occurs primarily by fibrous tissue 

proliferation rather than by regeneration. The fibroblast is the cell responsible for the 

synthesis and deposition of ECM during the proliferative phase of wound repair, 

consequently, this aspect of granulation tissue formation is sometimes referred to as 

fibroplasia The appearance of fibronectin and the appropriate integrin receptors that 

bind hnec t in ,  fibrin, or both on fibrobiasts appears to be the rate-limiting step in the 

formation of granulation tissue. The signals for fibropiasis probably include a n u m k  of 

chemoateractrmts and growth factors emanat@ h m  the cells of the inflammatory phrmse 

of healing: CSa, elastin and colrslgen frasments, fibronectin, and IL-I, TNF- IGF-I, 

PDGF, EGF, FGF, and especially TGF-$1 and -$2 The various growth factors most 

likely act in concert to Muce fi'brobIast migration and prolikntio~~ In a W o n  similar 



to that of the epithelial cell, fibroblasts migrate into the wound by means of cytoplasmic 

extensions known as "nrffled memhesn, arriving at the wound site between five and 

seven days post-wounding. Their migration immediately precedes advancing capillary 

endothelial buds but foIIows macrophages which have cIeared a path by phagocytosing 

debris. The fibroblast itself also possesses an active proaolytic system that can cIeave a 

path for cellular migration. Plasmhogen activator, various collagenases, getatinase A and 

stromelysin are all candidates for this task (VaaIamo et al, 1997). During the migratory 

process, other rnorphogenic changes occur in the fibroblast the endoplasmic reticulae 

and Golgi apparati retract to perinuclear locations, and actin filaments form within the 

Iarnellipodia (WeIch et aI, 1990). 

As fibroblasts migrate into the wound space, they deposit a loose provisional 

ECM composed of great quantities of fibronectin (Cladr, 1993). Fibronectin can 

reversibly bind connective tissue cells and ECM simultaneously, and it has been shown 

that fibrobIasts use fibronectin as a h e w o r k  to move through the wound (Hsieh and 

Chen, 1983) in a manner similar to the microvascdar endothelial ceUs that form new 

capillaries within the granuIation tissue (see section 2.1.3.2). Fibronectin matrix is first 

assembled on the srnface of fibroblasts five days after injmy (Welch et al, 1990), then 

migrating fibroblasts link to the ECM fibronectin via B1 inkgrin receptors and to each 

other tbrougb direct cell-cell interaction rncdiated by $2 intEgrins. Enterleukin- 1 (Canalis, 

1986; Unernori et al, 1994), EGF (Chen et al, 1977; Nanney and King, 1996), TNFst 

(Dayer et al, 1985), PDGF (Heldin and Westemark, 1996), IGF-I (Spencer et aI, 1987) 

and TGF-PI and -82 (rgnotz and Massague, 1986) stimulate fibrobIasts to deposit 

ECM (glywsaminoglycans, fibronectin, hyaIuromn, couagen). Most of these mediators 

cause an increase in synthetic activity mainly via the induction of TGF-$ activity 

(HeIdin and Wcstemxak, 1996). When the d c d  membranes of two or more fibroblasts 

come into c o w  fiather migration smps via contact inhibition The rough endoplasmic 

reticulae and Golgi appad disperse throughout the cytopIasm, and fibrobiasts begin 



secreting glycosarninoglycans and large quantities of collagen to bind the wound edges 

with provisional ECM. Soon after sufficient matrix is deposited, collagen synthesis 

ceases and the fibroblasts once again retract their synthetic machinery to perinuclear 

locations. The fibroblast-rich granulation tissue is replaced by a relatively acellular scar 

as some cells undergo apoptosis (see section 2.1.2) while others assume a myofibroblast 

phenotype? according to the physiological needs and/or the microenvironmental stimuli. 

Fibroblast phenotypic modulation seems to depend primarily on TGF-p 1 for 

upregulation of a-smooth muscle (SM) actin expression in granulation tissue fibroblasts 

(Desmouiiere et aI, 1993). Conversely, ENS decrease a-SM actin protein and mRNA 

expression (Desmouliere et al, 1992), inhiiit wound contraction in vitro (Nedelec et al, 

1999, inhibit cellular proliferation (Lin et al, 1986; Desmouiiere et al, 1 W), suppress 

collagen synthesis, both directly and by blocking growth factor-induced collagen 

synthesis (Duncan and Berman, 1989, and are also capable of increasing collagenase 

production (Duncan and Bennan, 1985). The properties of this latter family of 

cytokines make it a good candidate to exert antifibroblastic activity in vivo (Pittet et al, 

1994). 

2.13.4 Myotibroblnst (Wound Contraction) 

During the second week of healing of a tissue defect the wound edges are 

progressively brought together by the contraction of granulation tissue. This 

phenomenon, referred to as womd contraction, is important in reducing the size of a 

wound and involves a finely orchestrated interaction of cells, ECM, and 

cytokines/growth fkctors. Several theories have been proposed to explain the process of 

womd contraction. In light of more recent experiments, the one that seems most 

probable is that proposed orighaUy by Abcmombie and co-workers (Abemmbie et aI, 



1956), which is refened to as the "pull theory", and whereby cells within the 

granulation tissue generate the forces causing contraction. 

In recent years, wound contmction has been ascribed to actin-rich cells, which 

are the most abundant cellular element of granulation tissue and which are aligned within 

the womd along the lines of contraction, in contrast to capillaries and macrophages 

These cells combine the ultrastructuraI characteristics of fibroblasts and smooth muscle 

cells, and have been named myofibmblasts (Gabbiani et d, 1971). The most striking 

feature of the myofibroblast cytoplasm is a we~ldeveioped a-SM actin 

microjilatnentous system, arranged parallel to the cell's long axis. BundIes of 

microfiIarnents are referred to as "stress fibersn and appear to play a roIe in cell- 

substrate adhesion. Another prominent feature of the myofirobiast cytoplasm is that it 

contains abuudant rough endopIasmic reticulae. The nuclei show multipk deep folds, 

characteristic of cells that conaact Other hallmarks are the ptesenw of intercellular 

co~ections such as gap junctions and hemidesrnosomes, which may allow neighboring 

ceUs-to exert tension on one another. Indeed, unlike resting fibrobiasts that exist singly 

within the connective tissue, myofibroblasts are often found in mutticeLluIar strands 

with close intercellular associations. This alignment and the presence of gap junctions 

between & may provide a meshism for synchrowus responses. Finally, a pccuk 

and potentidy signiscant connection between myofibrobiasts and the ECM, called 

"fibronexusn was originally descn'bed by Singer (Singer, 1979). The fibronexus consists 

of an apparent continuity between intracellular actin fibers and extmelIular fibronectin 

and collagen h. It is postulated that these interco~ections participate in the 

nansmission of ceUdar contraction to other tissue components. 

The number of myofiroblasts found in a wound appears proportional to the 

need for contraction (Fowler, 1989). Factors producing and regulating granulation tissue 

contraction m vivo are presently unknown, although PDGF has been identified as a 

major stimulant for fibroblast-driven collagen gel contraction in vitro (Clark et al, 1989) 



and exogenously applied TGF-B 1 results in an abunAsYlce of actinexpressing 

myofibroblasts in the granulation tissue of rats (Desmouliere et al, 1993). In addition to 

stimulation by growth factors, attachment of fibroblasts to the collagen matrix through 

inkgrin receptors (Schiro et al, 1991) and crosslinks between individual collagen bundles 

(Woodley et d, 1991) are certainIy prerequisites for contraction to occur. When 

contraction stops and the wound is Illy epitheliaIized, myofibmblasts containing a- 

SM actin disappear, probably as a result of apoptosis (Desmouliere et al, 1995) (see 

section 2.1.2). In contrast, myofiroblasts persist in hypertrophic scars (Bauer et d, 

1975; Ehrlich et al, 1994) and other fibrotic lesions where they allegedly are involved in 

retractile phenomena as well as in ECM accumulation. Interferon-y exerts an antifibrotic 

activity at Ieast in part by decreasing a-SM expression (Desmouliere et al, 1992) 

whereas TGF-$1 injected subcutaneously into rats leads to the formation of granulation 

tissue in which a-SM actin-expressing myofibroblasts are particulariy abundant 

(Desmouiiere et aI, 1993). 

- The proportion of a wound that heals by contraction varies depending on the 

properties of the surrounding skin. Wound contraction is greater in areas of the body 

with loose skin than in areas where skin is under tension. Wound contraction usually 

occurs in three phascs. There is an initial phase after wounding in which the skin edges 

retract and the area of the wound increases. This phase is ref& to as the "lag phasen 

and lasts between five and tea days (McGrath and Simon, 1983). A period of rapid 

contraction fbIlows the Iag phase. As the wound nears complete healing, contraction 

slows. 

2.1.4 Synthesis and Remodeiing 

The final phase of wound repair invoIves mahix f d o n  and remodelingodcling 

Matrix formation actually begins dming the preceding proliferative p k  as granuIation 



tissue invades the wound, but this substance is altered continuously thereafter. 

Extracellular matrix is £isst deposited at wound edges, then more centdy as granulation 

tissue grows into the wound space. Components of the ECM obviously contriiute to 

the structural integrity of the wound, but pIay an equally vital role as key determinants 

of cellular migration, proliferation, and differentiation during wound healing. These latter 

functions are accomplished through the effects of various cytokines and growth fictors 

for which ECM serves as a reservoir (Raghow, 1994). 

During formation of granulation tissue, fibronectin and hyaluronan are abundant. 

Major fimctions of fibronectin include mediating cellular adhesion, providing a 

provisional b e w o r k  for the ingrowth of counective tissue cells @Eeh and Chen, 

1983; Heimark and S c h w a  1988), f o e  a portion of the fibmnexus through which 

myofibroblasts achieve wound conuaction (Singer, 1979), helping to regulate cell growth 

and gene expression, and acting as a nidus for collagen fibrillogenesis. Ln fact, fibronectin 

serves as a template for collagen type I1I then type I synthesis (Kurkinen et al, 1980). 

Fibronectin fimctions via a series of fimctional domains and cell-binding sites that permit 

it to interact with a temarkably wide range of cell types, ECM molecules, and even 

cytokineslgrowth kctors. Indeed, EGF, (Hsieh and Chen, 1983), PDGF (Hehiin and 

Westennark, 1996) and TGF-81 (Roberts and Sporn, 1996) have been shown to 

stimulate fibroblast deposition of fibtonectia The regulation of fibmnectia synthesis by 

the adjacent matrix is a potential mechanism of limiting its production once the 

provisional matrix is established. I .  the ranodeling process that foUows granulation 

time formation, the eiimination of fibronectin from the early ECM is accomplished by 

the secretion of proteases into the wound area. The PA-plannin system is among the 

first to act, followed by certain MMPs that are activated by the recently-generated 

pIasmin. 

HyaIuronan is a non-suhtcd glywsamhoglycan that has been identified in 

granulation tissue: duhg the initial hur days of healing, with levels falling off between 



five and ten days (Bently, 1967). It has been proposed that hyaluronan promotes cell 

movement (Balazs and Hohgren, 1950). This could occur either through faciiitation of 

disadhesion between cell membranes and the matrix substratum (Cdp et al, 1979) or 

through the creation of migratory spaces between collagen fibers or cells due to 

hyaluronan's highly hydrated molecular structure which favors tissue swelling (Toole, 

198 1). As well, hyaluronan has been reported to bind fironectin with high affinity 

(Yamagata et al, 1986). When this occurs, fibronectin is no longer able to interact with 

cell-Mace heparin sulfate proteoglycan which normally ensures cell attachment to 

substratum (Culp et al, 1979). As the ECM matures the levels of hyaluronan fdl as a 

result of the action of tissue hyaluronidase (Bertolami and Donoff, 1982). Proteoglycans 

will replace hyaluronan in the ECM and provide the mature matrix with better resilience. 

Proteoglycans consist of a core protein to which glycosaminoglycan side chains 

are covalently linked. Throughout the body a largely heterogeneous population exists, 

and these molecules have diverse structural and organizationai fimctions in tissues, 

depending on the number, length, and distribution of glycosaminoglycan side chains, and 

the structure of the core protein. Specifically, in ECM, the polyanionic nature of 

proteoglycans is highly influentid. Two major classes of glycosaminoglycans are 

recognized: the galactosamines (chondroitin sulfates) and the glucosamines (heparan 

sulfates). Chondroitin, dermatan, and heparan &ate containing proteoglycans are 

widespread in all connective tissues, including basement membranes. These molecuIes 

are in close association with the d i c e  of cells. Contrary to hyalmnan, the Ievels of 

chondroitin4sulfite and dermatan suhte increase during the second week of repair, 

until 15-to-18 days (Bently, 1967). LittIe is known about proteoglycan function in skin 

except that these substances conmIbute to tissue tesilience, however several hypotheses 

exist. As mentioned above, hyalmnau is thought to destabilize cell-substratum 

adhesions to permit cell locomotion at the edges of an early wound (CuIp et al, 1979). 

Later on, when IeveIs of heparan sulfate begin increasing in the ECM, this protmglycan 



may act as a cell sllrCgce receptor for k n e c t i n  thus encouraging focal adhesions to the 

substratum (Lark and Culp, 1984). Another role for heparan sulfate is in angiogenesis; it 

promotes microvascular endotheliai cell migration (Azizkhan et al, 1980), an important 

step in angiogenesis. This may be a d i i  action of the proteoglycan or may be indirect 

via the enhancement of growth factor (FGF) activity on the cell (Klein-Soyer et al, 

1992). As the ECM matures and the proportion of proteogiycans to hyaluronan 

increases, differentiated cell phenotypes reappear. These more mature cells are capable 

of matrix synthesis; proteoglycan turnover is elevated and basement membranes are 

remodeled (Bemfield et al, 1984). Chondroitin4sulfate accelerates the polymerization 

of monomeric collagen in vitro (Wood, 1960) and is thought to facilitate collagen 

fibrillogenesis during ECM formation and remodeling. 

In early granulation tissue, type III collagen (immature) precedes the deposition 

of type I coUagen (mature), which usually begins after a five day lag period (Kurkinen et 

al, 1980). Collagen macromolecules aggregated into fibrillar bundles gradually provide the 

wound tissue with tensile strength as their deposition peaks between seven and 14 days. 

Accumulation of collagen continues for approximately three weeks after wounding, and 

after this, synthesis is balanced by degradation resulting in no fuaher deposition. 

Tensile strength continues to increase very slowly, and is a result of collagen 

crosslinking in the maturing scar. CoUagen modeling continues beyond the synthetic 

phase of healing and depends on continued synthesis and catabolism of collagen at a iow 

rate. Catabolism occurs through the action of various collagenases released fiom 

macrophages, epidermal ceUs, endothelial cells, and fibroblasts. The diffefent phases of 

wound repair rely on distinct combinations of MMPs and TIMPs. In generai terms, 

when new counective tissue is being deposited, MMP lev& are low whereas when the 

tissue is being remodeled, the levels of degraQtive entymens (MMPs) increase. 

Additional information on these enyme systems can be found in recent reviews 

(Matrisian, 1992; Birkcdal-Hansen et al, 1993). Tumor necrosis factor-a (Dayer et al, 



1985)- EGF (Namey and King, 1996)- PDGF (Clark et al, 1989), and IF'Ns (Duncan and 

Berman, 1985) are all capable of stimulating coIlagenase synthesis and activity by 

fibroblasts. 

One of the most important aspects of wound healing is the rate at which an 

incised wound gains tensiIe strength. T e d e  strength is measured in terms of load 

applied per unit of cross-sectional area Breaking strength, on the other hand, is the 

measure of force required to break a wouud regardless of its dimensions. From the time 

of wounding until day four-to-six, there is a kg phase during which tensile strength does 

not increase, and what littic smngth there is seems to be due to the regenerating 

epidermis. Tensile strength then rapidly increases, teaching a maximal value around 14- 

to-16 days (Peacock, 1984). This period corresponds to the proliferative and synthetic 

phases of wound repair, and tensile strengtfi parallels the rise in c o b e n  content of the 

w o d  The rate of gain gradually decreases as time goes on, reflecting a much slower 

rate of accumulation of coUagen and, more importantly, collagen remodeling with the 

formation of larger collagen bundles and an increase in the m b e r  of intermolecular 

crosslinks (Bailey et al, 1975). The rate at which all wounds gain strength is 

approximately the same dming the first 1-21 days post-wounding. However, the 

percentage of normai, unwounded strength that is gained by the wound varies markedly 

with the tissue and the species. For exarnpIe, even after a year, human cutaneous 

wounds are 15 to 20% weaker than the normal sumomding tissut (Peacock, 1984). 

22 Growth Factors in Dermal Wound E d g  

Wound healing is a finely controUed biologic process involving a series of 

complex cellular i n t d o n s .  The molecular met- regdating this process are not 

fdly understood, but it is increasingfy appamt that autocrhe and paracrine acting 

growth fkctors are important mediators. When injury occurs, growth &or production 



and secretion, largely by platelets and macrophages h m  the wound border, is induced 

and the processes of inflammation and heam are initiated. 

Cytokines can be defined as 4-to-60 kilodalton (kDa) signaling peptides that act 

through specific cell surface receptors to cause autocrine, paracrine, and/or endocrine 

stimulation of cell migration and proIiferation (Steenfos, 1994). Growth factors are those 

cytokines that are primarily mitogenic, although it is now apparent that "polypeptide 

regulatory factor" might be more appropriate terminology than either "growth factor" or 

"cytokine", in view of their multiple and overiqpii hctions: inducing changes in cell 

motility, stimulating or suppressing specific protein synthesis, and influencing cell 

survivaI and onset of senescence (Robinson, 1993). 

The azuluai market for products used in the care of wounds in the United States 

was in excess of one billion dollars in 1989 (Hunt and LaVan, 1989); a successful growth 

factor-based product would be expected to capnrre a substantial share of that market. 

However, as of 1995, only recombinant PDGF had been approved for chiail  use in the 

treatment of wounds (Singer and Clark, 1999). The reasons for this delay are numerous, 

but can be A by this comment: "The biomolecular advances in the field of 

cytokines and the ability to readily synthesize most molecules far outstrips our 

understanding of their biology during the normal process of wound healingn (Barbul, 

1990). In fact, new growth factors are constantly beiig added to the list (more than 30 in 

1994), some identified as tissue extram with regulatory functions on cells grown in 

culture and others identified h m  a cDNA sequence showing similarity to know 

growth htots.  Another reason the development of a growth &or-based product for 

clinical use in wound repair is hampered is that the optimum apptication regimen 

remains obscure. The goal wouId be to establish a continuous steady concentration of 

growth factor availabIe to the wound ceIls. Difkm methods of delivery have been 

investigated (Robinson, 1993; Steenfos, 1994; Ptlolakkainm et al, 1995), incIuding stow 

release systems (collagen gel, lipid microencapsulation), incorporation into sutures a d  



dressings (DuodermR,   om feel^), and insmion of cDNA coding for a growth factor into 

transp1antabIe cells (such as cultured epitheIial cells) which could be placed into a 

wound. 

Finally, because growth factors are known to be involved in tumorigenesis 

(Steenfos, 1994), although exogenous growth ktor  administration is not thought to 

cause carcinogenesis, more safety studies are required before such products can be 

marketed. 

Among the dozens of polypeptide regulatory factors that have been identified 

thus fix, I have chosen to examine TGF-b1, TGF-p3 and bFGF in equiue dermal wound 

healing, based on their significant contribution to the repair of skin injuries in other 

species and on my ability to assay them in the horse. The following review is not 

intended to be exhaustive but rather a summary of known facts salient to the discussion 

of my research findings (section 5). The reader is referred to other work for a 

comprehensive essay on the involvement of p w t h  factors in wound healing (Clark, 

1996). 

2.2.1 Transforming Growth Factor-Beta (TGF-P) 

Transforming growth racbr-fi is generally acknowledged to be the growth factor 

with the broadest range of activities in repair of injured tissue, based both on the variety 

of cell types that produce and/or respond to it and on the spectrum of its cellular 

responses (Roberts and Spom, 19%). Transforming growth fktor was originally 

isolated as a substance that promoted the transfMmation of cultured fibrobIasts into a 

tumor-like phenotype (Roberts et al, 1981). As is common with most growth factors 

known today, the name is misleading because TGF has since been shown to e f f i t  

numerous other and more important functions. Transforming growth factor-p is a 

member of a remarkable sqdami ly  of dated polypeptides that incIudes TGF-@ 1 



through -p5, bone morphogenic proteins, activins and inhibins. Until recently, TGF-$I, 

TGF-$2 and TGF-$3 were not identified as separate and distinct entities, and the 

Iiterature o h  refers to a generic-type TGF-8 protein. Although in most cases it is safe 

to assume that authors are referring to TGF-$1, I will not take the Iiirty to make that 

inference and will simply report the published term. More recent literature refers to the 

different TGF-$ proteins as isoforms and to avoid confUsioo I will respect this 

nomenclature although it is technica3ly incorrect, Indeed, isoforms can be defined as any 

of several multiple forms of the same protein that differ in their primary strucwe but 

retain the same function (Smith et al, 1997). Recent evidence points to major functionat 

differences between TGF-$1/p2 and TGF-P3 such that they shod be referred to as 

separate proteins. Of the five different TGF-B proteins, mammals express the firs 

three, of wbch TGF-$1 is the most abundant in all tissues, and in human piatelets is the 

only isoform of the peptide (Roberts and Spom, 1996). In vitro, the three proteins are 

similar in their reported effects, yet in vivo, despite the high homology between them 

(60-80%), the spatial and temporal distri'butions of TGF-$1, TGF-$2 and TGF-p3 are 

quite specific. Additionally, although the three isoforms have many overIapping 

activities, isofom-specific knockout mice phenotypes provide evidence that they aIso 

have unique and specific hctions (Kulkami et al, 1993; Letterio and Roberts, 1996; 

Sanford et a4 1997). 

Human TGF-b 1 is a 25 kDa, disulfide-linked, non-glycosylated homodimer 

consisting of two identical chains, each containing 112 amino acids. There is nearly 

100% sequence consewation of TGF-b 1 across mammabn species (Spom and Robeas, 

1989). The TGF-$ proteins are secreted b m  cells and released h m  the a-granules of 

platelets in a form that is amabIe to bind aad activate its sigmhg receptors dirdy  and 

is therefore c d t d  "latent". There are two types of latent complexes. A 4 latent 

complex consists of TGF-$ noncovaIentIy bound to a disulfide-Iinked dimer of the N- 



terminal part of proTGF-$, referred to as latency-associated peptide (LAP). A large 

latent complex contains, in addition, latent TGF-8 binding protein (LTBP) disulfide- 

linked to LAP (Figure 22.1.1). Although the exact role of LTBP in activation of the 

latent complex is not M y  understood, it appears to increase the efficiency of secretion 

of TGF-p and may promote binding of TGF-b to matrix and faciltate its activation 

(Taipale et al, 1994). Free TGF-P I has a plasma half-Iife of about two minutes, whereas 

Iatent TGF-$1 has a half-life of 90 minutes (Lawrence, 1996). This suggests that one 

function of latency is to provide stability and at the same time a locally availabIe source 

of TGF-$1. Biological activity requires release of TGF-$1 h m  the latent complex. This 

can be achieved in vim by disruption of LAP via acidification, but the physiological 

mechanism of reIease from Iatency remains obscure. Understanding of the elements 

involved in regulation of the activation of latent TGF-P is likely to be critical in 

providing insight into the role of the peptide in w o a d  healing and fibrotic diseases. 

The TGF-$s bind with high afbity to a wide variety of cell types. 

Traniforming gmwth factor-fl receptors belong to a family of receptors with intrinsic 

serine-threonine kinase activity (Massague et al, 1994). Two different receptor proteins 

are involved in TGF-pl s i w g :  TGF-8-RI, a 55 kDa protein with a half-life in excess 

of 12 hours, and TGF-P-RII, a 70 kDa protein with a half-life of 45-60 minutes (Koli 

and Anesga, 1997). Once TGF-PI ( f i e  of LAP) has bound to TGF-PRII, recruitment 

and phosphorylation of specific sites on TGF-PRI occur and activate a kinase which 

initiates a signal to downstmm substrates (Wrana et al, 1994) (Figure 22.1. I). 

T d o r m i n g  growth ktor-fi1 does not directly stimulate the weI1-characterized 

biochemid sipding events associated with celIular activation, rather it exem its effects 

on target cells via modulation of gene e o n  (Van Obberghen-Schilling et al, 1988). 

As TGF-$-RII acts upstteam of TGF-PRI, these components have been likened to 

primary receptor and transducert respectively, The TGF-p-RI cannot b i d  to a fiee 



Figure 22.1.1 Transforming Growth Factor-Beta Synthesis, Activation and 
Signaling. TGF-B is generated as  a 390 mino acid precursor molecule (pre-pro TGF- 
$) composed of a signal peptide, the TGF-B monomer, and the latency associated 
peptide (LAP). Once the signal peptide has been removed, proteolytic cleavage yields 
the mature TGF-f3 and LAP, which noncovalently associate to form the small latent 
TGF-$ complex. The latent TGF-$ binding protein (LTBP) binds the small latent 
complex by disulfide bonds to form a large latent complex that may facilitate secretion. 
Extracelluiar release of mature TGF-P fiom the latent complex is dependent on 
proteolytic cleavage (plasmin) and the active molecule can then bind to TGF-P receptors 
on the target cell to initiate signal transduction or become complexed with biding 
proteins for clearance or for storage. For signaling, TGF-b binds first to TGF-PRIT, 
present in the membrane as an oligomer with constitutively activated kinase. TGF-p-RII 
recruits and phosphorylates TGF-P-RI to initiate the signaling cascade, which invoIves 
phosphorylation of cytosolic Smad mediators to effect transcriptional regulation (Wahl, 
1 999). 





ligand, only a ligand bound to TGF-PRII, and TGF-PRII cannot generate responses 

independently of TGF-m.  Combinatorid signaling via TGF-PRI and TGF-&RII 

allows the response generated to depend on the precise composition of the receptor 

complex and this is probably important to the differing actions of the various TGF-P 

isofonns (O'Kane and Fergusou, 1997). Indeed, the multiplicity of responses to TGF-8 

proteins most likely involves severaI IeveIs of control including the regulation of 

expression and activation, complex formation and downregulation of the receptor 

proteins (Koli and Arteaga, 1997). An ECM-associated type III receptor (known as 

betaglycan) has also been identified and when in its soluble form binds TGF-/3 proteins 

with high Wty, thus inhibiting binding of the ligand with TGF-PRII (Atrisano et d, 

1994). It is believed that this latter receptor acts mainly as a storage site, but it may also 

present the ligand to TGF-PRII. 

Secretion of the large latent complex of TGF-/3 occurs soon after injury as 

piatelets degranulate when exposed to thrombin. Transforming growth factor-p proteins 

can &I be synthesited by and released h m  virtually a l l  cell types participating in the 

repair process, including lymphocytes, mast celIs, activated mamphages, endothelial 

cells, smooth muscle cells, epithelial cells, and fibroblasts. A unique fmture of this 

peptide is that it can regulate its own production by monocytes and macrophages in an 

autocrine manner (Lawrence and Diegelmanu, 1994). Indeed, human monocytes treated 

with TGF-81 show increased levels of TGF-PI and -82 mRNA due to transcriptiond 

and post-transcriptional upregulation (McCartney-Francis et al, 1990). This 

autoinduction results in sustained expression at the site of a wound and extends the 

effectiveness of both the initial burst of endogenous TGF-81 and -82 released upon 

injury and exogenous TGF-8 I that might be appIied to a wound Additiody, the clot 

may act as a slow release capsule of TGF-$1 acdvity during wound healing (Grainget et 

al, 1995). Finally, since large mes of latent TGF-$ are localized to E M  (where TGF- 



binds, in part via LTBP, to proteins such as biglycan, decorin, fibronectin, collagen IV 

and a2-macroglobulin), the proteolytic environment characteristic of the early stages of 

wound healing may also serve to release TGF-B locally h m  its matrix stores (Kane et 

d, 1991). 

Anatomic differences, such as the presence of a subcutaneous panniculus 

carnosus muscle in rodents and rabbits, biochemical differences in matrix components, 

and physiologic differences in wound contraction limit direct comparisons of cutaneous 

wounds in various animal species. Indeed, study of the expression patterns of the 

different TGF-f3 isoforms in uninjured human skin and in wounds suggests that these 

may differ when compared to animal models. In normal skin, TGF-PI displays the Ieast 

heterogeneity amongst species. It has been localited to the epithelial celIs of the 

epidermis and to capillaries and is present throughout the basal lamina and mesenchymal 

c e b  of all species examined (Kane et aI, 199 1; Levine et aI, 1993; Schmid et ai, 1993). 

TfaLlSfonning growth factor-b2 expression in normal murine skin is confmed to the outer 

epidermal layers whereas in pig skin there is strong immunocytochemical staining in dl 

epidermal layers (Levine et al, 1993). In human skin it has been reported that there is no 

TGF-$2 in the dermis of normal, unwounded skin (Schmid et al, 1993), but other 

studies have shown immunocytochemical staining in the suprabasal layer (OYKane and 

Ferguson, 1997). In rat skin, TGF-g2 is associated with hair follicles and sebaceous 

glands. TGF-B3 is the most variable of the tbree isoforms across species; very 

strong co nstihdive expression is apparent in human epidermal epitheli J cells (Schmid et 

al, 1993), and in pig epithelial celIs and sebaceous @an& (Levine et al, 1993), whereas in 

murine and rat skin TGF-83 is expressed onIy at very low levels in the unwounded 

dermis (Frank et a1 1996). 

T&o- growth &or-$ proteins an involved in the wound healing 

process. More than 85% of the TGF-$ in adult wound fluid is of the type 1 isofonn, 



although the three mammalian isofom have been localized in healing wounds (Frank et 

al, 1996). ImmMohistochemical studies have shown that each of the three isoforms is 

expressed in a unique pattern following wounding (Levine et al, 1993; McMullen et al, 

1994; Frank et aI, 1996; Gold et al, 1997). Models used to examine TGF-$ in wounds 

range through mice, rats, pigs, guinea pigs, rabbits, sheep and man. Models of both 

normal and impaired healing have been studied, as have varying types of wounds, 

including incisionai, excisional, partial-thickness, full-thickness, acute and chronic 

wounds. Furthermore, growth factor expression has been studied in both the wound 

fluids and tissues with immunoassays @rotein levels), northern blots (rnRNA levels), 

imm~11ocytochemi~/histochemistry @rotein localization) and in situ hybridization 

(mRNA l o ~ o n ) .  As a result of these various methodologies and comsponding 

diversity in findings, I will attempt to present only a summary of the current knowledge 

pemhhg to the expression of TGF-$ in healing wounds. 

Following wounding there appears to be a crossregulation of the TGF-$1 and 

TGF-p3 isoforms: when TGF-$3 is high TGF-$ 1 is low, and vice versa (O'Kane and 

Fergusan, 1997). Indeed, Frank et a1 found that in murine full-thickness excisional 

wounds biopsied at one, three, five, seven and I3 days, TGF-$I levels (as determined 

by both UISA and northern blot) increased nine-fold within 24 hours, whereas TGF-b3 

leveIs reached a maximum of 125-times baseline values only much lam, at seven days 

post-wounding (Fmk ct al, 1996)- ApparentIy, where the ratio of TGF-03 to TGF-$I 

is high, wounds heal with less scarring (Shah et aI, 1994). Although the mammalian 

isofonns of TGF-B share 6040% amino acid homology and have been shown to be 

functionally redundant in vim, several studies suggest functionally distinct roles for 

each of the TGF-$ isoforms in wound repair in vim. 

Over the last decade it has become apparent that the ubiquitous TGF-$ proteins 

can exert a wide range of e f f e  via interactions with their receptors on the cell surfice. 

T d o n n i n g  growth factor-$l is a chemwtbchnt for various cell types, can be 



immunosuppressive, inhibits proliferation of most cells (but c a ~  stimulate the growth of 

some mesenchymal ceb, notably the fibroblast), induces the synthesis and &'bits the 

degradation of ECM, and stimulates the formation of granulation tissue (Grande, 1997; 

0-e and Ferguson, 1997). 

More specifically, once activated, TGF-$1 attracts cels to the wound site. 

Indeed, this peptide is possibly the most potent chemoattractant known, stimdating the 

migration of monocytes, lymphocytes, neutrophils and fibroblasts in the ferntomolar 

concentration range (Wahl et al, 1987). In experimental incisions in animals and in 

models of impaired wound healing, topical application of TGF-$1 increases the wound 

inflammatory response (Mustoe et at, 1987; Pierce et al, 1989b). The presence of 

receptors for TGF-j3 proteins on neutrophils and monocytes by three-to-five days after 

injury is consistent with the fact that TGF-$ isofoms are chemoattractant for these 

cells and srirndate the release of fibronectin by neutrophils, which is important in the 

futute organization of collagen and the ECM. Upon accumulation within the 

inflammatory Lesion, the mononuclear phagocytes are influenced by TGF-B 1 to 

pbagocytose pathogens, foreign molecules and tissue debris. In addition, TGF-81 

stimulates monocytes and inflammatory macrophages to secrete more TGF-Bs as well 

as other angiogenic and fibrogenic mediators including lL-I, TNF-g PDGF, EGF and 

bFGF (Wahl et al, 1987; McCartney-Francis et ai, 1990). These growth factors not only 

direct fibroblast recruitment and proliferation by paracrine mechanisms but dso 

influence the now-expanding fibroblast popdation to commence activities leading to the 

generation of co11nective tissue matrix moIecules essentiai to tissue repair. T d o r m i n g  

growth fhct0r-B)~ potent proinflammatory properties, including leukocyte recruitment 

(rolling and tethering), adhesion, MMP secretion and activation, set the stage for this 

moIecule to then reverse its role, suppress the events and mediate npair. In fact, as 

immune c e k  become activated, they alter their TGF-8 receptor expression and affinity 

and become susceptiile to TGF-/3-mediated suppression (3ogdan and Nathan, 1993). 



This scenario is strongly inauenced by the stimulating conditions (eg: ~ggering signal, 

cytokine/growth factor concentration), the species and the state of 

differentiationlactivation of the macrophage (eg: resting versus iuflammatnry) (Bogdan 

and Nathan, 1993). The cell activationlmaturationdepndent response to TGF-p may 

be critical to the resolution of inflammation. By indirectly suppressing T and B cell 

proiiferation (SiepI et aI, 1988; WahI et al, 1988) and directly deactivating macrophages, 

TGF-B prepares the site for fibroblast recruitment, proiiferation and matrix synthesis. 

The essentiality of TGF-$ in resolution of inflammation is nowhere more graphically 

i11ustrated than in the TGF-1 I knockout mouse, which, lacking the ability to generate 

TGF-p1 is unable to reverse the rampant inflammation that develops (Kulkarni et aI, 

1993). 

Tdorming growth factor-fl ligands and receptors progressively appear in the 

endothelium and vessel walls concomitant with increased angiogenesis in the wound bed 

(Gold et al, 1993, however the specitic manner in which TGF-B stimulates angiogenesis 

in vivo remains obscure. It is probable that its angiogenic effect is indire@ via the 

recruitment of inflammatory cells and subsequent release of angiogenic substances such 

as VEGF and bFGF by the latter (Phillips et al, 1992). As these macrophage products 

disappear, TGF-p m y  then suppress fiather endothelid cell proliferation (by changing 

endothelid cell receptor profle) and coordinate vascuiarization for successfuI wound 

repair. Tbis may explain some of the dismpancies betwew the in vivo and in vim 

effects reported for TGF-B (Fajardo et al, 1996). Indeed, depending on its concentration, 

the presence of other p w t h  factors and the environment of the cells, TGF-$ mainly 

inhibits rnicrovdar endothclial cell proliferation in vim (Pepper et 4 1993). 

The effcts of the TGF-bs on ECM are more complex md profound than those 

of any other growth fitctor, and are central to their effects on increasing the maturation 

and strength of woundsunds Once the dermal fibroblast has migrated into the wound site m 

response to Iow concentrations of TGF-$1, it is activated by h i e  concentmiom of 



the peptide. Transforming growth hctor-gl regulates the transcription of a wide variety 

of ECM proteins including fibronectin, tenascin, thrombospondin, glycosaminogIycaos, 

collagen, MMPs and TIMPs, and integrin receptors (Roberts and Sporn, 1996). For 

example, TGF-$1 promotes the production of plasminogen activator inhibitor (PAD 

(Keeton et al, 199 I), thus blocking the conversion of piasminogen to the active serine 

protease plasmin which should break down ECM (fibrin to fibrinogen), and of plasmin- 

mediated pmcollagenase to coUagenase. The o v d  effect of TGF-Pl during the 

proliferative phase of wouud heating is to increase the production of ECM components 

and to concomitantly decrease their proteolysis. Indeed, in both normal and impaired 

wound healing models, the application of TGF-$1 increases wound breaking strength 

(Mustoe et al, 1987; Brawn et d, 1988; Pierce et al, 198%; Beck et d, 1991 ; Bemstein 

et al, 199 1; Cromack et al, 1 993), H e  addition of TGF-$1 and TGF-82 neurralizing 

a n t i i e s  (Shah et al, 1995) or andsense oligonuc1eotides (Choi et al, 1996; Chung et 4 

1997) to wounds dramatically reduces the number of inflammatory cells, ECM 

depogtion and scar formation. These studies establish a cause and effect relationship 

between TGF-PlIP2 and the regulation of fibrosis. Although controversy exists (Wu et 

al, 1992; Cox et aI, 1994; Shinotaki et al, 1997), TGF-P3 appears to exert mainly 

antifibrotic effects, contrary to TGF-$ I and TGF-$2. That is, in normd rats it is 

antiinflammatory and its appIication leads to Iess scarring via the reduction of 

connective tissue deposition, an effect mtdiated in part by its antagonism of the effects 

of TGF-$1 and TGF-B2 (Shah et ai, 1995). Interahgly, this same author found that 

exogenous applicdon of a p m p i t i c  a n t i i y  to TGF-$, which netftfalitts d l  

isofonns equally, had no advantagwus e m  on scarring (Shah et aI, 1999, supporting 

the ercistence of functionally distinct roks for each of the TGF-$ isoforms in wound 

repair and the importance of the dative IweIs of TGF-$1, TGF-$2 and TGF-$3. 



Wavy patterns of expression of TGF-$1 mRNA in migrating epithelial cells 

probably reflects an in vivo role for this peptide in reepitheliahation (Gold et al, 1997). 

Although it inhibits the growth of epithelial cells in vitro, many in vivo studies have 

demonstrated that the B 1 isoform enhances reepithelialition when used in an 

appropriate dose range, via the induction of matrix fibronecth production and epithelial 

cell d a c e  fibronectin receptor expression (Ksander et al, 1990; Chen et al, 1992). 

Furthermore, epithelial cells are capable of downregulating TGF-PI synthesis by 

fibroblasts in vitro (LePooIe and Boyce, 1999), implicating that once epitheliafiation 

has commenced, TGF-$1'~ iufluence on the proliferative phase of healing wanes. This 

wodd ensure that fibrosis of the wound does not become exuberant. Conversely, 

wounds that exhibit delayed or absent reepitheiiali7ation may maintain higher levels of 

TGF-j31 with associated fibrosis as a consequence (Grecnhalgh, 1998). 

Finally, TGF-81 greatly enhances the in vitro contractile activity of fibrobIasts 

embedded in collagen gel (Monteam and Orci, 1988) and induces a-SM actin 

expression in granulation tissue myofibmblasts and in quiescent and growing cultured 

fibroblasts (Desmouliere et al, 1993; Serini and Gabbiani, 1996), indi- a potential 

role in the contraction phase of repair. Conversely, Serini and Gabbiani found that in 

vivo, TGF-$3 acts as a negative regulator of the myofibrobIastic phenotype (Scrini and 

Gabbiani, 1996). 

In conclusion, controlled expression of the TGF-0s is essential for the resolution 

of idammation and repair subsequent to i n w .  AIthough no cytokine/growth factor 

acts in isoIation, evidence suggests that dysregulation of the TGF-/3 proteins is 

associated with pathologic complications. Since excessive TGF-Bl and TGF-p2 

production may be a key component in irrevctsible scar formation, it provides an 

interesting target for t h m c  consideration, 



2.23 Basic Firoblast Growth Fartor @FGF) 

Basic FGF, also called FGF-2 or heparin-binding growth factor (HBGF)-2, is the 

most extensively studied member of a f d y  of related factors. This family currently 

consists of nine members which show a 3040% overall sequence homology at the amino 

acid level (Burgess and Maciag, 1989). When isolated h m  natural sources, bFGF is a 

single chain protein of 146 amino acids and has an apparent molecular mass of 18 kDa 

The cells that synthesize bFGF are of variable type and include inflammatory cells such 

as monocytes and mamphages, vascular endothelid ceUs and dermal firoblasts. Basic 

FGF lacks a conventiond signal peptide sequence and the exact mechanism underlying 

its export from cells is unknown (Martin et al, 1992). It is possible that the growth 

factor remains as an imaceIlular store untiI the synthesidng cell is damaged; dermal 

wounding itself could trigger the release of bFGF protein pmmstmg 
. in cells in the 

wound area (Muthukrishnan et d, 1991). Alternatively, Florkiewicz and colleagues have 

recently identified a novel membrane-associated transport pathway that mediates export 

of bFGF (Florkiewicz et ai, 1995). This unique cellular pathway is endoplasmic 

reticuldGolgi-independent but energydependcnt. 

An important characteristic of bFGF is its abity to bind heparin and heparan 

sulfate. This binding may serve several functions; it may reguIate FGF activity by acting 

as a potential storage and release site @emnett and Schdtz, 1993) and it may potentiate 

its effects on target cell receptors (Rapraeger et aI, 1991). 

A family of FGF receptors has k e n  identified and includes four homologous 

protein tyrosine kinass FGFR-1, FGFR-2, FGFR-3 and FGFR-4 (Partanen et al, 

1992). These receptors share 60-70% sequence identity but display different binding 

specificities for the various FGF Iigands. It appears that the FGFRs require the presence 

of an additional low-affinity binding activity at the cell membrane in order for efftctve 

highaffinity binding of FGF to take plzacc, Cell-- heparan sulfate constitutes such 

a class of low-affinity receptors, known as syndtcans. 



In an attempt to determine whether the biological activities displayed by FGF 

family members are t ~ L y  involved in the process of normal wound repair, researchers 

have mapped the expression of these proteins or their mRNAs at sites of healing. Basic 

FGF has been localized extracellulady at the M a c e  of the wound and within the dermis 

adjacent to the wound as early as one and six hours post-wounding, respectively 

(Whitby and Ferguson, 1991b). The level of bFGF then rises two-to-ten times in 

response to injury, with a peak at five days and a return to baseline by seven days 

(Werner et al, 1992). Direct evidence for an actual role in wound repair has been 

obtained by studying the effects of blocking bFGF activity7 which were the following: a 

significant reduction in cellularity, vascularization, and DNA protein and collagen 

content within the early granulation tissue (Broadley et al, 1989). Conversely, when a 

recombinant version of this peptide was applied exogenously to animal wounds, it was 

shown to accelerate tissue repair, especially via an increase in angiogenesis (Pierce et al, 

1992; Mustoe et al, 1994). 

Basic FGF has numerous biological activities, some of which are potentially 

important for modulating cutarreous wound repair. It is chemoattractant and mitogenic 

for endothelid cells in vim, inducing endothelial cell production of factors involved in 

the breakdown of the basement membrane and the migration of capillary endothelial cells 

into collagen matrices to form capillary-Iike tubes (Burgess and Maciag, 1989; Mignatti 

et al, 1989; Baird and BohIen, 1990). The ability to stimulate PA and collagenase 

activity in endothelial cells may faciIitate basement membrane breakdown thus allowing 

endothelid cells to migrate through stroma, an important step in angiogenesis (see 

section 2.1 3 2). In vivo, bFGF is an eqyaUy potent angiogenic factor, directing 

endothelial cell migration and proliferation as well as DNA synthesis (Okumura et al, 

1996). In fact, the peptide is thought to be released hrn macrophages in greater 

quantity in response to hypoxia, a potent angiogenic stimulus (Kuwabara et al, 1995). 

Interestingly, the migration of endotheiid cells depends on the expression of cell-dace 

receptors, and bFGF-treated cells have an tpgdakd expression of these integrins 



(Slavin, 1995). Through its angiogenic capacity, bFGF promotes the deposition of 

granulation tissue. Indeed, application of bovine recombinant bFGF to 600 patients 

suffering h m  either superficia1 or deep bum wounds improved and accelerated 

granulation tissue formation (Fu et al, 1998). As well, infiltration of a wound three days 

after injury with bFGF accelerates repair, as measured by increase in tensile strength 

(MgGee et al, 1988). 

In addition to having an angiogenic effect, bFGF has been shown rather 

convincingly to be invofved in the subsequent stages of repair. It is both chemoattractant 

and mitogenic to fibroblasts and appears to be a potent negative regulator of collagen 

synthesis. Indeed, it reverses the induction of collagen type I production (Davidson et 

al, 1993; Tan et al, 1993) while it also encourages colIagenase production by fibroblasts 

(Abraham and Klagsbrun, 1996). This protease activity is necessary for collagen 

restructuring during the remodeling phase of repair. 

Finally, bFGF can play a role in reepitheliahation by enhancing epithelial cell 

proliferation (Shipley et al, 1989), and may stimulate wound contraction via the 

enhancement of TGF-$1 activity on highly contmctik ceUs (McGee et al, 1988; 

Finesmith et ai, 1990), although in vim it inhibits fibrublast contraction of collagen geIs 

(fmaiauni et al, 1996). 

23 Dermal Wound Healing in the Fetus 

Wound repair in adult and fetal tissues differs on a number of clinically relevant 

parameters. Adult wound heahg is reparative in nature and characterized by acute 

infIammation, coilagen deposition and contraction, likely in an attempt to minhize 

infection and optimize rapid wound clomc. By contrast, wound healing in the early 

gestational fetus is a regenerative process a d  d y  results in a unique ability to h d  

without fibrosis, contraction or scar formation, Ifthe mechanisms governing these 



fimdarnentai differences between adult and fetal wound healing are elucidated, scarless 

heaIing in the adult may be an achievabIe objective. 

Fetal wound healing has been investigated in a number of species (Burrington, 

1971; Sopher, 1975; Adzick and Longaker, 1991; Whitby and Ferguson, 1991 b; Adzick 

and Lorenz, 1994; Lin et aI, 1995) in a search for histologic, cellular, biochemical, and 

rnolecuIar differences between fetal scar-& healing and adult scar-forming wound 

repair. As a general rule, fetal wound closure is rapid and accomplished without the 

formation of a scab, in a warm, sterile fluid enviroment. The "adult-like" inflammatory 

response to injury is absent, the cytokine and growth factor profile is altered, 

reepitheliaiization is accelerated, a unique ECM is rapidly produced, deposited and 

remodeled by the fetal fibroblast which may possess a particular phenotype, and wound 

contraction is minimal. However, despite extensive research into scarless feud h&g, a 

cause-and-effect relationship has yet to be established for any of these numerous 

diff'erences. 

One of the most obvious and basic diffefences between adult and fetal wound 

healing is the wound environment. Fetal skiu is continuously bathed in sterile amniotic 

Quid that is rich is growth factors and ECM molecuIes such as tenascin, fibronectin and 

hyduronan (Adzick and Lorenz, 1994). Fetal t ime  oxygenation is much less than that 

of adult tissue; this seems pamdoxiwl because studies in adults have shown that wound 

hypoxia can d t  in impaired leukocyte function, increased infection and delayed 

healing (Jonsson a al, 1W1). Indeed, oxygen is necessary for various steps in collagen 

synthesis, and high IeveIs of oxygen stimulate co- deposition by the adult fibroblast 

(McCallion and Fetguson, 1996). On tht other hand, hypoxia is a stimulus for 

angiogenesis via the activation of certain growth factors such as bFGF (Kuwabara et al, 

1995). The sterility of the fetal environment has been postuIatcd to play a role in 

scar1ess healing. The implantation ofbacttria-containing polyvinyl alcohol sponges into 

f d  rabbits results in an adult-like response involving fibroplasia and neovarmlanzatl . * on 

(Frantc et al, 1993). However, despite the uniqueness of the fetal environment, several 



studies have convincingly dmommed that it is not necessary for scar-& healing, For 

example, fetuses present in the same environment but at differwt gestational stages heal 

diffintly, with scarring k g b h g  Iate in gestation (Longaker and Adzick, 1991). 

Scarless healing occurs in postnatal marsupials which am born into an adult environment 

at a developmental stage equivalent to young d o t e  fetuses (Armstrong and Ferguson, 

1995). And finally, wounds in adult skin grafted onto a fetus heal with a scar, despite 

their exposure to the fetal environment (Longaker et al, 1994), whereas fetal skin 

transplanted into a subcutaneous pocket in an adult heals in a scar-he manner (Lorenz 

et al, 1992). 

Apparently the degree of differentiation of the fetus (gestational age) is a crucial 

determinant in scarring. Increasing complexity of the dermal structure, cellular 

differentiation, and maturity of the immune system dl correlate with a diminished 

capacity for scariess healing. Indeed, the use of marsupids as a womd healing model has 

shown that the transition fiom the scar-fke to scarring phenotype coincides with 

increasing numbers of inflammatory cells and some growth &on as well as 

differentiation of the dermis in the young marsupial (Amstrong and Ferguson, 1995). 

In add&, the inflammatory response to injury is a prerequisite for the 

subsequent phases of repair (Lerhvich and Ross, 1975) since it is during this step that 

most celluIar and molecular processes are initiated (see section 2. I. 1). In adults, the scab 

is thought to act as a slow release capsule of growth factors (Grainger et al, 1995). 

ConverseIy, fetal wounds heal without a fibrin do& posst'bly due to an immature fetal 

coagulation cascade or to fibrinoIytic activity witbin thc amniotic fluid, and the growth 

factor profile in fetai serum and tissues.differs from that of the adult (Estes et al, 1991). 

Additionally, a decrease in pIatelet aggregation has recently been demonstrated m fetal 

rabbits when compared to their addt counterpaas (Kim et al, 1996). This decreased 

function of the platelet may in part explain the lower IeveIs of qtokines and growth 

bars detected m fetal wounds. Indeed, a hding coincident with the absence of 

inflammatory response in the fetus is a rehive deficiency of inflammatory growth 



factors at the wound site. SpesificalIy, bFGF and TGF-B 1 and -82 are absent at all 

times in fetal wounds examined immunocytologicalIy whereas PDGF is detectabIe 

within one hour of wounding but disappears by 48 hours, compared to 120 hours in 

adult wounds (Whitby and Ferguson, 199Ia). Conversely, TGF-p3 is present 

immunohistochernically in quantities equal to those found in adult wounds (Sullivan et 

al, 1995). Additionally, expression of TGF-PI, -82, -83 and TGF-p-RII transcripts, as 

well as TGF-PI and -82 proteins is suppressed by contact with an amniotic membrane 

(Tseng-Scheffw et ai, 1999). InterestingIy, Bigbie and coIleagues have reported that in 

the horse, grandation tissue formation is inhlibited in excisional limb wounds bandaged 

with amnion (Bigbie et a4 1991). This effect may be due in part to suppression of TGF- 

81 and 432 protein expression by the amnion. A direct consequence of the low level of 

inflammatory growth factors present at the fetal wound site may be the absence of scar 

tissue formatioa Indeed, recent evidence directly implicates high leveis of certain growth 

fixtors, notably TGF-81 and 42, with scarring during wound repair and with other 

forms of fibrosis (Peltonen et aI, 1991; Ghahary et 4, 1993; Addck and Lorenz, 1994; 

Houghton et aI, 1995). For exampIe, TGF-$1 applied into rabbit fetuses evokes a 

grossly fibrotic reaction with marked fibroblast penetration and coIIagen deposition 

(KrummeI et al, 1988; Alaish et al, 1996). The ability of the fetal fibroblast to respond 

to this growth fixtor implies that it possesses appropriate receptors (Durham et al, 

1989). Therefore, the Iack of TGF-PI-mediated fibrosis in normal fetd wounds is keIy 

due to either an iaadequate quantity of the growth fhctor [eg: because of lack of 

macrophage infiltration into the fetal wound (Hopkinson-WoolIey et ai, 1994), or 

decreased fetal platelet aggregation (Kim et al, 1996)J or reguIatoq molecules within the 

fetal environment which h i t  the availability of TGF-Dl (McCallion and Ferguson, 

1996). Conversely, the early appiication of ne-g a n t i i e s  to TGF-Dl and 4 2  

fcsults in diminished scaring in adult womds (Shah et aI, 1994). i~ conclusion, the 



relative lack of TGF-PI, a growth factor known to induce fibrosis, may be an important 

reason the fetus heals by regeneration rather than by scarring. 

A state of dynamic reciprocity exists between the cells, ECM and the growth 

factors present in normal intact and wounded skir~ Fetal wolmds synthesize most of the 

matrix molecules present in adults wounds, but there are diffwences in the timing and 

pattern of these components in fetal wounds. 

More specifically, fibronectin is an important component of the provisional 

ECM and apparently stimuIates migration of mamphages, endothelid and epithelial 

cells, and fibroblasts via enhancement of integrin expression (Hsieh and Chen, 1983; 

Hynes 1986). Its initid deposition in the fetal wound occurs earlier than in the adult 

wound, perhaps expIa-g the more rapid epithelialization observed (Heirnark and 

Sch- 1988). 

Fetal wounds are characterized by higher and persistent levels of hyaluronan 

when compared with adult wounds (Whitby and Ferguson, 1991 b). It has been noted 

that the ECM becomes rich in hyduronan as episodes of rapid cellular migration and 

proliferation take place. This occurs m developing, regenerating and remodeling tissues 

and also in cancerous tissues. A hyaluronau-rich is permissive to cell motility and 

proliferation because it creates a low resistance hydrated environment that abolishes 

contact hhiiition (Brecht et al, 1986). As well, hyduronan concentration may be 

important in limiting the idammatory response at the wound site: for exampie, 

lymphocytes are unable to adhere to hyalmnan @illon et al, 1994), perhaps limiting 

inflammation in fetd wouud heding. Recent support for the importance of hyaluronan 

in the fetal wound healing process is that levels of hya lmm in fetal lamb wound fluid 

decrease sigdicantly during the transition period h m  fetal-like to adult healing (Estes 

et al, 1993). In contrast, the temporal gppearance of heparan d t e  proteoglycan 

coincides with the onset of scarring that begins during la& gestation (Estes et al, 1993). 

This latter prateoglycan is an important mediator of growth fixtor activity in that it 

binds bFGF (see section 2-22). 



A f a  component of the provisional ECM that achieves high levels much earlier 

in fetal wounds is teaascin (Whitby and Ferguson, 199 1 b). This latter protein is a cell 

adhesion molecule and favors the initiation of celI migration, similarly to hyaIuronan. 

Collagen is an important protein of the later stage ECM and is known to be 

deposited in fetal wounds at a greater rate than in those of the adult (Adzick and Lorenz, 

1994). However, despite the greater content, the collagen pattern of fetal wounds is 

reticular and indistinguishable hrn adjacent normal tissue, whereas the adult wound 

contains longer and thinner fibers that form large, paraIiel bundles that are oriented 

perpendicularly to the wound surface in the direction of tension @ale et al, 1997). The 

reticular pattern in fetal wounds remhs in an improved cosmetic appearance. The 

accelerated rate of coIIagen synthesis in the fetus may be due to fibroblasts existing in a 

relatively active state and requiring no exna stimuIus to upregulate collagen production, 

or may rehte to the richness of hyaluronau within the ECM, wbich facilitates migration 

and proliferation of fibmbIasts at the wound site. Fetal wounds appear to accumulate 

colhgen by inmasing the number of producing cells within the wound rather than via 

upregkition of procollagen mRNA, possf'bly because they lack the stimulus (eg: TGF- 

8) for gene induction. The rate of coIlagen mover  is accelerated in fetaI wounds. 

Indeed, amniotic fluid enhances cdagmolytic activity (Gao et al, 1994) and collageruse 

is present in 85% of fetal dermal c e k  versus 51% of sadult dermal cells (Bullard et ai, 

1997). Fetal fibtablasts have higher Ievels of taokinase-typt PA and its inhibitor, as weIl 

as gelatinase B than do neonatal fibroblasts. This may explain the differing rate and 

quality of tissue remodeling observed dunng wound repair (Cuilen et aI, 1997). Addition 

of exogenous TGF4f deereases callagewe in fetd skin and favors the accumulation of 

fibriIIar collagen and subsequent scar f-on (Bullatd et aI, 1997). 

The fetal fibroblast appears to be a critical effector cell for scarless repair. 

Fibropllasia, invoIving h b l a s t  teeruitmcnt to the w a d  site and ECM production, 

relies on both the wound enviromtlcnt and on growth hctors. Throughout fibraplasia in 

adult wounds, the fibrabIast phenotype must change from proliferative to migratory to 



synthetic to contractile in order to accomplish its multiple bctions. In contrast, n o d  

fetal fibrublasts exhibit a different phenotype, capable of simultaneously proliferating 

and synthesizing collagen (Graham et aI, 1984). This particular fetal phenotype may be 

responsiile for the faster rate of healing. Finally, transition from scar-ftee healing to 

scarring coincides with the appearance of the firoblast contractile phenotype 

(myofibroblast) (Estes et al, 1994). 

2.4 Scarring and Pathologic Overhealing 

In evolutionary terms, it appears that adult wounds may be optimized for speed 

of healing mder adverse conditions (idkction) at the expense of finaI wound quality. 

Indeed, based on recent evidence obtained fiom fetal wounds (see section 23), it 

appears that scarring may result h m  an overrun of the normal inflammatory response 

or from an excessive cytokine/growth factor profile. Scaning occurs in almost every 

injured adult tissue. The redtant scar is characterized by disorganized fibrous tissue 

repIacing the original injured tissue. Scarring is an important clinical problem, often 

resulting in adverse e f f m  on hction and growth as weU as undesirable cosmetic 

appearance. Numerous pathologic lesions manifest themselves as a result of impaired 

hc t ion  caused by scar tissue: pulmonary fibrosis, hepatic cirrhosis, 

giornerulonephritis, inaa-abdominal adhesions and impaired vision h m  scarring of the 

cornea are only a few examples. Manipulation of the early cytokine/growth factor 

prome to more closely resemble that of the f a  is a rational therapeutic objective to 

markedly ameliorate the quality of wound repair, without adversely aff&g wound 

strength or the speed of healing. The significance to scauhg and fibrosis of elevated 

levels of TGF-PI and -82 in particular, has recently been abundantly documented (Shah 

et al, 1994; Shah et al, 1995; Choi et ai, 1996; Chmg et al, 1997). For example, Shah and 

colleagues have mimicked the fW wumd situation in adult rat incisions by netmaking 

TGF-fl1 and 432, and note that the wonnds haw fewn macrophages and blood vessek, 



lower collagen and Gbronectin contents, but identical tensile strength as a result of the 

more normal reticular pattern of collagen fiber orientation (Shah et al, 1994). 

Additionallyy by 42 days post-wounding the antiiy-treated incisions display greatly 

reduced scarring. Importantlyy application of neutralizing a n t i i e s  to both profibrotic 

isoforms PGF-$1 and -$2), at the time of wounding, is essential to reduce active TGF- 

$1 levels, prevent autoinduction of TGF-$1 mRNA and Iimit macrophage infiltration 

and subsequent TGF-81 release (Shah et al, 1992). The exogenous addition of the 

antifibrotic isofom, TGF-$3, has similar consequences (Shah et al, 1995) and probably 

acts by downregulating TGF-$1 and -82. The effectiveness of this approach has been 

demonstrated clinically in fibrotic conditions such as giomerdonephritis (Border et al, 

1990), pulmonary fibrosis (Gi et al, 1993) and arthritis (Wahl et al, 1993). Other 

methods to reduce wound levels of various growth factors incIude antimacrophage 

strategies, preventing activation in the case of TGF-$, flooding the wound with soluble 

growth &or receptors to compete with binding sites, using receptor antagonists, or 

adding antisense oligonucleotides (Choi et al, 19%; Chung et al, 1997) to inhibit growth 

factor gene expression. 

2.4.1 Eypertrophic Scam and Keloids 

F ~ b t i c  disease of the dermal structures can occur foL1owing trauma, 

i . a m m a t i o ~  surgery or burns and presents a significant clinical problem to the surgeon. 

Hypertrophic scars and keloids are the most wmmon outcome of overexuberant dermal 

wound repair mechanisms. The typical clinical picture is one of a tendcry red, elevated, 

possiily pruritic, and often unsightly scar. Hypcraaphic scars, the more common of the 

two lesions, are d y  coufiued within the boundaries of the initial injuzy, whereas 

keloids extend beyond the original margins of tbt mund, invading adjacent normal tissue 

(Thornas et al, 1994). KeIoids are mostly found in areas of highest skin tension such as 



upper back, shoulders, central chest, and head and neck n e i r  clinical course is highly 

variable: generally they appear weeks or months following initial muma and may be 

stable for a considerable period of time (Murray and PinneLl, 1992)- Most lesions remain 

utiI treated and show a marked tendency to recur after -cal excision Cfhomas et ai, 

1994). 

It appears that the early stages of wound healing preceding the development of a 

keloid are simiIar histopathologically to those of norma1 wounds, with the exception of 

greater numbers of mast cells arising during the early inflarnmarory phase (Suzawa et  al, 

1992a). The distinct pathogenic mechanism underlying both hypertrophic and keIoid 

scarring is one of accumulation of excessive collagen and ECM within the wound 

Indeed, by the third week of wound healing, keloids demonstrate progressive 6broplasia 

which then continues without resolution (Thomas et al, 1994). Collagen fibers are 

armnged in a disorganized manner, lying haphazardly witbin the dermis, as thick 

hyaIinized bundles of eosinophilic collagen. These collagen "nodules" considered as the 

hallmark of dermal fibrosis, contain numerous fibroblasts and collagen fibrils aligned in 

swirl-Iike ciustess (Thomas et aI, 1994). The collagen grow41 can thcn comptess and 

displace other skin appendages as well as flatten an otherwise normal epidermis due to a 

pressure effect. Although keloids demonstrate i n d  cellrrlarity aud enhanced 

metabolic activity, their fibroblasts are similar to those of normal dermis: no differtnces 

can be detected in mean population doubling time, canfluent density or cellular volume 

(McCauley et al, 1992; Murray and PinnelI, 1992). It is the abundant ECM which 

accounts for most of the keloid bulk. 

Under normal circumstances, the balance between synthesis and degradation of 

dermal collagen is tightly conaoIled, but this equiIiium is trausiently disrupted in 

repair processes such as wound healing. Abnormalities in coiIagen turnover may persist 

in various pathoIogic states and lead to a b n o d  fibrosis. Collagen synthesis is 

augmented in keIoid (Mccauley ct al, 1992; Park et al, 1995) and hypertrophic scars 

(Zhang et aI, 1995) compared to n o d  scam, both hvitro and in vivo. Specifically, 



selective increases in type I procollagen and collagen mRNA expression are fond  in 

cultured keloid fibroblasts (Murray and h e l l ,  1992), while in situ hybridization and 

immunohistochemistry detect upregulation of types I and III procollagen mRNA and 

increases in type I procollagen protein, respectively, by the fibroblasts of hypertrophic 

scars. However, the newly synthesized coUagen dBers ftom that in n o d  dermis in 

that the rdative amounts of type collagen appear increased (Murray and Pinnell, 

1992). An alternative mechanism that would result in the excess amounts of coIlagen 

detected in dermal fibrotic diseases is depressed collagen degradation. Although 

coIIagenase levels seem n o d  fMcCoy and Cohen, 1982), the enzyme's effectiveness 

may be diminished. Specifically, collagenase is inhi'bited by az-macroglobulin and a,- 

antitrypsin, both of which accumulate in keloids (Diegelmanu et al, 1977). 

As was discussed in section 2.3, there appears to be a link b e w n  high leveIs of 

certain growth factors, notably TGF-8 1 and 432, and scarring or fibrosis during wound 

repair. It is likely that an abnormal cytokindgrowth fixtor profile is related to the 

excessive accumulation of ECM evident in keloids and hypertrophic scars, via an erratic 

regulation of cellular function. Indeed, severat studies have demonstrated enhanced 

expression of TGF-$1 and types I and UI procollagen protein or mRNA in both keloid 

(Peltonen et al, 1991) and hypertrophic scar (Ghahary et al, 1993; Ghahary et aI, 1995; 

Zhang et d, 1995) cells and tissues. Lee and colleagues have characterized protein 

expression of the different TGF-P isofom in keloids, using western blot analysis and 

have found that the -B1 and -82 isofom are elevated in keloid fibroblast cultures 

compared with normal human dermal fi'broblasts, whereas levels of TGF-B3 are 

comparabIe (Lee a aI, 1999). Furthermore, it seems that most endogenous TGF-p1 

exists in a latent form in normal skin cells but in an active form in hypertrophic scar 

hbIasts (Messadi et al, 1994). Finally, Polo bas demonstrated that TGF-p2 Ievcls are 

elevated in the peripheral blood mononuc1ear celI firactions of patients with proliferative 

scar& (Polo ct aI, 1997). 



In an attempt to coxtfirm the role of TGF-p proteins in pathologic overhealing of 

the dermis, recent studies have investigated their exogenous application to cultured 

hypertrophic scar fibroblasts and to an in vivo mode1 of proliferative scar. In 

hypertrophic scar fibroblast cultures, TGF-Dl causes a dose-dependent increase in 

glycosarninoglycan synthesis while no such augmentation is apparent in normal scar 

fibroblasts (Messadi et al, 1994). The authors conclude that in normal scar, the healing 

potential is "turned off' because healing is complete whereas in hypertrophic scar, the 

healing potential is st i l l  "turned on" and this may iead to overhealing Polo used an in 

vivo model of human proliferative scar explanted to a congenitally athymic, asplenic 

nude rat, to which was applied TGF-p2 (Polo et al, 1999). He found that keloid scars 

demonstrate the greatest cell proliferation kinetics, followed by bum hypertrophic scars 

and then non-bum normal scars. This is the fmt report convincingly idenwing a causal 

relationship between elevated levels of TGF-P2 and an in vivo response of proliferative 

scarring- 

A recently proposed hypothesis about the mechanism underIying the 

development of excessive dermal scar tissue relates to the presence of a TGF-b 

responsive subset of fibroblastic cells. The aItered phenotype may be a result of 

selection andlor prolonged exposure to mediators present in injured skin. The local 

wound environment may encourage or diminish the growth of specific ciones of 

fibrobhsts, thus selecting for or against one or more subpopulrttions (Garner, 1993). For 

example, an inaammatory wound environment may stimulate TGF-PI synthesis, and 

cell clones able to tolerate this environment may persist, resulting in a TGF-$1- 

responsive fibroblast phenotype (Hakkinen et al, 1996). Normal granulation tissue 

fibroblasts show a strong expression of both type 1 and type II TGF-B receptors, 

although in nondy-heding excisional wounds their density dccreascs during 

granulation tissue remodelingling ConverseIy, in post-bum hypertrophic scars, TGF-PRI 

and TGF-~RII-overrxprtssing fibroblasts persist and arc fbmd in high density up to 



20 months after injury (Schmid et al, 1998). Excessive scarring may be associated with a 

Mure to eliminate these TGF-P-receptor-overexpressing fibroblasts, which would lead 

to a persistent autocrine, positive feedback Loop. In summary, dermal fibroblast clones 

may be selected by infiammatory stimuli in vivo to proliferate and alter the normal 

population phenotype to a pathologic end, such as excessive colhgen deposition and 

fibrosis (Sempowski et al, 1995). 

Studies document the selective inhibition of fibrobtast poliferation and collagen 

synthesis by m-a, -b, and -y(Rosenblmm et al, 1984; Duncan and Berman, 1985). 

Susceptibility to the formation of ketoid scars is multifbctorial and certainly under 

genetic control. A familial predisposition and an autosomd dominant pattern of 

inheritance of the keloid tendency have been described among bIacks (Thomas et al, 

1994). McCauley investigated alterations in the cytokine profile of 12 black patients 

with keloids and determined that levels of W-fI and IFNa and -yare markedly 

depressed in peripherd blood mononuclear cell k t i o n s  (McCauley et al, 1992). This 

situation could be tesponsiile for a iack of inhibition of collagen synthesis and a 

decrease in its w o n  with accumulation of ECM as the ultimate outcome. In 

support of this hypothesis, the use of htdesional recombinant IFN-y results in a 

decrease in the hear dimensions of hypertrophic scars (Larrabee et al, 1990), while 

kcloids benefit h m  a 30% reduction in scar height (-in et al, 1990). Intmstingiy, 

this cIinicaI improvement in keloid scaning is accompanied by a dhppeamce of d e d  

colIagen aggngates and the wlIagen fiber bundIes become thinner and oriented more 

parallel to the epidermis, thus resembling a more n o d  scar. 

As mentioned previously, more mast c d s  have been found in hypertrophic scars 

and keloids than m healthy human skin (Suzawa et al, 1992b). Various inflammatory 

mediators, including cytokines and growth rn released h r n  degrandating mast 

celIs (see section 2-1-12}, and may play important roles m fibroblast proliferation and 

collagen synthesis, events signiscant to dermal fibrosis. ~ n i n h d  [N-(3,4- 

dimethoxycinnamoyr) anthranilic acia, an anti-allergic drug, &'bits the nIease of these 



mediators from mast cells and h r n  monocytes/macrophages (Suzawa et al, 1992b). In 

experimental systems, ~radast? decreases the weight of granulation tissue and inhibits 

collagen synthesis in human kebid tissues transpIanted into the backs of mice (Suzawa 

et al, 1992~).  ranil la* appears to specifically inhliit the release of TGF-B1 from 

keIoid fibroblasts (Suzawa et al, 1992a), and the authors propose that the drug may 

control the formation of keloids and hypemophic scars through inhibition of collagen 

synthesis by abnormal fibroblasts, via h e  suppression of TGF-Bl release from these 

cells. 

In conclusion, there exists abundant evidence supporting the role of an excessive 

profibrotic growth factor profile in the development of pathologic overhealing of the 

dermis, and numerous studies suggest the validity of modulating this profile as 

antiscaning therapy. 

2.5 Dermal Wound Healing in the Horse 

Skin is a complex organ that cannot regenerate and therefore must be repaired 

after injlrry. Under normal circumstances the healing process is achieved by wound 

debridement, protection of the wound bed with highly vascular and resistant grandation 

tissue, reduction of the wound size by contraction, and permanent stdace protection by 

epithelial migration- However this is not always the case in horses, where the eady 

stages of wouud healing are often excessive and may lead to abnormal resolution 

(Chvapil et aI, 1979). 

Second intention wound healing, as opposed to primary closure, is o h  

necessary for the management of soft tissue injuries in horses, particulariy those 

involving the distal portions of the limb. Excessive skin tension, extreme wound 

contamination and massive tissue bss m these areas fkpently preclude management by 

primary sutrrte and first intention healing (Bertone, 1989). Second intention heaIing in 

the horse is subject to numerous species-specific and intmelated complications such as 



formation of exuberant granulation tissue (proud flesh) and subsequent retardation of 

contraction and closure, as weU as dehyed formation of a h@e neoepithelium 

susceptiile to reinjury, especially when wounds are located on the distal aspect of the 

limb. Indeed, compared with wounds of the trunk, wounds of the limb show greater 

retraction, slower rates and earlier cessation of contraction (Walton 1972), and slower 

rates of epithelialization (Jacobs et aI, 1984). Wllminck et al found that the mitotic 

activity of granulation tissue fibroblasts is initially high and decIines rapidly from one 

week onwards, with the exception of that of equine metatarsal wounds in which it 

remains significautly elevated Interestingly, when granulation tissue pmtrudes 

maximally, the mitotic activity of epithelial cells is markedly reduced, suggesting that 

proud flesh may inhibit epithetid cell mitosis in addition to physicaIIy impeding 

migration of the cells onto the wound bed ( W i c k  et al, 1999). This relative absence 

of epithelial cells could in turn Iead to persistent TGF-Bl synthesis by fibroblasts (Le 

Pmle and Boyce, 1999) and deficient apoptosis signaIing (Greenhalgh, 19981, thus 

establishing a vicious cycle. Surprisingly, in vim growth of fibroblasts from tissues 

isolated h r n  the horse limb is simiIar to (Cochrane et al, 1996) or significantly less than 

(Bacon-Miller et al, 2000) growth fiom tissues of the horse trunk. However, growth 

characteristics of the fibroblast may differ wnsiderabIy between in vivo and in vim 

environments due to the presence of a variety of cellular growth mediators in the former, 

particularIy those reIeased upon wounding and inflammation. Also, even if limb 

fibrobIasts have normal growth characteristics, their synthetic activity may be high, as 

has been reported for the keloid fibroblast (McCauIey et aI, 1992; Park et al, 1995). 

An eady statement by Meager and Adams d e s c r i i  proud flesh as a form of 

ke1oid (Meager and Adams, 1970)- In fkt, emrberant granulation tissue diffkm from both 

hypertrophic scars and keloids in that it lacks an epithelial cover and fonns earher in the 

rcpgir process. However, these three lesions share an ImbaIanct between collagen 

mesis and lysis that d t i m d y  Ieads to dermai fibrosis. Indeed, Chvapil et a1 have 

noted that the horse activates wound cobgen fbmation to a greater extent and eariier 



than does the rat (Chvapil et al, 1979). The mechanisms involved in the production of 

exuberant granulation tissue in the horse remain to be elucidated. Infection or a foreign 

body leading to an exaggerated inflammatory response, excessive motion or tension of 

the sunounding skin, minimal blood supply to the distal part of the limb with resultant 

hypoxia, and an imbalance of collagen synthesis, deposition and lysis have all been 

proposed (Wiion et al, 1996). These wuId result in or be attributable to a growth factor 

profile that differs from that of body wounds. For example, bandaging maintains a 

slightly hypoxic environment and retains idammatory cells at the wound surface, both 

of which stimulate neovascdarization and dbroptasia Indeed, Barber has shown that the 

application of a bandage to leg wounds increases the amount of granulation tissue 

production (Barber, 1990). Hypoxia may stimulate TGF-B 1 synthesis (Hakkinen et al, 

1996) and may increase the affinity of TGF-p receptors for their ligand in a particular 

subset of fibroblasts (Falanga and Juiien, 19901, both of which would enhance collagen 

production by fibroblasts. 

In the equine literature, many authors descri'be treatments to promote wound 

healkg, often by attempting to control the excess fibrosis that appears in response to 

injury (Fretz et al, 1983; Bertone et d, 1985; Barber et aI, 1990; Bigbie et al, 199 I; 

Blackford et at, 1991; Madison et aI, 1991; Howard et al, 1993). Aside from 

corticosteroids, none of these treatments have consistently eliminated the formation of 

exuberant granulation tissue on wouads of the distal limb of horses. This is not 

surprising as the specific cause for the development of proud flesh remains to be 

elucidated 

Since it is now apparent that a w e  and p a - e  acting growth factors are 

important mediators of the different stages of wormd repair, a few equine studies haw 

evaluated the effects of their exogenous application Cell exmms and supernatant fI uids 

h r n  human and pig epidamal cck growu in tissue culture have been topically applied 

to chronic gadomas on the distal portion of the limbs of horses. Excessive 

proliferaton of granulation tissue is clearly mppressed by the treatment, and 



epithehlhtion is accelexated Mer et aI, 1987). The investigators did not determine 

the active ingredient of these exmctdfluids, but termed them collectively as epidermis 

derived factors (EDF) (Eisinger et al, 1987). A macmphage supernatant has been utilized 

by W h n  and colleagues on wounds of the dissl aspect of the limb and fond to 

slightly encourage ep i theWon but not affect the rate of healing (Willson et d, 1996). 

Similarly, Steel et d have shown that application of recombinant human TGF-B1 to M- 

thickness excisiod Iimb wounds has no significant e&t on total wound granulation 

tissue or epitheliabation areas, or on histologic or subjective clinical assessments of 

sequentid wound biopsies (Steel et al, 1999). Ohnemus and colIeagues have 

demonstrated that TGF-B3 appIied to 111-thickness excisional wounds on the distal 

aspect of the Iimb results in heaithier granulation tissue, aithough these findings are not 

statistically significant (Ohnemus et aI, 1999). 

2.6 Conclusion 

In conclusion, the acceleration of wound heal@ may not prove as simple as 

applying a single growth factor to the wound. Indeed, finthcr knowIcdge of the mies of 

endogenous growth factors in the various stages of repair is needed Wore reasoned 

therapeutic approaches using recambinant growth fhctors can be implemented in an 

attempt to prevent or cure situations of impaired healing in the horse. 



3 OBJECTIVES 

I )  To map the kinetics of TGF-PI, TGF-$3 and bFGF expression in M- 

thickness skin wounds of the horse. 

2) To compare the protein levels of these growth factors between limb and 

thoracic wounds. 

3) To compare the protein Ievels of these growth factors between unsutured and 

sutmd wounds of the Iimb and the thorax. 

4) To compare the protein levels of these growth factors between limb wounds 

with-normal haling charaemisdcs and those with experimentally-induced exuberant 

granulation tissue. 

5) To gain insights into the roles of growth factors in the pathogenesis of proud 

flesh in the horse. 

Hypothesis: 

Transforming growth factor-pl and bFGF, growth factors favoring the formation 

of granulation tissue, achieve persistently higher levels in limb wounds, particulariy 

those healing with exuberant granulation tissue, whereas the expression of TGF-$3, a 

growth &or limiting the fibrotic pracws, is more markedly uprrgulated in thoracic 

wounds and in Iimb wounds hcaiing without proud flesh. 



4 MATERIALS AND METHODS 

4.1 Horses 

Eight mixed-breed, two-to-four year old male horses, weighing 305-to-440 kg, 

with normal findings on physical and hematologic eraminations were housed in box 

stalls for the study, which was carried out according to guidehes established by the 

Canada Council on Animal Care. 

The horses were randomly assigned to one of two study groups, each consisting 

of four subjects. The first group was used to study norma1 healing of u r i s m d  and 

sutured wounds in different locations (group A) whereas the second group was used to 

study normal and exuberant healing in limb wounds (group B). Group A horses had one 

randomly assigned fo rebb  and the ipsiIateral thoracic wall area sutured post-wounding, 

while the c o a ~  fotehb and thoracic wall area were left UllSUtULed. Group B 

h o w  had one randomly assigned forelimb bandaged postoperatively to induce the 

formation of exuberant granulation tissue, while the contralateral forelimb was left 

unbandaged. It was assumed that healing differ~~~ces did not exist for left versus right 

sides. Prior to surgery, all horses were vaccinated against tetanus and given 10 X 106 ItJ 

of penicillin G sodium (crystapenR, BionichePharma Inc, London ON, Canada) 

intravenously. 



4 2  Surgical P r o d a r e  

Group A 

Horses were anesthetized and positioned in lateral recumbency. Each horse had 

the upper forelimb and thoracic wall prepared for surgery. The forelimb circumference 

was measured at the level between the prospective third and fourth wound sites and a 

tourniquet was then applied to the area Six full-thickness excisional skin wounds were 

created with a number 10 scdpel blade on the lateral aspects of the metacarpus III and 

the midthoracic waL A pliable sterile template was used to standardii Location, size 

and spacing of the incisions. The wounds (2 cm X 5 mm) were piaced in a vertical 

column with their long axes oriented horizontally and were separated h m  one mother 

by a space of 2 cm (Figure 42.1). In order to avoid repeated traumatization of the sites, 

each wound was designated for a single biopsy. The excised skin fiom the third 

lowermost wound was kept as a time 0 (baseline) sample. The wounds were not sutured 

but left to heal by second intention without bandages or other treatments. The horses 

were then rolled over in order to expose the Iated surfaces of the forelimb and the 

thoracic wall of the contralateral side, and the above procedure was repeated except that 

the wounds were sutured for primary intention healing. Each individual wound was 

cIosed with three, 2-0 monofilament polybutester sutures (~ovaf i l~ ,  Sherwwd, Davis & 

Geck, Dorval QC, Canada) in a simple intenupted pattern. 

@!EE 
Horses were anesthetized and positioned as descri'bed above, however only the 

forelimbs were prepared for surgery. The six fbll-thickness excisional skin wolznds 

measured 1 cm2 (Figure 422). The wounds were left unsutured and those to be treated 

were bandaged using commercial nonadherent gatnt pad (TelfaR, The KendaU Coy 

Mansfield MA, USA), then a cotton wrap (C?amgeeR, 3M, London ON, Canada) and 

secured by an outtcr wrap (VetrapR, 3M, London ONy Canada). The horses 



Figure 4.2.1 Surgical Wounds Created in Hones of Group A. Six fdl-thickness 
excisional wounds (2 cm X 5 mm) were placed in a vertical column with long axes 
oriented horizontally. Wounds were separated from one another by a space of 2 cm. 

A. Limb: Lateral aspect of metacarpus III. Horse positioned in lateral 
recumbency. Tourniquet applied to L i b  above carpus. 

B. Thorax: Lateral aspect of midthoracic wall. 





Figure 4.2.2 Surgical Wounds Created in Horses of Group 8. 
Six full-thickness excisioaaI wounds (1 cm2) were placed in a v d c d  coIumn and 
separated fiom one another by a space of 2 cm. 





were then rolled over and the same surgical procedure was undertaken on the 

contralateral forelimb which was not bandaged postoperatively. 

All horses were examined daily for signs of discomfort or systemic illness. 

4 3  Gross Examination 

All wounds were examined by two independent observers, then biopsied 12 and 

24 hours, and 2,5, 10, and 14 days postoperatively. The amounts and quality @ink and 

clean versus purulent and/or necrotic) of granulation tissue, retractionkontraction and 

epithelialization, as well as the appearance of the wound surfaces (regular versus 

irreguiar) were assessed subjectively. The forelimb circumferences were again measured 

and swelling was expressed as a percentage of the baseline circumference. 

4.4 Biopsies 

- The horses were sedated and the wounds to be biopsied were locally infiltrated 

with 2% lidocaine hydrochloride anesthetic (Xylocaine 2%R, AstraPharma Inc, 

Mississauga ON, Canada). A number 10 scalpel blade was used to obtain WI-thickness 

wound biopsies fiam the wound margins in order to include a 2-to-3 mm strip of 

peripheral skin, the migating epithelium and a2-to-3 mm strip of granulation tissue. 

The lowermost wound of each set (limb and thorax) of six was biopsicd at 12 hours with 

subsequent biopsies taken in ascending order up the column of wounds. Each biopsy 

was divided in two, with one portion being processed for histoiogy and the other used 

for growth factor analysis. Group B horses had new bandages applied to the assigned 

fordimb after each biopsy. 



4 5  Histology 

T i e s  were fixed in acid-alcohoi formah and processed to 6 urn padin 

sections as noted (Gordon and GaIli, 1995), and stained with either H & E or Masson's 

trichrome stain. The variabIes assessed were semiquautitatively evaluated using a scale 

of 0-to-3 (none, mild, moderate and marked) and included in each biopsy the extent of: 

acute inflammation hlatelets, fibrin, polymorphonuclear cells (PMN)]; chronic 

inflammation [mononuclear ceUs (MN)]; aagiogenesis (capillaries); fibrosis and collagen 

organization; epithelial coverage of the wound; and epithelial hyperplasia, Fibrosis and 

collagen orgaaization were assessed using Masson trichrome-stained tissues. The 

variables were evaluated by systematic scanning of the entire d a c e  of the section, 

performed by two independent observers, in a blinded fashion. An average grade per 

wound was detamined for each variabIe, then an average grade per time, site (limb or 

thorax) andor treatment (m or sutured; unbandaged or bandaged) was calculated. 

4.6 Growth Factor Analyses 

Tissues for growth factor exmaion were weighed and processed according to 

Caswell (Caswell et al, 1997). Briefly, they were finely diced then homogenized in 1.5 

mL of Dulbecco's rnod5ed Eagle medium (DMEM) containinp 10% fetal bovine serum 

(FBS) using a polytron homogenizer (UT-Dkpergierwerkzeug fin T25, MA Lab, D- 

7813 Staden, Germany). The dispersed samples were centrifuged for 5 min at 1000 Xg, 

and their supernatants were then centrifuged for 20 min at 12000 Xg. The final 

spmatants were filter stailized (0.22 micron filter), aliquotcd, and h z e n  at -80°C. 



ELISA 

I used commercial human cytokine ELISA kits (TGF-B I and bFGF) and 

captuddetection autr'body pairs (TGF-P3) (R & D Systems, MinneapoIis, MN, USA). 

The TGF-@l assay is sensitive to 7 p d d  and is TGF-P I -specific, AII sarnpIes 

for TGF-81 assay were acid-activated as noted et al, 1 999). It has recentIy 

been reported that equine TGF-PI is 99% homologous to the human nucleotide 

sequence (Penha-Goncalves et al, 1997). 

The bFGF assay has a repeated sensitivity of 3 pg/mL. No significant cross- 

reactivity or interference has been observed by the company. 

The paired ELISA TGF-p3 capture (MAB #643) and biotinytated detection 

(BAF #243) antibodies and TGF-b3 standard (#243-B3) were used as recommended by 

the supplier. I found the assay to be sensitive to 3 1.2 pg/mL; the anhidies reportedly 

do not crossreact (< 0.05%) with TGF-$I or TGF-$2. 

DuIbecco7s modified Eagle medium contaiaing 10?4 FBS was used to determine 

the 0 pg/mL point of the standard curve, such that the amount of p w t h  factor 

contained in the media was subtracted fkm all samples analyzed. 

Although equine TGF-B3 and bFGF have not yet been cloned, both proteins 

show bigh cross-reactivity between the human and other species (Bad-Netto et al, 

1992; Schultz-Cherry and Murphy-ULrich, 1993; AUen et al, 1996). Additionally, I am 

attempting to map the dative expression of these growth factors-, thus even if the 

ELISA does not detect all  the protein present within a wound, it is nonetheIess 

appropriate to make comparisons between wounds. 

4.7 statistical Analysts 

HistoIogic variables and growth factor wnccntrations were d y d  using tht 

SPSS sofbime program (SPSS Advanced Statistics 8.0 for Wmdows, SPSS Inc, Chicago 



IL, USA.). The distribution of data for all variables was exmined for normality 

(skewness and kurtosis). Repeami measures o - A N O V A  was performed to 

determine the overall main effect of site (limb versus thorax) and of treatment (unsunned 

versus sutured; unbandaged versus bandaged) Additional a priori testing by paired- 

sample Student's t-test was done to assess individual dtfferences. For any two variables 

to be deemed significantly different, both the RM-ANOVA and Student's t-test p values 

had to be < or = to -05. The data are presented as the mean +/- SEM. 



5 RESULTS 

5.1 Gross Findings 

Group A (lhmmd and sutured Iimb and thoracic wounds) 

Swelling of wounded limbs occured progressiveiy, with maximum increases in 

limb circumfkmce over basehe of 19 +/- 7% at 10 days, regardless of whether the 

wounds were sutured or not. Twenty four hours after surgery, the unsutured wounds at 

both locations (limb and thorax) had retracted; by 10 days however, contraction of the 

wounds had become subjectively apparent. The unsutured limb wounds were covered 

with thick crusts for the duration of the study, whereas the unmmred thoracic wounds 

exhibited only a thin t i h  of exudate for the first 2 days. Gentle cleaning with saline 

prior to biopsy revealed the beghbg of an epithelial border around the unsutured 

thor&ic wounds at 2 days and around the unsutwed limb wounds at 5 days. The 

healthy granulation tissue present in these wounds healing by second intention grew into 

a dome shape at the center of the limb wounds by 10-to-14 days, but never 

mushroomed over the advancing epithelial border although at all time points it was more 

abundant than in thoracic wounds. The four thoracic wounds were almost healed by the 

end of the study while their limb counterpaas remained larger for the duration of the 

study (Figures 5.1.1 and 5.12)). 

Neither retraction nor contraction were grossly apparent in the sutured wounds 

of either location. All sutured wounds developed pinpoint dry scabs at the site of suture 

entry, within 2 days; these scabs fell off by 10 days. It was dZ6cult to iden* an 

epithelial border in most wounds since apposition of skin edges was usuaIIy compkete. 

None of the sutured wounds disphyed any gross evidence of granulation tissue. The 



Figure 5.1.1 Unsutured Limb Wounds of a Horse from Group A, 14 Days 
Postoperatively. The uppermost wound (white arrow) has been cleaned in preparation 
for biopsy, whereas the five lowermost wounds were biopsied at earlier timepoints. The 
wound has begun contracting and an epithelial border is evident at the wound margins. 
Granulation tissue fills the defect but does not mushroom over the advancing epithelial 
border. 





Figure 5.13 Unsutured Thoracic Wounds of a Horse from Group A, 14 Days 
Postoperatively. The uppermost wound (white arrow) has been cleaned in preparation 
for biopsy, whereas the five lowermost wounds were biopsied at earlier timepoints (and 
scabbed over subsequently). The wound has contracted and epithelialized substantially. 
Very little granulation tissue is evident and the wound is ahnost healed. 





thoracic wounds appeared grossly healed by 5 days whereas the limb wounds were 

healed by 10 days. 

Group B [(Limb wounds healing normally (unbandaged) or with exuberant 

granulation tissue (bandaged)] 

A maximum increase in limb circderence over baseline of 15 +/- 4% was 

achieved by day 10 in unbandaged limbs, whereas bandaged limbs only swelled to 5 +/- 

2% over baseline, with this maximum circumference being reached later, at 14 days 

postoperatively. The unbandaged limb wounds behaved similarly to the limb wounds of 

horses in group A descnid above (Figure 5.1.3), whereas the bandaged limb wounds 

exhibited numerous differences. Namely, wound retraction appeared more important and 

was followed by a subsequent delay in contraction, minimal exudative film or crust 

formed on the wound surfaces, and granulation tissue quickly filled the wound and 

mushroomed over the borders. This granulation tissue began as two-to-three small 

islands in the middle of the wound, first noticeable 5 days postoperatively, and by 10 

days had grown to confluence to fill the wound cavity and protrude above the wound 

margins by 3-to-5 rnm. At 10 days, this exuberant tissue mass measured approximately 

1 5  crn in diameter (Figure 5.1.4) wbile by 14 days its diameter had reached 2 cm and its 

height surpassed that of the surrounding skin by approximately 1 cm (Figure 5.1.5). At 

first the granulation tissue appeared healthy, but as it became more abundant its surface 

developed numerous dccp clefts. A new epithelial border was apparent by 5 days in 

bandaged wounds, but with the subsequent mushrooming of granulation tissue this 

border was no longer visible. 



Fire 5.13 Unbandaged Limb Wounds of a Home from Group B, 10 Days 
Postoperatively. The uppermost wound (white arrow) is covered by a thick crust, The 
next wound below it has just been biopsied (day 10); contraction of this wound is 
subjectively apparent and there is absence of exuberant granulation tissue, 





Figure 5.1.4 Bandaged Limb Wounds of a Horse from Group B, 10 Days 
Postoperatively. The four lowermost wounds were biopsied at previous timepoints 
and thus are larger in size, whereas the two uppermost wounds have not been biopsied 
yet. The wounds did not require cleaning since no crusts accumulated on their surface. 
Excessive granulation tissue quickly filIed the wounds healing under bandages; by 10 
days postoperatively it had become exuberant, mushrooming aver and protruding above 
the wound margins by 340-5 mm (white arrow). Clefts within the granulation tissue 
were apparent in the uppermost wound. No new epithelium was visible. 





Figure 5.15 Bandaged Limb Wounds of a Horse from Group B, 14 Days 
Postoperatively. The uppermost wound is being localLy infiltrated with anesthetic 
prior to biopsy. The grandation tissue filling the defect had become exuberant and its 
height surpassed that of the surrounding skin by approximately 1 cm. No epithelial 
border was visible. 





5 2  Histologic Findings 

Histologic scores h m  both groups (A and B) were normally distniuted 

Group A (Unsutured and sutured limb and thoracic wounds) 

Histologic evaluation of biopsies from unsutured wounds indicated that 

moderate numbers of platelets and PMN cells were present at the wound surfaces of 

both the limb and thorax within 140-2 days of wounding. Their numbers graduaIly 

regressed to baseline in the thoracic wounds by 10 days, whereas they persisted, 

moderately, in the limb wounds for the duration of the study. In unsutured wounds, 

Iarge deposits of fibrin were seen on the d a c e  and occasionally in clefts extending into 

the granulation tissue of the Iimb but not thoracic wounds. Overall, these inflammatory 

changes were greater in the limb wounds than in the thoracic wounds, although there was 

not a statistically significant main effect of location on acute inflammation 

Mononuclear cells also infiltrated in moderate numbers the superficial portions 

of both the limb and thoracic unsutured wounds, but made their appearance somewhat 

Iater than the PMN and platelets, with a peak prevalence at 5-to-I0 days. This marker 

of "chronic" inflammah'oa disappeared completely from the thoracic wounds by 14 

days, but was still moderately present in the Iimb wounds at the end of the study. There 

was a statistically signEcant main effect of location on chronic i d h u m i o n ,  with 

greater scores achieved in the limb compared to the thoracic wounds @ = -04). 

In unsutured and sutured wounds, new clusters of angioblasts first made their 

appearance at 24 hours m both sites and progressively increased in numbas until they 

showed an obviously marked presence at 14 days m unsutured limb wounds (Figure 

521A) and a mild-to-moderate presence in the unmured thoracic, d sunned limb and 

thoracic wounds. At 24 hours, angiogenesis was typSed by clusters of angioblasts lying 

perpendicular to the wound d e  whereas by 5 days some of the clusters had arranged 

themselves to form Iuminal strucaaes. 



Figure 53.1 Photomicrographs of Womd Biopsies Taken 14 Days 
Postoperatively. 8 & E Stain. 

A. Unsutured Limb Wound (Bar = 70 microns): New epithelium was 
hyperplastic (EH) and only partially covered the wound. Numerous capillaries (C) were 
present and oriented perpendicularly to the wound surface. 

B. Unsutured Thoracic Woad (Bar = 70 Epithelial coverage of the 
wound surface was complete and the new epithelium was ody mildIy hyperplastic. A 
large area of fibrosis (scar) in which fibroblasts lay parallel to the wound surface was 
apparent. 





Fibrosis, as revealed with Masson's trichrome stain, progressed over time in a manner 

similar to angiogenesis in unsutured wounds at both locations. Fibroblasts were most 

commonly arranged perpendicular to new capillaries and parallel to the wound d a c e  

(Figure 52.18). Regularly arranged bundles of collagen were present at 2 days, and 

thereafter their degree of organization progressed at a rate similar to those of fibrosis and 

angiogenesis. ColIagen matrix was apparent between fibroblasts on the Massonts 

trichrome-stained slides. 

Histologically, epithelia1 coverage of both the unsutured limb and thoracic 

wounds began at 24 hours. This process was complete within 14 days in the thoracic 

wounds (grade: 3.0 +I- 0) (Figure 5.2.1B) whereas it was only mildly to moderately so 

in the limb wounds (grade: 1.4 +I- .4) (Figure 5.2.1A) at that time. This difference was 

statisticdy significant @ = .007). 

There was a trend towards a greater extent of epithelial hyperplasia in the 

unsuhlred limb wounds when compared to the unmtured thoracic wounds. 

Hyperplastic epithelium was first apparent at day 2 in the limb wounds and continued 

to increase in magritude until it was marked (grade: 2.9 +I- .3) at day 14 (Figure 5.2.1 A). 

In the thoracic wounds there was only mild-moderate hyperplasia at 10 (grade: 1.9 +/- 

-6) and 14 (grade: 1.8 +I- .6) days. 

In conuast to the unsutured wounds, sutured wounds showed a peak in PMN 

cells sIightIy earlier, with maximum numbers achieved by 12-to-24 hours in both sites. 

From day one on, the numbers steadily decreased and retuned to baseline by 10 days in 

both Iocations. Sutured limb wounds thus had significantly fewer platelets and PMN 

cells at 10 days postoperatively than did their uamtuted counterparts (p = -006). 

Overall, the "acute" inflammatory changes were similar in sutured wounds of both sites. 

Mononuclear cells were present in mild numbers at the surfke of sunned 

wounds, with a peak prevaIence at 2-to-5 days for both sites. From this time on, they 

gradually returned to baseline vaIues by the end of the study. Sutured limb wounds thus 

showed significantIy fewer MN cells at 10 days than did their unsutured counterparts 



@ = -01 5). Overall, the "chronic" inflammatory changes were similar in sutured wounds 

of both sites. 

At both locations the fibroblasts appeared slightly earlier in sutured wounds 

than they did in their unsutured counterparts. 

In contrast to the unsutured wounds, epitheiial coverage of sutured wounds 

began slightIy earlier (12 hours) and was complete sooner in both locations: by 10 days 

in thoracic wounds (Figure 5 . 2 3 )  and by 14 days in Iimb wounds (Figure 5.2.U). The 

difference in coverage between unsutured and sunned Iimb wounds at 14 days was 

statistically signiscant, with the nrtured wounds displaying a greater percentage of 

coverage (complete) @ = .007). Overall, epithelial coverage was similar in sutured 

wounds of both sites. 

Only mild epithelial hyperplasia developed in sutured wounds, both of the limb 

and the thorax (Figure 5.2- and B). There was no differwce in the amount of 

hyperplastic epithelium between sutured wounds of each site. in the Iimb, the 

epithelium was significantly more hyperpIastic in unsutured wounds compared to the 

sutured counterparts. @ = .002). 

Group B [(Limb wounds healing n o d y  (unbandaged) or with exuberant 

granulation tissue (bandaged)] 

~ I o g i c  evaIuation of the wound biopsies indicated that moderate numbers of 

platelets and PMN cells were present at the wound surface of unbandaged limbs within 

24 hours of wounding, however in bandaged w o l d s  their appearance was slightIy 

deiayed to 2 days. In both conditions this "acuten inflammation was not resoived by the 

end of the study, when mild-to-moderate numbers persisted (unbmdaged: 1.1 +I- 2 

bandaged: 1.3 +/- -6). Overall, "acute inflammation" was similar in both types of wound 

The peak prevaIence of MN cells in both unbmdaged and bandaged wounds 

occurcd at 5-to-10 days when their presence was moderate in unbandaged worn& and 

mild in bandaged WOUII&. Ove!rall, there was significantly less "chronic" inflammar;on in 



Figure 5 3 2  Photomicrographs of Wound Biopsies Taken Postoperatively. H & E 
Stain. 

A. Sutured Limb Wound, 14 Days Postoperatively (Bar = 50 microns): 
Mildly hyperplastic epithelium (EH) provided complete coverage of the wound by the 
end of the study. A "pinpointn scab (S) was present at the site of suture. 

B. Sutured Thoracic Wound, 10 Days Postoperatively (Bar = 60 microns): 
Epithelial coverage was complete by 10 days. A small area of fibrosis (scar) was 
apparent 





bandaged wouuds as compared to those that were left unbandaged, with the most 

difference apparent at 24 hours (p = .O1 I). In both conditions, the "chronic" 

inflammation was not resolved by the end of the study, when mild-ternoderate numbers 

of MN cells persisted (unbandaged: 1.7 +/- .5; bandaged: 1.1 +/- .3). 

Angiogenesis in both unbandaged and bandaged limb wounds followed a 

temporal pattern that resembIed that of limb wounds of group A, with new capillaries 

attaining a moderate presence towards the end of the study (Figure 5.2.3A). 

Likewise, fibrosis and collagen matrix organization of limb wounds healing with 

or without bandages mimicked that of limb wounds of group A, except that bandaged 

wounds showed greater amounts of exuberant granulation tissue and fibrosis at 10 days 

(unbandaged: 2.0 +I- -4; bandaged 2.8 +I- 2) although this difference was not 

statistidy significant (Figure 5.23A and B). 

Histoiogically, epithelid coverage of the wounds began at approximately 24 

hours under both conditions. Coverage continued to increase but was incomplete at 14 

days in unbandaged limb wounds when it attained a grade of 2.2 +I- -1. Interestingly, 

bandaged wounds demonstrated a similar maximum grade (1.9 +/- .4), but after its 

attainment at 5 days postoperatively, the extent of wound coverage by new epithelium 

seemed to decrease as exuberant granulation tissue mushroomed over this new epithelial 

border (Figure 523A and B). 

Hyperplasia of the new epithelium became evident at day 2 in both unbandaged 

and bandaged wounds, and exhibited a marked presence in bandaged wounds by the end 

of the study (3.0 +/- 0), when the new epithelium was "caught up" under the 

mushrooming grandation tissue (Figure 5.23A). In unbandaged limb wounds, the 

epithelium became moderately hyperplastic by 14 days (2.0 +/- .4). 



Figure 5.2.3 Photomicrographs of Wound Biopsies Taken Postoperatively. H & E 
Stain. 

A. Bandaged Lib Wound, 10 Days Postoperatively (Bar = 70 microns): 
CapiIlaries (C) were present and oriented perpendicularly to the wound d a c e .  
Granulation tissue (EGT) had become exuberant by this timepoint. Epithelial coverage 
was incomplete and the new epithelium was markedly hyperplastic (EH) by the end of 
the study. 

B. Bandaged Limb Wound, 14 Days Postoperatively (Bar = 30 microns): 
Excessive granulation tissue (EGT) mushroomed over the new epithelial border (EB). 





53 Growth Factor Levels 

Data obtained h m  ELISAS were normally distniuted in both groups (A and B) 

of horses. 

Group A (Unsutured and sutured limb and thoracic wounds) 

N o d  limb and thoracic skin contained 1757 +I- 946 and 1073 +/- 28 1 pgfg of 

TGF-f3 1 protein, respectively. The kinetics of TGF-B1 upregulation within both 

wmtured and sutured wounds roughly paralleled those of the acute iuflammatory 

response as documented histologically, with peak TGF-PI levels occwing 12-to-24 

hours postoperatively (at 12 hours, sutured thorax: 6091 +I- 258 1 pg/g; at 24 hours, 

unsutured limb: 6037 +!- 14% pgfg, unsutured thorax: 531 1 +/- 997 pglg, sutured limb: 

5534 +/- 3 1 12 pg/g). These increases were statistically significant in the 

wounds (Iimb: p = .03; thorax: p = .04) but not in the sutured ones when compared to 

levels found in normal skin (Figures 53.1 and 53.2)). There were no statisticaUy 

significant differences between the unsutured limb and thoracic wounds at 24 hours. 

TGF-bl gradually returned to baseline Iwel by 14 days in the unsutured thoracic 

wounds whereas the level remained elevated in the ur~~~tured limb wounds for the 

duration of the study. The difference in TGF-$1 protein level between ullsuttrred Iimb 

and thoracic wounds was statistidy significant at 14 days (limb: 3802 +/- 360 pg/& 

thorax: 1506 +/- 259 pgg, p < -001) (Figure 53.1). In sutured limb and thoracic wounds, 

TGF-$1 levels platead h m  2 days undl10 days, and no values were available for 14 

days (Figure 532). There wcre no satistically signi6cant d i f f i  between 

Msunntd and sutured wounds, m either Iocation, over time. 



Figure 53.1 Temporal Expression of TGF-b1 Protein by Wounded (Unsutured) 
Eqpine Ski. of the Limb and the Thorax. Biopsies of fdI-thickness unsutured 
wounds were assayed for their mean TGF-$1 protein content by commercial human 
ELISA kit. The levels were increased significantly over baseline at 24 hours post- 
wounding in both sites (*: p = .03 in unsutured limbs, p = -04 in unsutured thorax). 
TGF-PI levels remained elevated in unsutured limb wounds at 14 days and differed 
significantly fiom those of unsutured thoracic wounds (**: p < .OO 1). 

Figure 53.2 Temporal Expression of TGF-Dl Protein by Wounded (Sutured) 
Equine Skin of the Limb and the Thorax. Biopsies of Wl-thickness sutured wounds 
were assayed for their mean TGF-PI protein content by commercial human ELISA kit. 
The tevels were increased over baseline at 12 hours post-wounding in the sutured 
thoracic wouuds and at 24 hours post-wounding in the sutured limb wounds, however 
these increases were not statistically significant. TGF-Ql levels plateaud h m  2 days 
until 10 days. 
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Group B [(Limb wounds healing normally (mbandaged) or with exuberant 

granulation tissue (ban&zed)l 

The values obtained for TGF-$1 protein level in this group of horses were 

measured with an ELISA kit fiom a different Iot than was used for group A horses, and 

were found to be approximateIy seven times more elevated than those of group A horses 

(normal limb skin: 12942 +/- 878 pug tissue). The kinetics of TGF-Dl upregulation 

otherwise resembled those described above for group A horses, with peak values 

occuring at 12 hours for the bandaged limb wounds (36548 +I- 8589 pg/g), and at 24 

hours for the unbandaged limb wounds (25550 +/- 7275 pg/g) (Figure 53.3). These 

increases were not statistically significant when compared to levels found in normal 

skin, and there were no significant differences between the unbandaged and bandaged 

wounds over time. 

Group A (Unsutured and sutured limb and thoracic wounds) 

Baseline skin values of TGF-83 were 130 +/- 99 pglg for limbs and 334 +I- 135 

pg/g for thorax. The kinetics of TGF-B3 protein expression differed from those of TGF- 

B 1, regardless of group, site or treatment. The overall pattern for TGF-P3 was one of 

gradual increase over the ,  with peak values for the unsuntred Iimb wounds at 14 days 

postoperatively (1 157 +/- 1166 pg/g) and for the msutmd thoracic wounds at 10 days 

postoperatively (1592 +/- 1603 pg/g) Figure 53.4). There were no statistidy 

significant differences between the two sites over time, and the peak Ievels attained in aU 

wounds did not differ statistidy from baseline. The sutured wounds h m  both sites 

also reached maximum TGF-B3 Ievels towards the end of the study, at 5 days 

postoperatively (sutured limb: 953 +/- 145 pgg) and 14 days postopcrativcly (sutured 

thorax: 888 +I- 232 pg/g) (Figure 5.3.5). As was found for unsanntd wounds, 



Figure 5 3 3  Temporal Expression of TGF-p1 Protein by Wounded Equine Skin 
of Bandaged and Unbandaged Limbs. Biopsies of 111-tfiickness excisiod limb 
wounds were assayed for their mean TGF-p f protein content by commercial human 
ELISA kit. The peak levels attained at 12 hours in the bandaged limb wounds and at 24 
hours in the unbandaged Limb wounds were not statistidy si@cant. There were no 
significant differences in TGF-Dl between unbandaged and bandaged wounds over time. 
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Figure 53.4 Temporal Expression of TGF-P3 Protein by Wounded (Unsutured) 
Equine Skin of the Limb and the Thorax. Biopsies of lll-thickness unsutured 
wounds were assayed for their mean TGF-P3 protein content by commercial human 
capturddetection antibody pairs. Protein Ievels increased gradually over time with no 
significant differences between sites. 

Figure 53.5 Temporal Expression of TGF-p Protein by Wounded (Sutured) 
Equiae Skin of the Limb and the Thoppjl. Biopsies of M-thickness sutured wounds 
were assayed for their mean TGF-$3 protein content by commercial human 
captuddetection antibody pairs. Protein levels increased gradually over time with non- 
significant peak values reached at 5 days post-wounding for the sutured limb wounds 
and 14 days post-wounding for their thoracic counterparts. No significant differences in 
TGF-B3 protein between sites were manifested. 
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there were no statistically significant differences for sutured wounds between the two 

sites over time. Likewise, there were no statistidy si@cant differences between 

unsutured and sutured wounds in either location, over time. 

Group B [(Limb wounds healing nonnally (unbandaged) or with exuberant 

grandation tissw (bandaged)] 

Once again, the growth factor protein levels measured in horses of this group 

were substantially greater than those expressed by horses in p u p  A, although in this 

case, the same commercial teagents were used to measure TGF-p3 protein. Baseline skin 

values of TGF-03 were 702 +!- 216 pg/g. A similar pattern of expression was observed 

for these wounds, with a numimum value of TGF-p3 obtained tater in the healing 

process than was apparent for TGF-p 1. Peak values were evident at 10 days 

postoperative1y for both unbandaged (8210 +/- 7134 pg/g) and bandaged (521 5 +I- 4330 

pg/g) limb wounds, with no stadsticdy significant differences between the two 

treatments over time (Figure 53.6). 

Group A (Unsutmd and suttaed limb and thoracic wounds) 

Basic FGF protein IeveIs were high in the n o d  skin of group A horses (limbs: 

17.7 +I- 1.5 ng/g; thorax: 13.4 +I- 1.1 nglg), and quickly increased after wounding to a 

peak at I2 hours in the Msutured limb womds (21.6 +/- 3.0 nglg) and sutured thoracic 

wounds (27.1 +/- 4.4 ng/g) and 24 hours in the unsutured thoracic wounds (16.6 +I- 3.2 

ng/g) and suhwd limb wounds (36.2 +/- 6.2 nglg). For a[I wormds, these increases over 

baseline values were not statistically significant. In both unsutured sites the IeveIs of 

bFGF protein gradually decreased over time, Mtil day I0 when they were depressed 

relative to n o d  skin. There were no Statistically significant differences between the 

two sites over time (Figure 5.3.7). For slltured worn&, the IeveIs decreased more 



Figure 53.6 Temporal Expression of TGF-Q3 Protein by Wounded Equine Skin 
of Bandaged and Unbandaged Limbs. Biopsies of M-thickness excisional Iimb 
wounds were assayed for their mean TGF-p3 protein content by commercial human 
captuddetection antibody pairs. Maximum TGF-g3 protein levels were obtained Iate in 
the heaIing process (1 0 days post-wounding) for both bandaged and unbandaged 
wounds, with no significant differences between the two treatments over time. 
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Figpre 53.7 Temporal Expression of bFGF Protein by Wounded (Unsutured) 
Equine Skin of the Limb and the Tho- Biopsies of fdl-thickness unsutured 
wounds were assayed for their mean bFGF protein content by commercial human 
ELISA kit. Protein levels were high in normal unwounded skin of both limb and thorax 
and increased mildly 12-to-24 hours post-wounding. By the end of the study, bFGF 
Ieveb were depressed relative to those of n o d  skin. No significant differences 
between sites were observed over time. 

Figure 5.3.8 Temporal Expression of bFGF Protein by Wounded (Sutured) 
Equine Skin of the Limb and the Thorax. Biopsies of M-thickness sutured wounds 
were assayed for their mean bFGF protein content by commercial human ELISA kit. 
Protein IeveIs were high in normal unwounded skin of both limb and thorax and 
increased mildly 12-to-24 hours post-wounding. Levels were depressed in the sutured 
wounds of both sites relative to those of normal skin, by 5 days post-wounding. They 
then rebounded at 10 days. No significant differences between sites were observed over 
time. 
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rapidly to reach sub-baseline levels at 5 days postoperatively, and then rebounded at 10 

days. No statistically significant digerences existed between sutured sites over time 

(Figure 53.8). 

Group B [(Limb wounds healing normally (unbandaged) or with exuberant 

granulation dssue (bandaged)] 

Basic FGF protein expression for limb wounds in this group of horses resembled 

that described for the unsutured limb wounds of group A horses, with baseline s ! !  

values of 18.6 +/- 1.2 ng/g. Peak values were reached 12 hours postoperativeIy in 

bandaged wounds (36.8 +/- 7.1 ngg) and 5 days postoperatively in unbandaged wounds 

(32.0 +/- 1.4 ng/g) although these values did not represent statisticaIly significant 

increases over baseline. There were no differences in bFGF protein levels between the 

two treatments over time (Figure 5.3.9). 



Figure 53.9 Tempom1 Expression of bFGF Protein by Wounded Equine Skin of 
Bandaged and Unbaridaged Limbs. Biopsies of firll-thickness excisiomd wounds were 
assayed for their mean bFGF protein content by commercial human ELISA kit. Baseline 
values were high in normal unwounded skin. NOD-significant peak values were ceached 
early in bandaged wounds (12 hours postoperatively) and later in unbandaged wounds 
(5 days postoperatively). There were no differences in bFGF protein leveb between 
treatments over time. 
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6 DISCUSSION 

As far as I am aware, this is the first study mapping the temporal expression of 

TGF-f31, TGF-b3 and bFGF during wound heding in the horse. Given the observation 

that equine wound healing is fiaught with probIems, I felt that it would be instructive to 

determine the extent to which a differential expression of growth tictors in this species 

might be related to this phenomenon. Previous studies of wound repair have utilized 

various models of both n o d  and impaired healing, and involve different methods of 

measurement and numerous species. This k t  limited my ability to infer the kinetics of 

expression of various growth factors in the horse. More specifically, Cochrane was 

unable to detect TGF-$1 protein in n o d  equine skin biopsies, but reported high 

concentrations (800-850 ug/g) in homogenates of granulation tissue obtained fiom six 

slow-healing wounds, suggesting that the infiammarory response is not tumed off in 

chronic wounds ( C o c ~ e ,  1997). The horses in h a  study were of different breed 

(Thoroughbred) and age (5-to-13 years old), and she used a different ELISA (Genzyrne 

Diagnostics, Cambridge, MA, USA), which may explain the discrepancies between her 

d t s  and mine. 

AIthough in vivo wound h e w  studies are chaIIcnging in that the variables 

mphiq control are manifoId (age, anatomical site, proliferasive state, degree of 

differentiation, systemic ahMmaIities, tcmparal intervention after surgery, genetics and 

environment, just to name a fm), in viw studies have serious limitations as they lack 

the highly intricate environment of wounds- This is why I chose to study equine wound 

healing in vivo. In addition to the limitations inherent to in vivo wound hcaling mearch, 

studies involving large antmals must address partidm issues. NameIy, due to f i n a n d  



restrictions, only a small number of subjects are typically included in the design. For 

this reason it was necessary to create multiple wounds on a single limb, with the 

possibility of interaction between wounds as a result. Such interactions could affect 

wound retraction and contraction rates. Additionally, wounds may influence one another 

via systemic involvement. 

Most of the problems with equine wound healing relate to the development of 

exuberant granulation tissue (proud flesh) and the subsequent delays in epithelialization 

and contraction, especially when wounds are located on the distal portion of the limbs. 

For this reason I was specifically interested in comparing the expression kinetics of 

growth factors in healing limb and thoracic wounds (both unsutured and sutured), as 

well as in limb wounds healing with or without exuberant granulation tissue. 

In accord with the report of Jacobs (Jacobs et al, 1984), the unsutured limb 

wounds of this study healed differently from the unsutured thoracic wounds, with 

greater inflammation, more granulation tissue formation and retarded epithelialization. 

As expected, the sutured wounds of this study demonstrated more rapid resolution of 

inflammation and faster healing than did their unsutured counterparts, and this was m e  

in both locations. 

When comparing n o d y  healing limb wounds to those developing proud flesh 

(bandage model), I concluded that the absence of a scab on the bandaged wounds allowed 

for greater retraction of the wound margins and a subsequent delay in contraction. 

Indeed, I felt that the scab which developed in unbandaged wounds acted somewhat as a 

splint by bridging the wound and counteracting the tensile forces of the surrounding 

skin. However, although the larger surface area of the bandaged wounds was interpreted 

as a result of greater wound d o n ,  it is conceivable that the grandation tissue 

extending over the original wound margins was respamile for the puceived increase in 

size of thc measurable wound bed. A delay m contracton was noted in the bandaged 

wounds. These wounds developed exuberant granulation tissue and thus would be 

expected to contain greatet numbers of myohblasts,  and subsequently exhibit 



enhanced contraction. This may have been physically negated by the fact that exuberant 

granulation tissue can drive the wound edges apart and thus impede contraction (Bigbie 

et al, 1991). AlkmativeIy, the myofibrobiasts may have been less well organized within 

the new matrix (Wilminck et al, 1999)- This could have prevented the fibsonexus from 

effectively linking to collagen fibers, and subsequently d i i l e d  the a-SM actin 

microfilamentous systems' contractile effects on the surrounding matrix 

The model of proud flesh (Barber, 1990) was successfirl in ali group B horses 

and as a consequence of the exuberant grandation tissue mushrooming over the epithelial 

border, advancement of the latter tissue was impeded This may have been a strictly 

physical impediment to migration, or the mitotic activity of epithelial c e h  may have 

suffered from the presence of protruding grandation tissue mlminck et al, 1999). 

Alternatively, the granulation tissue bed in bandaged wounds may have been too 

unhealthy to support proper epithehdimion. F S y ,  the obsewed delay in 

epithelialization may have been related to a slightly hypoxic environment in bandaged 

wounds (Silver, 1972). instead of advancing over the wowd bed, the new epithelium 

grew in a haphazard way, resulting in extensive hyperplasia. 

Transforming growth factor-fl I is semted by most cek participadng in 

cutaneous womd healing, however platelets and inflammatory cells are the main source 

of this protein. Consistent with my finding that limbs healing by second intention 

exhiiit a persistent inflammatory response following wounding, I also observed that 

biopsies of these wounds maintained elevated levels of TGF-$1 for the duration of the 

study. In contrast, TGF-PI gradually returned to baseline level by 14 days in the 

thoracic counterparts. Unfortunately this difference couId not be verified in sutured 

wounds since values were not obtained past 10 days postoperatively. 

Le Poole and Boyce (Le Poole and Boy- 1999) have recentiy shown that 

coculture of cutaneous fibroblasts wi t .  kaatinOcytes dowmegulates TGF-PI secretion 

within c u l w  skin substitutes, and in my study the epitheIiaI (Le. keratinocytes) 



coverage of thoracic won& was significantly accelerated relative to that of the limb 

wounds. Thus, it is tempting to speculate that a factor secreted by keratinocytes could 

suppress TGF-B1 synthesis by fibroblasts in vitro (Le Poole and Boyce, 1999) and 

perhaps in vivo (thoracic wounds in my study). Alternatively, the greater inflammatory 

response and associated elevation in levels of TGF-$1 protein in the Limb wounds may 

have inhibited the growth of epithelial cells as has been reported to occur in vitro (Spom 

and Roberts, 1989). 

Since TGF-$1 is considered a profibrotic growth factor, its persistence may have 

led to the more abundant granulation tissue in wounds of the distal limb. While I did not 

document it in this study, it has been shown that TGF-$ induces fibroblast proliferation 

responses in mice (Kendall et al, 1997). Thus the high levels of TGF-$1 in the 

unsutured limb wound tissues in the present in vivo study could well have augmented 

proliferation of the wound fibroblasts. A recent study has shown that in vitro growth of 

fibroblasts from tissues isolated h m  the horse limb is significantly less than growth of 

fibroblasts fiom the horse tnmk (Bacon-Miller et aI, 2000). However, the growth 

characteristics of the fibroblast may differ considerably between in vivo and in vim 

environments because of the presence of a variety of cellular growth mediators in the 

former, particularly those released upon wounding and inflammation. It has also been 

shown that TGF-f3 strongly induces coUagen [type 1 (IJalphaj secretion by mouse 

fibroblasts (Gordon and Galli, 1995). Thus, potentially increased numbers of fibroblasts 

secreting increased amounts of ECM could contribute to the gross and histologic 

responses observed in the limb wounds of my study. 

T d o r m i n g  growth factors-pl and -83 have similar in vitro effects but in vivo 

their expression patterns (spatial and temporal) and roles apparently are specific. In pig 

(Kane et al, 1991) and mouse (Frank et al, 19%) skin, whether full- or partial-thickness, 

excisional wounding induces high level expression of TGF-$1 protein at 24 hours post- 

injury, with a decline by seven days. In contrast, in the mouse model, TGF-$3 is not 



detected until four days after wounding, and reaches maximal levels (125-fold increase 

over baseline) at seven days post-wounding- My data h r n  all wounds (limb and thorax, 

sutured and u~lsutured, bandaged and tmbandaged) support the hypothesis that there is a 

differential regulation of TGF-PI and TGF-$3: when TGF-$1 expression is high, TGF- 

$3 expression is low and vice versa It has been reported that when the ratio of TGF-B3 

to TGF-$1 is elevated, wounds hed with reduced scarring ( O w e  and Ferguson, 1997). 

Transforming growth &or433 protein was expressed earlier and at higher levels 

in the unsutured thoracic wounds compared to the unsumd limb wounds, although 

possibly because of a great inter-subject variability and insufficient power of the study 

design, these findings were not statistically significant Higher levels and earlier 

expression of this antifibrotic protein could potentidly be important in limiting the 

fibrotic process in the thoracic wounds relative to equivalent wounds of the legs, heding 

by second intention. Thus it is not dEcuIt to envisage a scenario in which the 

significantly reduced expression of TGF-PI combined with the earlier expression of 

TGFrp3 would substantially downregulate !he fibrotic processes in the thoracic 

wounds. Conversely, and more importantly, the persistent expression of TGF-$1 and 

delayed expression of TGF-p3 could well be related to the grossly exagerated 

proliferative phase of healing commonly associated with wounds located on the distal 

aspect of the limb in horses and healing by seeand intention. This trend towards high 

levels of TGF-p 1 and low IeveIs of TGF-B3 has been identified in in vivo studies of 

keloids (Lee et al, 1999), lesions that h d  with an exaggerated proIiferative phase. 

Similar comparisons were impossible to make for the sutured wounds since in 

the case of the limb, TGF-p3 txpression was d c .  Problems may arise when sampling 

tissue to detect growth fktors. Sampling is not necessady performed at the precise site 

of inflammation and results q r a a t  average concentrations (i.e. do not address I d  

gradients). Additionally, only growth factors not bound to cells or consumed in a 

reaction can be measured, Ea order to gain firaha insight into the biological actions of 



growth U r s ,  one could use immunohistochemistry to specifically Iodize their 

expression. I am currently using this method in the laboratory to assess differential 

expression across the wound sites and tissues. 

Although the expression kinetics of both TGF-b1 and 433 in group B horses 

resembled those in group A horses, the baseline values of the TGF-8 1 protein were ten 

times more elevated while those of the TGF-B3 protein were five times more elevated. 

In the case of TGF-B 1, these differences may be attniutable to the use of an ELISA kit 

from a Merent lot, although R & D Systems reports high inter-assay precision. 

Another factor must be responsl'ble for the variation in the TGF-p3 protein d u e s  since 

identical reagents were used for both groups. As mentioned earlier, one of the difficulties 

with in vivo studies is the multitude of variables encountered. The horses were matched 

as closely as possible for such factors as age, gender, systemic status and environmen~ 

however they necessarily diffefed geneticalIy. 

Contrary to the comparison between sites, there were no significant differences 

in TGF-PI protein levels between limb wounds healing normally and those developing 

proud flesh under bandages. Likewise, no significant differences existed in TGF-P3 

expression. This was unexpected. Indeed, based on previous literature and my hdings 

in group A horses, I anticipated higher levels of the profibrotic isofom (TGF-B I) and 

lower levels of the antifibrotic isoform (TGF-$3) in the wounds developing exuberant 

granulation tissue. There exist scveral postulates that may expIain the discrepancy 

between my hypotheses and my hdings. As descri'bed above, sampling and analysis 

m r s  are potentid causes, as is itlslrfficient power of the study design. Indeed, 

according to Howell (HowelI, 1997), in order for even a Iarge effect to be detected with 

paired-sample Student's t-testing, I would require 49 horses! 

Another possl'bility is that, contrary to cells of normally healing wounds in 

which most of the TGF-bl exists in a l a m  form, the TGF-PI found in wounds 

developing proud flesh was in an active foxm, such as demonstrattd for the 



hypertrophic sw (Messadi et al, 1994). The ELISA activates TGF-$ before measuring 

it, thus this distinction wodd be lost although it is a fimctionaIIy &tical one. Indeed, the 

dressings may have created an acidic (hypoxic) environment conducive to activation. 

Immunohistochemistry, incIuding the use of antihuman latency-associated polypeptide 

(LAP) TGF-P I detection antiodies (Sullivan et al, 1995) wodd enable one to determine 

the proportion of each form of TGF-p I present. 

AIternatively, it may be that the IeveIs of TGF-@I and TGF-$3 truly are 

equivalent between wounds healing normally and those developing proud flesh 

experimentally. The studies of Shah and colIeagues (Shah et al, 1992; Shah et aI, 1994; 

Shah et aI, 1995) have established a cause-and-effect relationship between TGF- 

fiITTGF-@2 and the upregulation of fibrosis, and have concluded that the ratio of the 

three isofom may be decisive in determining scarring levels. Polo and colleagues have 

recently identified a c a d  relationship between elevated levels of TGF-$2 and 

proliferative swring (Polo et al, 1999). Based on previous wound h a g  studies in 

which the levels of the three isoforms were measured (Frank et d, t 996; O'Kane and 

Ferguson, 1997), I feh that the chances of detecting differences in expression wodd be 

greatest when measuring the type 1 and 3 isofom. Indced, Fraok and colleagues found 

that in a model of murine wound healing, TGF-B2 levels increased only 3340% as much 

as those of TGF-$1 and TGF-B3 (Frank et d, 1996). It is possible that horse skin 

behaves differently upon wounding, with more important augmentations in profibrotic 

TGF-@2 levels than in TGF-fil, and that the TGF-p2 protein is expressed more 

generously in the Iimbs healing with proud flesh. In support of this, Stecl and coUeagues 

recently reported that topical application of recombinant human TGF-$1 does not 

enhance the formation of granulation tissue m htaling cxcisional dermal wounds of 

horses (S tee1 et a .  1999). If indeed equine skin behaves differclltly h m  that of 0th 

species, the ratio of profibrotic (TGF-p2) to antifibrotic PGF-$3) TGF-B codd favor 

scarring, even in the absence of Iower levels of TGF-B3 in bandaged limbs- 



Factors presumed to be associated with excessive granulation tissue include Iack 

of underlying muscle and minimal bIood supply to the distaI portion of the Limb (leading 

to relative hypoxia), chronic inflammationlinfection, and imbaIance of collagen synthesis, 

deposition and Iysis. In my model, I believe that bandaging renders the wound 

environment slightty hypoxic and more acidic, both of which stimulate production of 

collagen from fibroblasts (Hunt et aI, 1968). 

A recently proposed hypothesis about the mechanism underlying the 

development of excessive dermal scarring r e b  to the transformation of a subset of 

fibroblasts toward increased TGF-p responsiveness. Transient accumulation of these 

modified cells at the site of healing of deep dermal wounds could lead to a pathologic 

end, such as excessive collagen deposition and fimsis (Sempowski et al, 1995). The 

altered phenotype may result from a particular wound environment (eg: hypoxic) that 

encourages the growth of specific ciones of fibrobIasts able to tolerate this environment 

(Garner, 1993; Hakkinen et al, 1996). For example, some £ibrobIasts may overexpress 

types I and I1 TGF-B receptors. Indeed, Falanga and Julien have demonstrated that the 

number of TGF-p binding sites (receptors) increases 37% in fibblasts cultured in a 

hypoxic environment (Fdanga and Julien, 1990). Thus, ahhough the Ievels of TGF-p1 

protein within the wounds healing with excessive granulation tissue appeared normal, 

the fibrobIasts within these wounds could be far more responsive to the growth &or 

and its profibrotic effects. This may expIain why reduced ambient oxygen tension is a 

stirnuIus for angiogenesis in granulation tissue and s i m ~ e o u s l y  impedes epithelial 

migration (Saver, 1972). There exist paired ELISA capture and detection m'bodies to 

the TGF-B-II receptor (Schmid et aI, 1998) which may elucidate this issue- Indeed, 

Schmid has demonstrated the presence of these TGF-PRI and TGF-p-RII- 

overexpressing fibroblass in Erypertropbic scars and has finther documented that they 

persist for Ionger periods in this type of wound than in normally healing ones (Schmid 

et al, 1998). Another approach to identify these dennd fibrobIast subpopulations wodd 



be to identifL differentially expressed cell-slaface markers with in situ hybridization 

(Gamer et al, 1993). 

The temporal expression of bFGF resembled that of TGF-P 1 in all wounds with 

peak protein levels attained 1240-24 hours after injury. This peak slightly preceded the 

start of the synthetic phase of repair when granulation tissue was produced, There were 

no si@cant differences in bFGF protein levels between sites or between treatments 

(unsutured versus sutured, unbandaged versus bandaged). Steenfos et a1 have shown that 

the expression of bFGF is increased in granulation tissue as compared to the dermis at 

the wound margin (Steenfos et al, 1993). Since in my study, biopsies comprised the 

wound border and excluded most of the mass of grandation tissue present in the center 

of the wounds, it is possible that despite my results, the levels of bFGF in the wounds 

exhibiting enhanced gmukion (limb as compared to thorax, bandaged as compared to 

unbandaged) are in reality quite different (higher). Superior levels would favor 

angiogenesis and subsequent co~mective tissue deposition. Indeed, bFGF sets the stage 

for angiogenesis during the first three days of wound healing, whereas VEGF, released 

by epidermal cells, is critical for this process during the formation of granulation tissue 

on days four through seven (Singer and Clatk, 1999). Since VEGF is a hypoxia-inducible 

direct angiogenic factor (Steinbrech et aI, 19991, it wouId have been interesting to 

measure its levels in the bandaged worn&. 

The levels of bFGF in uawouuded skin were high in both anatomical sites. 

Following the peaks achieved shortly after wounding, these leveIs dropped to below 

baseline in all wounds. I did not observe this phenomenon when measuring the other 

growth factors. It is possl'ble that wouuding depletes the intracellular stores of bFGF. 

This would explain the constinrtive expression of the growth factor by normal, intact 

slcin, the peak levels attained shortly post-wounding as the synthesizing cek are 

damaged, and the subsequent drop in ievels as the i&mm&q response to womding 

abates. As well, the wound area becomes relatively acciIulat for a period of time, until 

the fibroblast population matches that of unwouuded skin. This could expIain the sub- 



baselint Ievels measured from approximately five days on in unsutmd wounds (limb 

and thorax, uuhdaged and bandaged). The sunned wounds, in which healing 

progressed more rapidly, experienced a rebound in bFGF levels at ten days post- 

wounding, perhaps co~lcomitant with the normaIization of fibroblast numbers. 

Additionally, despite the low [eveis of bFGF duriug the proliferative phase of heating, 

the growth factor may still have been exerting its effects via an increased number of 

fibroblast receptors (Gamer, 1993; Hakkinen et al, 1996). 

In view of the paucity of significant results obtained in group B horses, it seems 

appropriate to question whether the experimental model of proud flesh is truiy 

reflective of naWIy occuring cases seen in practice. 

Susceptibility to the formation of proud flesh is no doubt multifactorial md may 

be under genetic control. Indeed, the horse appears predisposed to this abnormality of 

wound healing, in comparison with other species (Chvapil et aI, 1979). A familial 

predisposition to keloids has been described among humans of the black race (McCauley 

et ai, 1992; Thomas et al, 1994). It would be interesting to compare the cytokine/growth 

factor profile in periphed blood of horses and other members of the equine species in 

order to determine whether pathologic overhaling of the dermis in the horse is related to 

either an excessive profibrotic or a deficient antif?brotic growth factor profile. 



7 CONCLUSION 

The present in vivo study is the first to document the kinetics and levels of 

TGF-$1, TGF-B3 and bFGF protein expression in experimentally created skin wounds 

of both the limb and the thorax of the horse. Expression of all three growth factors is 

upregulated during equine wound repair, both normal and excessive. 

There appears to be a differential regulation of TGF-B1 and TGF-P3 during 

equine wound healing; when TGF-$1 expression is high, TGF-$3 expression is low and 

vice versa. This is true regardkss of site (limb versus thorax), method of healing (first 

intention versus second intention), or outcome ( n o d  scar versus proud flesh). 

Distinct and significant differences exist between limb and thoracic wounds 

healing by second intention, with respect to their growth k t o r  profile during the 

reparative phase of healing. Specifically, the profibrotic isofom TGF-$1 maintains 

persistently elevated levels in limb wounds which heal with more abundant granulation 

tissue, in contrast to thoracic wounds in which TGF-81 retums to baseline levels by 14 

days postoperatively. This finding supports part of my original hypothesis. 

Unfortunately, I was unable to confirm my hypothesis with the model of proud 

flesh (bandaged limb wounds) that I employed in this study. Numerous explanations for 

this abortive attempt exist and have been invoked in the disfussion. 

Future studies to eIucidate this phenomenon should undertake the study of 

proud flesh in clinical cases, as it is possible that my bandage model does not truly 

reflect the pathogenic process. Levels of TGF-b2 should also be measured and 

immunohistochemistry to differentiate the latent and active forms of TGF-$ is requisite. 



Addidody, it might be instructive to utilize paired ELISA capture and detection 

antibodies to measure quantities of TGF-p receptors present on the wound fibroblasts. 
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