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I. INTRODUCTION 

A. Statement of the Problem 

Pluronic polyols have been shown to enhance early wound 

healing and strength by increasing blood flow in the 

.microcirculation, by reducing edema and by reducing blood 

viscosity (McPherson et al., 1991; Hymes et al., 1977; Ketchum 

et al., 1974). Transforming growth factor beta (TGF-~) has 

been shown to improve wound strength by stimulating the 

production of collagen in wound fibroblasts (Mustoe et al., 

1987; Terranova et al., 1989; Wrana et al., 1988; Lawrence et 

al., 1986; Lynch et al., 1989). Since surgical intervention 

is often required in the treatment of periodontal disease, 

perhaps the above substances could be utilized to improve 

wound healing in the patient with periodontitis. The aims of 

this study are as follows: 

1. To examine the effects of intravenously injected 

pluronic polyol F-68 on the tensile strength and healing of 

incisional wounds in the rat 96 hours after surgery. 

2. To examine the effects of subcutaneously administered 

Transforming growth factor beta (TGF-~) on the tensile 

strength and healing of incisional wounds in the rat 96 hours 

after surgery. 
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3. To compare the ability of an inert carrier, a 2.5% 

methylcellulose gel, to enhance the effect of TGF-~ by 

providing a slow release mechanism for the growth factor. 

4. To evaluate the effects which the administration of 

both F-68 and TGF-~ would have on the wound tensile strength 

seen at 96 hours after surgery. 

5. To visually evaluate the histologic status of 

experimental wounds and compare this to wound tensile 

strength. 

B. Review of Related Literature 

Normal wound healing is considered to occur in several 

phases: hemostasis, inflammation, proliferation, and 

remodeling. Primary hemostasis consists of the formation of 

a platelet plug. Immediately after wounding, aggregation of 

platelets provides the first line of defense against 

accidental blood loss (Erbland, 1993). Platelets have long 

been known to play an important role in thrombosis and 

hemostasis. They also function in inflammation and wound 

healing through the release of numerous mediators which 

provoke increased vasculature permeability, leukocyte 

accumulation, fibroplasia, collagen synthesis, and 

angiogenesis (Terkeltaub and Ginsberg, 1988). Following a 

break in the vascular endothelium the P,latelets adhere to sub

endothelial substances such as collagen, fibronectin, and von 

Willebrand's factor. Once this happens the platelets become 

spherical, and undergo an internal contraction which releases 
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granules containing, among other substances, serotonin, Factor 

V (which promotes the formation of thrombin), calcium 

(required for clotting), thrombospondin (a glycoprotein that 

mediates or inhibits cell adhesion and regulates the growth of 

certain cells), adenosine diphosphate (which promotes the 

aggregation of additional platelets) , and transforming growth 

factor beta (TGF-,8) (Erbland, 1.993) . The platelet alpha 

granules are a major storage site for TGF-,8 (Morgan and 

Pledger, 1.992). Sequestered membrane surfaces of the 

platelets are everted and expose glycoprotein receptor sites 

for fibrinogen and the von Willebrand factor. This eversion 

also exposes PLA2 (phospholipase A,) , an enzyme that hydrolyzes 

the fatty acid from one of the membrane lipids to help 

increase platelet adhesion. Receptors for thrombospondin on 

the surface of platelets can hold two platelets together 

and/or attach fibrinogen to the platelet, thus increasing 

platelet adhesion. The platelets aggregate almost instantly, 

providing a temporary seal, and help facilitate clotting by 

the coagulation factors in the plasma. This formation of 

thrombi in the damaged blood vessels is accompanied by 

serotonin mediated vasoconstriction which helps reduce the 

loss of blood through the injury site (Erbland, 1.993) . 

Secondary hemostasis consists of the formation of the 

fibrin clot. The blood vessel disruption leads to plasma 

extravasation and extravascular fibrin clot formation. The 

clot is composed of crosslinked fibrin and fibronectin and 
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platelets that together entrap plasma fluid, plasma proteins, 

and blood cells. This fibrin gel matrix not only halts 

bleeding but also establishes a provisional matrix for the 

influx of inflammatory cells and parenchymal cells into the 

injured tissue, and is replaced over time by the vascular 

collagenous matrix that constitutes the healing wound. With 

time, the surface clot desiccates to form the familiar scab, 

which in turn sloughs as wound healing proceeds from below to 

the surface (Dvorak et al., 1988). 

Fibronectin is a cell adhesion protein that has 

transiently high levels in the extracellular matrix during 

wound healing. This protein aids wound healing by stimulating 

cell attachment and migration, and by forming the initial 

connective tissue matrix at wound sites. Fibronectin may 

arise from local synthesis by cells involved in wound healing 

(macrophages, endothelial cells, fibroblasts, certain 

epithelial cells) as well as from transport into the wound 

site by plasma. Its structure suggests a flexible molecule 

containing serial binding sites acting independently from one 

another, allowing fibronectin to link extracellular matrix 

molecules and cells such as fibroblasts to fibrin. 

Crosslinking of fibronectin to fibrin by factor XIIIa 

strengthens fibroblast attachment, and allows fibroblasts to 

proliferate in fibrin clots (McDonald, 1988) . The induction 

of fibronectin and collagen-related proteins, and their 

incorporation into the extracellular matrix is a general 
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response of cells to TGF-{3, The increase in fibronectin is an 

early event in the action of the growth factor and persists 

for many hours (Ignatz and Massague, l986) , 

An acute inflammatory phase, characterized by the influx 

of neutrophils and macrophages, occurs over the first few days 

following injury (Pierce et al., l99l) . Monocytes/macrophages 

carry out many functions through the release of soluble 

molecules that act on other inflammatory cells and on 

mesenchymal cells to regulate their phenotype and function. 

This inflammatory response is essential for the repair and 

restoration of structural and functional integrity of damaged 

tissue, and the cells that carry out this process are drawn to 

the injured area by chemoattractants. 

Chemoattractants and growth factors are substances that 

influence the healing process. Chemoattractants are peptides, 

proteins, or fragments of proteins, that can induce cells to 

move toward the source of the chemoattractant, while growth 

factors are proteins or peptides that acting alone, or in 

combination, induce cells to initiate DNA synthesis and cell 

division. Chemoattractants are released in the wound as a 

byproduct of the clotting process, with aggregated platelets 

a particularly rich source of these factors (Martin and 

Peacock, l992) . For a cell to respond to a chemoattractant it 

must have high affinity receptors for the factor, and the 

expression of these receptors can be influenced by growth 

factors. The selective increase or decrease of cell surface 
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receptors by growth factor stimulus allows the independent 

control of different cell types during the healing process. 

Some growth factors can also express chemotactic activity, and 

are termed mitoattractants (Martin and Peacock, l.992). One of 

the most potent chemoattractants that can be found in an 

' inflammatory site is transforming growth factor beta (TGF-~) , 

which is a product of platelets, neutrophils, monocytes, and 

lymphocytes. TGF-~ can stimulate monocytes to produce 

monokines such as interleukin-J. (IL-l.), which contribute to 

the inflammatory network (Wahl and Wahl, J.992). Many of the 

other cells drawn to the injury site also produce mitogens and 

chemoattractants that sustain the cellular activities (Martin 

and Peacock, l.992) . 

TGF-~ is a protein consisting of two identical 

polypeptide chains with a total combined molecular weight of 

25 kilodaltons. It was first detected on the basis of its 

ability to induce anchorage-independent growth of normal rat 

fibroblasts (Whallen and Zetter, J.992). Addition of TGF-~ in 

vivo increases granulation tissue formation and the tensile 

strengths of healing dermal wounds (Mustoe et al., J.987). It 

can stimulate the proliferation of many cell types, and is 

involved in the formation of extracellular matrix by 

influencing the production of collagen and fibronectin 

(Terranova et al., J.989). 

It is during inflammation that TGF-~ may have another 

effect on wound healing. TGF-~ can antagonize the synthesis 
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of the protein identified as cathepsin L by human fibroblasts. 

Cathepsin L, which is optimally active at acidic pH, is the 

major collagenolytic cathepsin (Wahl and Wahl, 1992). 

Transformation of a provisional fibrin matrix into mature 

stroma occurs during the proliferation phase of wound healing, 

and requires several sets of cellular events. First comes the 

replication of adjacent fibroblasts and endothelial cells, 

mediated in part by platelet secreted products. Next, cells 

migrate into the fibrin gel, to include macrophages, 

fibroblasts, and blood vessels. The provisional gel matrix is 

then degraded and replaced with newly synthesized stromal 

components such as collagen (Dvorak et al., 1988). In normal, 

uninjured tissue, fibroblasts are sparsely distributed and are 

generally inactive in the connective tissue matrix. After 

injury, the fibroblasts are stimulated to migrate from 

adjacent tissues into the wound site, where they proliferate 

and begin producing collagen, elastin, and proteoglycans, to 

rebuild the connective tissue (Morgan and Pledger, 1992) . 

Growth factors increase cell numbers in the wound and can 

indirectly increase collagen synthesis. Most growth factors 

also stimulate the production of collagenase and subsequently 

favor the degradation of collagen. Transforming growth factor 

beta (TGF-~) is different in that it strongly stimulates the 

formation of collagen, but suppresses the production of 

procollagenase (Jeffrey, 1992). It has also been suggested 

that TGF-~ enhances wound healing by direct stimulation of the 
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synthesis of connective tissue by fibroblasts and indirect 

stimulation of fibroblast proliferation mediated by platelet 

derived growth factor (PDGF) (Morgan and Pledger, 1992) . 

TGF-~ has a somewhat paradoxical effect on angiogenesis 

during healing. In vivo it stimulates blood vessel formation, 

but in vitro it blocks both endothelial proliferation and 

motility. These effects appear to be dependent upon the 

composition of the extracellular matrix that supports the 

cultured cells. TGF-~ induces the formation of a three 

dimensional capillary-like network of endothelial cells grown 

in collagen gels, but not of endothelial cells grown on tissue 

culture plastic. Because both cell motility and proliferation 

are important aspects of the angiogenic process, it is 

possible that the environment in vivo somehow reduces the 

inhibitory activity of TGF-~ and is permissive for its 

stimulatory activities. Due to TGF-W s ability to attract 

monocytes, its angiogenic activity may be considered an 

indirect effect due in part to the production of direct-acting 

angiogenic factors from monocytes attracted to the injury site 

by the activity of the growth factor (Madri et al., 1988). 

Each of these phases is what could be, considered a major 

rate-limiting step in the wound healing process. Step one is 

hemostasis, and is controlled by platelets· and clotting 

factors in the blood and surrounding tissues. Next is the 

proliferation and migration of reparative cells (fibroblasts) 

into the wounded area, which. is mediated by chemoattractants 
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and growth factors. The functions of fibroblasts during wound 

healing are controlled by the interaction of several factors 

produced locally by the different cell types involved in wound 

healing. These regulatory factors possess both stimulatory 

and inhibitory activities and in some cases control more than 

one fibroblastic function. The response of fibroblasts to any 

one given factor may depend upon the proliferative state of 

the cells, the concentration of the mediator, and/or the 

presence of other regulatory substances (Morgan and Pledger, 

1992). The third rate-limiting step is the synthesis and 

subsequent remodeling of collagen (Lawrence et al., 1986). 

Collagen is the primary structural component of repaired 

tissues. The production of collagen by fibroblasts is an 

elaborate process involving several intracellular and 

extracellular events (Mast, 1992). The expression of collagen 

genes can be altered by growth factors. TGF-{3 stimulates 

collagen production by both transcriptional (production of 

collagen mRNA), and post-transcriptional processes, but it 

appears not to be a collagen specific effect since overall 

protein synthesis is also increased. In the cytoplasm, 

collagen mRNA is translated to form a precursor molecule 

called preprocollagen. The preprocollagen undergoes extensive 

post-translational modification as it is transported into the 

rough endoplasmic reticulum, where hydroxylation of proline 

and lysine residues occurs. Hydroxylation of proline to 4-

hydroxyproline will allow the pro-alpha· chains to produce a 
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for 

glycosylation and for the formation of certain covalent 

intermolecular cross links that will help the collagen fibril's 

tensile strength. After the pro-alpha chains have been 

synthesized and modified, they are assembled into trimers and 

translocated through the Golgi complex to be released into the 

extracellular environment. Once the procollagen has been 

released it is converted into collagen monomer by proteolytic 

cleavage of the amino and carboxyl-terminal propeptide 

extensions. The collagen monomers spontaneously assemble into 

fibrils, and intermolecular crosslinks form that stabilize the 

fiber and provide tremendous tensile strength and 

insolubility. As the tissue ages there is further maturation 

of collagen crosslinks, with conversion of divalent crosslinks 

into more stable and complex crosslinks (Phillips and 

Wenstrup, 1992) . Some collagen crosslinking is responsible 

for wound strength as early as day 7, and contributes to the 

majority of wound strength by day 21 (Pierce et al., 1991). 

When collagen neosynthesis and deposition was examined in 

normal wound repair, Type III collagen was demonstrated at the 

earliest phase. Immunologically detectable Type III collagen 

and procollagen were detected 24 to 48 hours after surgical 

procedures in children (Miller and Gay, 1992). From 72 hours 

onward, a substantial increase in Type I collagen was 

associated with the appearance of mature wound fibroblasts. 
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Other studies on the relative rates of collagen synthesis have 

shown that in rats the relative percentage of Type III 

collagen synthesis is increased by 30% over controls as early 

as 10 hours after the start of wound healing in skin. By 24 

hours, the percentage of Type III collagen produced had 

returned to the normal value of 20%. Another study reported 

that granulation tissue in rats contained significantly higher 

levels of Type III collagen than normal skin. The early 

appearance of collagen Type III was further demonstrated to be 

associated with the deposition of fibronectin, which together 

may provide the initial scaffold for subsequent healing events 

(Miller and Gay, 1992). The deposition of collagen at a high 

rate begins after about 3 days post wounding, and lasts 

approximately 2 months (Pierce et al., 1991). 

Remodeling is the last and longest phase of wound 

healing. It is during this period that the principal 

processes occurring are the dynamic remodeling of collagen, 

and the formation of the mature scar. The net deposition of 

collagen is a balance between collagenolytic activity and 

collagen synthesis, such that production and degradation are 

ongoing, yet opposing processes. During remodeling the 

tensile strength of the wound continues to increase despite a 

decrease in the rate of collagen synthesis. This gain in 

strength is a result of structural modifications of the newly 

deposited collagen (Mast, 1992). 
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The process of collagen remodeling and crosslinking lasts 

from about 2 weeks to l. year after wounding (Pierce et al., 

1.991.) . The remodeling of connective tissue that occurs during 

wound healing involves both the degradation of the 

extracellular matrix and the coordinated synthesis of new 

matrix components. A net increase in matrix accumulation may 

be contingent on the reduced activity of matrix-degrading 

proteinases, suppressed either in their synthesis or by 

proteinase inhibitors. Several related neutral metalloendo

proteinases that can degrade matrix components have been 

implicated in these processes. Tissue collagenase is 

synthesized in a latent form (procollagenase) that, on 

activation, can cleave the native triple helical region of 

group l. interstitial collagens into characteristic 3
/ 4 and 1

/ 4 

collagen degradation fragments, which can be further degraded 

by gelatinase and collagenase itself. Stromelysin is active 

against gelatin, fibronectin, proteoglycan core protein, and 

laminin, while telopeptidase may also facilitate 

collagenolysis by the cleavage of the carboxy-terminal 

telopeptide region of collagen. Cellular control of these 

proteolytic enzymes is exerted at several levels, including 

their synthesis and secretion, activation, and inhibition by 

the stoichiometric complexing of the specific matrix 

metalloendoproteinase inhibitor to the activated enzymes. 

TGF-~ can suppress the activity of collagenase directly by 

decreasing procollagenase synthesis, and indirectly by 
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increasing tissue inhibitor of metalloendoproteinase (TIMP) 

and plasminogen activator inhibitor (PAI-l) synthesis. TGF-~ 

also decreases the synthesis in normal cells of both urokinase 

and tissue-type plasminogen activators, which are serine 

proteinases that catalyze the conversion of plasminogen to 

plasmin, a proteinase that can degrade many of the 

extracellular matrix proteins. Consequently, it appears that 

TGF-~ can suppress both of the major extracellular 

collagenolytic ,pathways that are believed to operate during 

inflammation and wound healing. These include the matrix 

metalloendoproteinase collagenolytic pathway active at neutral 

pH, and the catheptic collagenolytic pathway which can operate 

at the lowered pHs found in inflamed tissues (Overall et al., 

1989) . 

The major protein synthesized by dermal fibroblasts is 

collagen Type I. TGF-~ is thought to directly activate 

procollagen Type I synthesis in fibroblasts, without the need 

for wound macrophage activity. In a macrophage-depleted wound 

healing model, TGF-~, upon direct application to a wound, 

further increased wound tensile strength, thus suggesting that 

an acute inflammatory phase is not necessary for TGF-~ to 

function (Pierce et al., 1991) . TGF-~ can stimulate the 

expression of certain mRNAs (collagen Types I and III, 

elastin, fibronectin, TGF-~ itself) and can also inhibit the 

accumulation of at least one mRNA (stromelysin) . Stromelysin 

is a member of the neutral metalloproteinase family that 
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includes collagenase and gelatinases (Quaglino et al., 1991). 

Stromelysin can degrade fibronectin, laminin, type IV 

collagen, and cartilage proteoglycan (Jeffrey, 1992). The rat 

homologue of human stromelysin is transin, which is similarly 

affected by TGF-~ (Overall et al., 1989). 

In human platelets, mature TGF-~ is a 25 kilodalton 

polypeptide composed of two identical disulfide-linked 

subunits. Each subunit is a 112 amino acid monomer that is 

derived from the carboxy-terminal portion of a 390 amino acid 

precursor. Mature TGF- ~ is released in a biologically 

inactive form complexed with the amino-terminal part of the 

TGF-~ precursor and a specific binding protein (Pfeilschifter, 

1990) . Activation of TGF-~ may correspond to the dissociation 

of already cleaved precursor peptides from the active TGF-~ 

dimer (Morgan and Pledger, 1992), and increases exponentially 

with decreasing pH. Limited proteolysis can also cause a more 

generalized activation, with plasmin and cathepsin D both 

having been implicated in this process (Pfeilschifter, 1990). 

TGF-~ functions as an enhancer of extracellular matrix 

formation through two mechanisms: (1) TGF-~ stimulates 

synthesis of extracellular matrix (ECM) components such as 

collagen, fibronectin, and osteonectin (Wrana et al., 1988; 

Roberts et al., 1986) by increasing the levels of gene 

transcription and mRNAs (Matsuda et al., 1992), and (2) TGF-~ 

also has the ability to inhibit proteolytic degradation of 

newly formed matrix components. This is achieved by 
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suppression of the synthesis and secretion of lysosomal 

enzymes (Overall et al., 1989; Chiang and Nilsen-Hamilton, 

1986) and by an increase in the synthesis and secretion of 

type I plasminogen activator inhibitor. Inhibition of 

plasminogen activator blocks the conversion of plasminogen to 

plasmin (Laiho et al., 1986). This decreases the amount of 

plasmin, a protease capable of activating the conversion of 

latent collagenase and other enzymes to active forms which 

then degrade ECM components. These unique effects of TGF-/3 on 

connective tissue cells result in a net increased accumulation 

of ECM components by these cells (Matsuda et al., ·1992). 

In .a study by Lawrence et al., TGF-/3 as compared to 

epidermal growth factor (EGF) , platelet derived growth factor 

(PDGF) , and insulin was found to have the greatest individual 

effect in significantly increasing the amount of 

hydroxyproline (nmol/chamber) produced in Adriamycin-induced, 

healing-impaired rats with incisional wounds. Twenty days 

after their implantation, wound chambers containing TGF-/3 all 

showed increased cellularity and more evidence of 

neovascularization than unsupplemented chambers and "other" 

supplemented chambers not containing TGF-/3. The types of 

collagen produced in the TGF-/3 chambers were similar to the 

types produced in the control chambers. It was also 

determined that Adriamycin-induced healing deficits were 

reversed only when 100 ng/ml of TGF-/3 was used. Doubling the 

concentration of TGF-/3 did not significantly alter that 
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observation relative to 100 ng/ml TGF-~ alone (Lawrence et 

al., 1986). The above agree with the work of Roberts et al. 

(1986) which showed that TGF-~ caused a marked increase of 

proline and leucine incorporation into collagen by rat 

fibroblasts under in vitro conditions (Roberts et al., 1986). 

In a study involving TGF-~ in partial thickness porcine 

skin wounds, it was found that the TGF-~ treated wounds showed 

a 148% increase in the thickness of new connective tissue 

(dermis) and a 101% increase in the number of fibroblasts 

within wound sites. Wounds receiving TGF-~ alone cont_ained 

more organized mature collagen fibers near the base than 

control wounds. Correspondingly, hydroxyproline content was 

increased 213%. The TGF-~ treated wounds also showed a marked 

increase in mononuclear inflammatory cells (typically 

macrophages) and blood vessel formation. This inflammatory 

response is suggested to be the result of a direct effect of 

TGF-~ on monocytes (Lynch et al., 1989). 

Using a rat model, Pierce et al. investigated the effects 

of growth factors in three sequential tissue repair processes: 

inflammatory cell influx, intracellular procollagen Type 1 

(PC-1) synthesis, and collagen cross-linking. Fibroblasts in 

TGF-~1 treated wounds had a nearly twofold increase in 

intracellular levels of PC-1 protein over· controls, and it was 

felt that TGF-~1 directly enhanced PC-1 synthesis (Pierce et 

al., 1991) . A possible explanation for this may come from the 
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fact that TGF-~ has been found to cause the upregulation of 

certain cell receptors called integrins. 

Integrins are a superfamily of cell adhesion receptors 

that play a major role in the mediation of adhesive 

interactions between cells and their environment {Ignotz et 

al., 1989). Two integrins, alpha2 beta1 and alpha3 beta1 , are 

upregulated in response to TGF-~1 , and mediate cell attachment 

to Type I collagen. The integrin alpha5 beta1 {fibronectin 

receptor) is also enhanced by TGF-~1 • The upregulation is a 

result of increases in mRNA levels of the cell adhesion 

proteins, and the available evidence suggests the involvement 

of transcriptional as well as posttranscriptional events in 

this response. By modifying the balance of individual alpha 

beta1 integrins, TGF-~~ might modulate those aspects of cell 

migration, positioning, and development that are guided by 

adhesion to extracellular matrices {Heino et al., 1989). 

TGF-~ has been shown to be a potent, auto-inductive 

modulator of connective tissue remodeling during the repair 

process. Quaglino et al. {1991) found that exogenous 

administration of TGF-~ in split-thickness, excisional wounds 

in the pig enhances granulation tissue formation. The 

stimulatory effect of TGF-~1 on granulation tissue formation 

was accompanied by a distinct enhancement in cells expressing 

mRNA for several different extracellular matrix proteins 

including collagens Types I and III and elastin. A single 

injection of TGF-~1 at the wound site diminished the 
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expression of stromelysin and enhanced the frequency and 

intensity of cells expressing TGF-~1 (Quaglino et al., 1991). 

The other therapeutic agent evaluated in this research 

was the Pluronic polyol F-68. Pluronic polyols are a class of 

chemical compounds known as non-ionic surfactants. They were 

first synthesized in the 1950's and are used in many forms in 

today' s society (BASF, 1973) . The Pluronic polyols have 

physical forms which range from liquids to pastes to hard 

solids. Their molecular weights range from 1,000 to 14,000, 

and their physical properties depend upon the hydrophobic

hydrophilic ratio of the molecular profile. A Pluronic polyol 

can be selected to either gel, bind, stabilize, plasticize, 

emulsify, demulsify, lubricate, disperse, wet, cleanse, or 

control viscosity (Ketchum et al., 1974). 

Pluronic F-68, polyoxypropylene- polyoxyethelyne glycol, 

is a non-ionic surface active agent of very low toxicity with 

a molecular weight of 8,200 daltons. It is soluble in water 

in concentrations up to 25%, and is excreted unchanged by the 

kidney within 90 minutes following intravenous administration 

(Grover et al., 1973). The polyoxyethylene component of F-68 

is a hydrophilic radical, and the polyoxypropylene chain is 

hydrophobic. The hydrophobic tail of surface active agents 

has been shown to penetrate the interior of protein molecules, 

leaving the hydrophilic portion projecting freely from the 

molecule. This portion then attracts water molecules which 

form a hydration lattice around the protein and enhance it's 
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stability (Dowben and Koehler, 1.961.; Koehler and Dowben, 

1.961.) . The F-68 assisted stable hydration lattice is thought 

to protect plasma proteins, lipoproteins, and erythrocyte and 

platelet membranes from denaturation, and thus decrease the 

potential for circulatory deterioration during perfusion. The 

binding between surfactant and protein is sufficiently weak 

and reversible so that no permanent structural change takes 

place within the protein molecule (Grover'et al., 1.973). 

Topically applied F-68 is an effective wound cleansing 

agent that does not interfere with healing nor does it 

increase the incidence of infection (Rodeheaer et al., 1.975). 

Parenterally administered f-68 has been shown to lower blood 

viscosity in dogs undergoing cardiopulmonary bypass (Grover et 

al., 1.973). Pluronic F-68 given IV has been shown to nearly 

double wound strength in surgical incisions on rats over 96 

hours post surgery (McPherson et al., 1.991.). In a study by 

Ketchum et al., (1.974), F-68 administered to rabbits at the 

time of microvascular surgery resulted in a reduction in 

microvascular clotting and improved vessel anastomoses. 

Ketchum noted that F-68 has been shown to produce a decrease 

in platelet adhesiveness, lower whole blood viscosity and 

cellular resistance, and reduce sludging in hemorrhagic shock 

(Ketchum et al., 1.974; Hymes et al., 1.971.). 

Other Pluronic polyols such as F-1.27 have been shown to 

have beneficial effects upon wound healing also (McPherson et 

al., 1.991.). F-1.27 is a water soluble solid with a molecular 
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Paustian et al., (1989), observed a 

positive therapeutic effect of Pluronic F-127 in reducing 

wound contraction of 3rd degree burns in rats. The 48 hour 

post trauma wound contraction was 15% greater in controls 

receiving saline injected into the tail vein 30 minutes after 

burn versus those rats receiving 8ml/kg body weight of F-127. 

Histologically the degree of vascular necrosis, fibrin 

deposition, perivascular fibrosis, edema, and red blood cell 

extravasation in the dermis, submucosa, and mucosa were 

greater in the saline treated animals versus those receiving 

F-127. These findings suggest F-127 has some beneficial 

effect during the early stages of the inflammatory process 

(Paustian et al., 1989; Shahan, 1992). 

In a study of wound healing in rats, Shahan (1992) 

compared the topical application of F-68 and F-127 to skin 

wounds in either a powder form, or used as an irrigating 

solution. It was determined that both F-68 and F-127 provided 

an increase in wound strength at 96 hours after wounding. The 

irrigation of F-127 into the wounds showed the greatest 

enhancement of tensile strength, indicating that a reduced 

'local dose may provide a better response than the relatively 

high local dose seen in the powder applications. 

Administration of the pluronic F-127 reduced the formation of 

the fibrin clot in rats. This initially resulted in a 

decreased tensile wound strength because the fibrin clot 

provides some of the initial wound strength. However, an 
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increased wound strength became apparent at 96 hours post 

injury. Shahan (1992) theorized that the thinner fibrin clot 

resulted in a reduced wound dead space and permitted enhanced 

vascularization, with a resultant increase in deposition of 

collagen (Shahan, 1992). 

The increase in wound strength may be related to the 

polyols' effects on the blood components resulting in an 

increased blood flow in the microcirculation, reduced edema, 

and a reduced blood viscosity. Such effects would enhance 

blood flow into wound sites and increase the availability of 

oxygen and nutritional substances such as glucose, amino 

acids, and electrolytes to the cells involved in the wound 

repair (Shahan, 1992). 

Wound healing is mediated by a variety of cells which are 

drawn to the wound in an organized fashion. The processes 

that control bleeding also generate byproducts which 

facilitate repair mechanisms. Initially there is a rapid 

entrance of platelets, neutrophils, and macrophages into the 

damaged area to debrid~ the wound, destroy contaminating 

microorganisms, and in the case of platelets and macrophages, 

serve as a source of growth mediators for fibroblasts and 

endothelial cells. The fibroblasts will replace the lost and 

damaged extracellular matrix, the endothelial cells will 

restore the blood supply, and epithelial cells will migrate 

out from the edges of the wound to form a protective cover. 

The rates at which these cells enter the wound site, and how 
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quickly they proliferate, will help determine how fast the 

wound will heal (Martin and Peacock, 1992). The regaining of 

tensile strength in a wound is critically dependent upon the 

synthesis and deposition of collagen, which in turn is related 

to the number of fibroblasts in the wound. Collagen synthesis 

is also determined by the oxygen tension in the wound and by 

the availability of nutritional factors, such as ascorbic acid 

(Jeffrey, 1992). Polyols can play a part in enhancing wound 

healing by improving wound microcirculation. The increase in 

tensile strength of incisional wounds in rats can be 

attributed to an increased deposition of collagen. An 

increase in numbers of fibroblasts, and an improved ability to 

synthesize collagen, are thought to be directly related to the 

oxygen concentration and to the nutrition available at the 

wound site (Shahan, 1992) . 

In summary, the effects of transforming growth factor 

beta and Pluronic polyols on wound healing in rats is an 

incredibly complex subject. TGF-{3 has multiple effects on the 

wound healing process, both direct and indirect. From the 

moment of the initial incision in the skin, endogenous TGF-{3 

is involved in the healing process, exerting a regulatory 

influence over everything from chemoattraction of repair 

cells, to stimulation or inhibition of various factors, 

enzymes, or cellular products. The preponderance of current 

research indicates that the overall effect of TGF-{3 in wound 

healing is beneficial, stimulating an increased wound strength 
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through enhanced deposition of collagen, and by indirectly 

enhancing angiogenesis in the wound. Addition of exogenous 

TGF-.8 to a wound has demonstrated a transient increase in 

early wound strength that may prove useful in future care of 

the surgical patient. Just as useful are the Pluronic polyols 

that have provided positive effects in the healing of wounds 

in rats by improving microcirculation, decreasing inflammation 

and edema, and increasing early wound tensile strength. It 

could be speculated that through the combined use of both 

agents, TGF-.8 and Pluronic polyols, the healing process could 

be enhanced even more, providing the wounded with a faster, 

stronger response to injury. 



I I. MATERIALS AND METHODS 

The influences of transforming growth factor beta and 

Pluronic polyol F-68 upon wound healing were examined with an 

incisional skin wound model in the rat. The research protocol 

DDEAMC 92-77 was approved by the Dwight David Eisenhower Army 

Medical Center Animal Care and Use Committee and the 

Institutional Review Committee. This investigation was 

performed in three parts. The first part examined wound 

tensile strength after the individual administration of TGF-~ 

or F-68. The second part compared the ability of an inert 

carrier, a 2.5~ methylcellulose gel, to enhance tensile wound 

strength by providing a slow release mechanism for TGF-~. The 

third part evaluated any effects the concomitant 

administration of both TGF-~ and Pluronic F-68 would have on 

the wound tensile strength. 

A. Experimental Population 

The experimental population consisted of 13 0 Sprague

Dawley male rats ranging in weight from 350 grams to 450 grams 

and approximately 95 days old. This weight range was used to 

provide a uniform skin thickness. The animals were kept on a 

12 hour light and dark cycle. Food (Wayne Rodent Blocks) and 

water was provided ad libitum and bedding was replaced twice 

weekly, or as needed. 

24 
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B. Surgical Procedures 

The rats were anesthetized with Rompun (2.5 mg/kg) and 

Ketamine (44 mg/kg) given by intramuscular injection (Shahan, 

1992; Fitzpatrick et al., 1991) . Additional doses were 

administered as needed to maintain anesthesia. The 

anesthetized rats had the fur shaved from either the left or 

right flank, extending from the fore leg to the hind leg. A 

full thickness incision 6 centimeters in length was made along 

the midaxillary line using iris scissors, and the wound edges 

were undermined with scissors to a distance of 2 centimeters 

to create a space for placement of different treatment factors 

and to permit ease in separation of tissues at the time of 

sacrifice. The incisions were closed with interrupted 4/0 

silk sutures (Ethicon M-164 with X-1 Cutting Needle, Ethicon 

Corporation) placed at 5 mm intervals along the entire 

incision (McPherson et al., 1991; Shahan, 1992). Following 

the surgical procedures the animals received the analgesic 

Stadol (Bristol Labs) as needed based upon their observed 

behavior. 

Administration of Pluronic F-68 was by IV injection of 

8. 0 ml/kg body weight of a 12 mMol isotonic solution (310 

mosm) into the tail vein immediately after closure of the skin 

wound (Jones, 1993; Stone et al., 1993). Intravenous 

administration of the polyol was chosen because F-68 is not 

absorbed by the GI tract, and IV administration provides the 

fastest method of drug delivery. Administration of F-68 as a 
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powder directly to the wound site would result in the loss of 

F-68 through the fresh wound by weeping, and would cause 

traumatic distension of the wounds immediately post surgery 

(Shahan, 1992) . Previous studies comparing the intravenous 

administration versus parenteral application found improvement 

in wound tensile strength for both methods of administration 

(Jones, 1993). 

Transforming growth factor beta was placed underneath the 

incision by subcutaneously injecting 3 ml of a sterile normal 

saline solution containing 0.25 ug of TGF-~ (0.083 ug/ml) in 

1 ml increments along the incision (Lynch et al., 1989; 

Quaglino et al., 1990). Some groups were administered the 

same dose of TGF-~ suspended in 2. 5% methylcellulose (Quaglino 

et al., 1990). The 1 ml increments were measured and injected 

using tuberculin syringes, and were injected with the needle 

tip directly under the incision at 1, 3, and 5 ems along the 

length of the incision. The times of injections were based 

upon the protocol for the individual groups. 

The 2.5% Methylcellulose gel was made by heating tissue 

culture water. to boiling (1000 ml) in a 2 liter flask on a 

magnetic stirrer. MC-4000 Powder (Sigma #M0152) was slowly 

sprinkled into the vortex of hot water and stirred until 

dissolved to give a final concentration of 25 grams/liter. 

The solution was stored in a cold room (4°C) for at least 4 

hours, then divided into 250 ml aliquots in 500 ml bottles and 

autoclaved for fifteen minutes (240°C at 15 psi) with the 
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bottle caps loose. The bottles were shaken to prevent clumps, 

allowed to cool to room temperature, and labelled as 

METHYLCELLULOSE 4000 cps (2.5%). 

C. Experimental Animal Groups 

The control and experimental groups consisted of 10 

animals each, as follows: 

Group I: Saline control group. Incisions were made as 

described. Wounds were subcutaneously injected as described 

above with 3 ml of sterile normal saline solution 24 hours 

after closure. 

sacrifice. 

No further treatment was given prior to 

Group .II: F68-.8 control group. Incisions were made as 

described. A dose of 8 . 0 ml per kilogram body weight of 

Pluronic F-68 (12 mMole solution) was injected intravenously 

at time of wound closure. Dosage was based upon the optimum 

parenteral dose found by Fitzpatrick et al., 1991. No further 

treatment was given before sacrifice. 

Group III: TGFB.25, 1 dose group. Incisions were made as 

described. A dose of 0.25 ug of transforming growth factor 

beta (in 3 ml of saline as described above) was injected below 

the incision at the wound site 24 hours after wound closure. 

No further treatment was given prior to sacrifice. 

Group IV: TGFB.25, 2 dose group. Incisions were made as 

described. A dose of 0.25 ug of transforming growth factor 

beta (in 3 ml of saline as described above) was injected below. 

the incision at the wound site 24 hours and again at 48 hours 



after closure. 

sacrifice. 
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No further treatment was given prior to 

Group V: F68-.8/TGFB.25, 1 dose group. Incisions were 

made as described. A dose of 8.0 ml per kilogram body weight 

of Pluronic F-68 (12 mMole solution) was injected at the time 

of closure. Rats were injected with 0.25 ug of transforming 

growth factor beta below the incision (in 3 ml of saline as 

described above) at 24 hours (Mustoe et al., 1987; Pierce et 

al., 1991). No further treatment was given prior to 

sacrifice. 

Group VI: F68-.8/TGFB.25, 2 dose group. Incisions were 

made as described. A dose of 8.0 ml per kilogram body weight 

of Pluronic F-68 (12 mMole solution) was injected at time of 

closure. Wounds were injected with 0.25 ug of transforming 

growth factor beta (in 3 ml of saline as described above) at 

24 hours and at 48 hours (Mustoe et al., 1987; Pierce et al., 

1991). No further treatment was given prior to sacrifice. 

Group VII: Methylcellulose control, 1 dose group. 

Incisions were made as described. A dose of 2.5% 

methylcellulose (in a 3 ml volume as described above) was 

injected under the wound site at 24 hours after closure. No 

further treatment was given prior to sacrifice. 

Group VIII: 

Incisions were 

Methylcellulose control, 

made as described. A 

2 dose group. 

dose of 2.5% 

methylcellulose (in a 3 ml volume as described above) was 

injected under the wound site at 24 hours and again at 48 
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hours after closure. No further treatment was given prior to 

sacrifice. 

Group IX: Methylcellulose/TGF-~.25, 1 dose group. 

Incisions were made as described. A dose of 0. 25 ug of 

transforming growth factor beta (in 3 ml of 2. 5% 

methylcellulose as described above) was injected below the 

incision of the wound site at 24 hours after closure. No 

further treatment was given prior to sacrifice. 

Group X: Methylcellulose/TGF-~. 25, 2 dose group. 

Incisions were made as described. A dose of 0. 25 ug of 

transforming growth factor beta (in 3 ml of 2. 5% 

methylcellulose as described above) was injected below the 

incision of the wound site at 24 hours and 48 hours after 

closure. No further treatment was given prior to sacrifice. 

Group XI: F68-.8/TGFB.25/2.5MC, 1 dose group. Incisions 

were made as described. A dose of 8.0 ml per kilogram body 

weight of Pluronic F-68 (12 mMole solution) was injected at 

time of closure. A dose of 0.25 ug of Transforming Growth 

Factor Beta in 3 ml of 2.5% methylcellulose was injected below 

the incision at 24 hours after closure (Mustoe et al., 1987; 

Pierce et al., 1991) . No further treatment was given prior to 

sacrifice. 

Group XII: F68-.8/TGFB.25/2.5MC, 2 dose group. Incisions 

were made as described. A dose of 8.0 ml per kilogram body 

weight of Pluronic F-68 (12mMole solution) was injected at 

time of closure. A dose of 0.25 ug of transforming growth 
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factor beta in 3 ml of 2. 5% methylcellulose was injected below 

the incision at 24 hours and 48 hours after closure (Mustoe et 

al., 1987; Pierce et al., 1991) . No further treatment was 

given prior to sacrifice. 

Group XIII: No Treatment control group. Incisions were 

made as described. 

sacrifice. 

No further treatment was given prior to 

D. Strength Measurements 

In preparation for determining wound tensile strength, 

animals were sacrificed at 96 hours by an induced pneumothorax 

while under anesthesia as outlined above. An area of skin was 

removed from around each incision using a standard template 

(figure 1 ) (Shahan, 1992). The skin was divided into four 

strips each two centimeters in width. This included one em of 

normal tissue at each end of the incision. The two end 

segments, labeled "C" and "D", were retained for histologic 

study. The two middle segments, labeled "A", anterior or "B", 

posterior, were assessed for tensile wound strength using an 

Instron model 4502 materials testing device (Mustoe et al., 

1987; Shahan, 1992). 

E. Histologic Study 

The skin specimens "C" and "D" which included surrounding 

normal tissue were used for histologic study. Tissues were 

fixed in 10% neutral buffered formalin, embedded in paraffin, 

cut into four micron thick sections, and stained with 

hematoxylin and eosin (H&E) . Vascularity of the tissue 
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sections was evaluated by counting the number of vessels seen 

in a lOX field cross sectional view of each wound. The 

incision was positioned across the middle of the field with 

the epithelium of the wound at one edge. ·A visual count of 

blood vessels for each H&E tissue;> slice was made by two 

observers {GT & BH) , along with an estimation of the 

histologic appearance of the healing layers of the wound 

utilizing the BENS scale {Biovisual Estimation of 

Neointegumental Stability) . The BENS scale estimates wound 

stability, and potentially the wound strength, by assigning a 

score from 0 to 3 based upon the visual appearance of the 

layers of the healing wound. Scores are assigned as follows: 

BENS 0 Intact layers from epithelium, through the 

connective tissue of the dermis, through the layers of the 

hypodermis {the panniculus adiposus and panniculus carnosus) . 

This should be the strongest wound, with all tissue layers 

contributing to the wound tensile strength. 

BENS 1 : The connective tissue layers appear relatively 

intact, but there is still disruption of the underlying muscle 

layer of the hypodermis {called the panniculus carnosus) . 

BENS 2 : Migration of the epithelium over the wound and 

reestablishment of the basal layer; the connective tissue and 

muscle layers may still show disruption and presence of an 

inflammatory infiltrate. The wound has an epithelial layer 

providing some tensile strength. 
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BENS 3 : Complete disruption of the tissue layers from 

the epithelium on down through the connective tissue and 

muscle of the murine dermal and hypodermal layers. 

F. Statistical Analysis 

Results were compared using a one way analysis of 

variance (ANOVA). Multiple range tests (Tukey-HSD, p<0.050) 

were performed to determine if there was 

significant difference between means, 

a statistically 

comparing the 

experimental and control groups wound strength, and 

histometric data at a fixed time period. The time period was 

set at 96 hours, based upon the results seen in previous 

studies (Mustoe et al., 1987; Jones, 1993). 
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Figure 1. 

Template for division of 6 em wound 

to be made at time of sacrifice. 



III. RESULTS 

Results from the various treatment groups will be 

presented first as wound tensile strength data for single 

factor groups, methylcellulose (MC) carrier groups, and multi

factor groups (see Table I) . This will later be followed with 

the histologic data consisting of blood vessel counts, and the 

biovisual estimation of neointegumental stability (BENS) data. 

TABLE I. Wound Tensile Strength at 96 hours post wounding 

Group* 

Group I 

Group II 

Group III 

Group IV 

Group V 

Group VI 

Group VII 

Group VIII 

Group IX 

Group X 

Group XI 

Group XII 

Treatment Wound Strength 

Saline Control 130.80 grams ±34 

F-68 Treatment 177.83 grams ±48 

TGF-(3 24 hours 213.00 grams ±68 

TGF-(3 24 & 48 hours 161.09 grams ±48 

F-68 + TGF-(3 24 hrs 175.95 grams ±55 

F-68 + TGF-(3 24 & 48 hrs 177.22 grams ±40 

Methylcellulose at 24 hours 135.00 grams ±42 

Methylcellulose at 24 and 48 hrs 130.29 grams ±23 

TGF-(3 in MC at 24 hrs 150.74 grams ±37 

TGF-(3 in MC at 24 & 48 hrs 117.57 grams ±27 

F-68 + TGF-(3 in MC at 24 hrs 158.25 grams ±83 

F-68 + TGF-(3 in MC at 24 & 48 hrs 139.48 grams ±54 

Group XIII No Treatment Control 152.62 grams ±34 

*n= 20 strips per group 

34 
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To determine if the differences between tensile wound 

strength group means was significant, the Tukey-HSD multiple 

range test with a significance level of 0.05 was used. In 

Table (II) those groups showing significance are displayed in 

the left column, and the groups from which they are 

significantly different are displayed across the top. 

TABLE II. Multiple Range Tests: Tukey-HSD :for Wound Strengths 

Group X VIII I VII XII IX XIII XI IV V VI II III 

II 
III 

* 
* * * * * * * * * 

(*) Indicates significant differences (p~0.05). 

The following is a closer examination of the tensile 

wound strength results. 

A. Separate administration of factors 

The first part of the study examined the wound tensile 

strength after separate administration of individual factors 

and the results are shown in Tables (III) & (IV) . 

TABLE III. Transforming Growth Factor Beta versus Controls 

Group* Treatment Wound Strength 

Group I Saline Control 130.80 grams ±34 

Group III TGF-(3 24 hours 213.00 grams ±68 

Group IV TGF-(3 24 & 48 hours 161.09 grams ±48 

Group XIII No Treatment Control 152.62 grams ±34 

*n= 20 strips per group 

The Growth Factor test groups (Gps III, IV) demonstrated 

an increase in tensile wound strength over the Saline control 
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(Gp I) . Multiple range testing (Tukey-HSD) showed a 

significant difference (p~0.05) for the one dose of TGF-~ (Gp 

III) compared to the Saline (Gp I) and the No Treatment (Gp 

XIII) control groups. The Saline control (Gp I) had 3 ml of 

saline injected subcutaneously in three l ml increments along 

the incision line at 24 hours post surgery. The only 

difference between the Saline Group (Gp I) and the single dose 

TGF-~ Group (Gp III) was the addition of 0.25 ug of 

transforming growth factor beta to the saline. The effects of 

TGF-~ on connective tissue cells could show a net increased 

accumulation of ECM components and an increase in wound 

strength. 

To prolong the effects of the exogenous TGF-~, the 2 dose 

TGF-~ Group (Gp IV) was created. This consisted of .25 ug of 

Transforming Growth Factor Beta injected subcutaneously in 

three l ml increments of .083 ug TGF-~ along the incision at 

24 hours and again at 48 hours post surgery, for a total 

dosage of 0.5 ug per animal. The decrease in wound strength 

noted in the 2 dose TGF-~ group (Gp IV) may be due to the 

physical disruption of the wounds at the 48 hour mark, 

resulting in the reinitiation of the inflammatory phase. 

Previous authors have noted an initial decrease in wound 

strength, or a lag phase in wound strength increase that spans 

the first 2-3 days after wounding (Mustoe et al., l987; 

Shahan, l992). 
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The effects of IV F-68 upon wound strength can be seen in 

Table (IV) . 

TABLE IV. Pluronic F-68 versus Controls 

Group* Treatment Wound Strength 

Group I Saline Control 130.80 grams ±34 

Group II F-68 Treatment 177.83 grams ±48 

Group XIII No Treatment Control 152.62 grams ±34 

*n= 20 strips per group 

While the polyol F-68 demonstrated a strong trend for 

increasing wound tensile strength (Gp II vs Gps I and XIII), 

results did not reach statistical significance with the Tukey-

HSD (p,$_0.05). The increase in wound strength for the F-68 

Group (Gp II) may be related to the polyols' effects on the 

blood components resulting in an increased blood flow in the 

microcirculation, 

viscosity. 

reduced edema, and a reduced blood 

B. 2.5 % Methylcel1u1ose as a carrier for TGF-B 

The second stage of this research consisted of testing an 

inert carrier which might serve better than saline and thus 

enhance the effects of TGF-~ on wound strength. The 

successful use of methylcellulose gel as a carrier for 

sustained release of growth factors has been reported in the 

literature (Quaglino et al., 1990) 0 To saline or 

methylcellulose was added the amount of transforming growth 

factor beta (0.25 ug per dose for Gps III, IV, IX, and X) 

necessary to show effects on wound strength when applied by 
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itself (Mustoe et al., 87). Results of saline versus 

methylcellulose (MC) alone (no TGF-~) are given in Table (V) . 

TABLE v. 2.5% Methylcellulose Gel versus Controls 

Group* Treatment Wound Strength 

Saline Control 130.80 grams ±34. Group I 

Group VII 

Group VIII 

Methylcellulose at 24 hours 135.00 grams ±42 

Methylcellulose at 24 and 48 hrs 130.29 grams ±23 

Group XIII No Treatment Control 152.62 grams ±34 

*n= 20 strips per group 

The single dose 2.5% Methylcellulose gel control group 

animals (Gp VII), each had 3 ml of a 2.5% MC solution divided 

into three 1 ml increments and injected subcutaneously under 

the incisions at 24 hours post surgery. The two dose 2.5% 

Methylcellulose gel control group (Gp VIII) received the same 

treatment again at 48 hours post surgery. The wound tensile 

strength measurements for the Saline (Gp I) and 

Methylcellulose control groups (Gps VII, VIII) were not 

significantly different, suggesting the methylcellulose had no 

influence on the healing process. It can be seen that the No 

Treatment control group (Gp XIII) demonstrated a higher wound 

tensile strength, and although the differences were not 

statistically significant, it can be speculated that placement 

of any material under an incision 24 hours after wounding may 

have some detrimental effect on wound strength, possibly by 

disrupting the initial fibrin clot that is involved in primary , 

wound stabilization. 
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The wound strength results from the incorporation of TGF-{3 

into the methylcellulose gel can be seen in Table (VI) . 

TABLE VI. TGF-~ in 2.5% Methylaellulose versus MC Controls 

Group* Treatment Wound Strength 

Group VII Methylcellulose at 24 hours 135.00 grams ±42 

Group VIII Methylcellulose 24 and 48 hrs 130.29 grams ±23 

Group IX TGF-{3 in MC at 24 hrs 150.74 grams ±37 

Group X TGF-{3 in MC at 24 & 48 hrs 117.57 grams ±27 

*n= 20 strips per group 

By combining the growth factor with a methylcellulose gel 

it was anticipated that a prolongation of increased growth 

factor concentration in the area of the wound would have a 

beneficial effect on wound healing. This does not appear to 

be the case since the Methylcellulose groups with and without 

the growth factor (Gps VII, VIII, IX, X) were not 

statistically different from each other. 

The influence on wound strength of the vehicle used to 

administer TGF-{3 (one or two dose) can be seen in Table (VII) . 

Animals received the growth factor in 3 ml of saline or 

methylcellulose (MC) at 24 hours or 24 and 48 hours post 

surgery. 



40 

TABLE VII. TGF-{3 in Saline vs TGF-{3 in 2.5% Methylcellulose 

Group* Treatment Wound Strength 

Group III TGF-·{3 24 hours in saline 213.00 grams ±68 

Group IX TGF-{3 24 hours in MC 150.74 grams ±37 

Group IV TGF-{3 24 & 48 hours in saline 161.09 grams ±48 

Group X TGF-{3 24 & 48 hours in MC 117.57 grams ±27 

*n= 20 strips per group 

All the TGF-{3 in the 2. 5% methyl cellulose groups (Gps IX, 

X) demonstrated trends toward lower wound tensile strength 

measurements than did their corresponding TGF-{3 in saline 

groups (Gps III, IV). Further, those animals which received 

two doses rather than only one dose, regardless of the 

vehicle, showed a trend toward lower wound strength 

measurements. The result from one dose of TGF-{3 in saline (Gp 

III) was significantly different from the two dose TGF-{3 in 

saline (Gp IV) as well as both the TGF-{3 in methylcellulose 

groups (Gps IX and X) (p~0.05). 

C. Administration of F-68 and TGF-B 

Since the administration of Pluronic F-68 previously has 

been shown to improve the perfusion and microcirculation of 

wounds (Ketchum et al., 1974), and exogenous TGF-{3 is known to 

enhance wound repair (Mustoe, 1987), a series of experiments 

were designed to evaluate any additive effects through 

administration of both agents. Results from these experiments 

where animals received F-68 at surgery, with or without TGF-{3 
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at 24 hours, or 24 and 48 hours post surgery are shown in 

Table (VIII) . 

TABLE VIII. F-68 versus F-68 Administered with TGF-~ 

Group* Treatment 

Group II F-68 Treatment 

Group V F-68 + TGF-~ 24 hrs 

Group VI F-68 + TGF-~ 24 & 48 hrs 

*n~ 20 strips per group 

Wound Strength 

177.83 grams ±48 

175.95 grams ±55 

177.22 grams ±40 

The comparison of wound tensile strength measurements of 

animals treated with F-68 alone (Gp II) to animals receiving 

both F-68 and TGF-~ (Gps V, VI), failed to demonstrate any 

significant difference between the groups. This may suggest 

that the actions of F-68 immediately after surgery have some 

influence on the environment that the TGF-~ was placed into 24 

(Gp V) and up to 48 (Gp VI) hours later. Results from animals 

that received TGF-~ with or without F-68 are presented in 

Table (IX). 

TABLE IX. TGF.:~ versus TGF-~ Administered with F-68 

Group* Treatment 

Group III TGF-~ 24 hrs 

Group V F-68 + TGF-~ 24 hrs 

Group VI F-68 + TGF-~ 24 & 48 hrs 

*n~ 20 strips per group 

Wound Strength 

213.00 grams ±68 

175.95 grams +55 

177.22 grams ±40 

Compared to the wound strength of the animals receiving 

one dose of growth factor alone (Gp III) , there was a decrease 
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in wound tensile strength in animals receiving both F-68 and 

TGF-~ (Gps V, VI) . This may be due to F-68's influence in 

stabilizing cell membranes, thus reducing the amount of 

endogenous growth factors released from degranulating 

platelets found in normal wounding, including TGF-~ and PDGF. 

Improved microcirculation leads to higher oxygen tension, 

which may in turn decrease angiogenesis, and may increase 

local levels of alpha two macroglobulin which binds and 

inactivates active TGF-~ (Pfeilschifter, 1990) . 

Table (X) will show the effects of methylcellulose (MC) 

as the vehicle for TGF-~ administration as compared to saline 

in the presence of F-68. 

TABLE X. Infl·uenae of Methylaellulose on Administration 

Group* Treatment Wound Strength 

Group v F-68 + TGF-~ 24 hrs in saline 175.95 grams ±55 

Group XI F-68 + TGF-~ 24 hrs in MC 158.25 grams ±83 

Group VI F-68 + TGF-~ 24 & 48 hrs in saline 177.22 grams ±40 

Group XII F-68 + TGF-~ 24 & 48 hrs in MC 139.48 grams ±54 

*n= 20 strips per group 

Intravenous administration of Pluronic F-68 coupled with 

the administration of TGF-~ in methylcellulose utilizing 

either one or two doses resulted in a decreased wound tensile 

strength compared to TGF-~ administered in saline. This may 

be due in part to physical disruption of the wound by 

placement of the viscous 2.5% methylcellulose gel at 24 (Gp 

XI) and again at 48 (XII) hours. 
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D. Blood Vessel Counts 

Skin specimens from the incision areas, including 

surrounding normal tissue, were used for histologic study. 

Vascularity of the tissue sections was evaluated by counting 

the number of vessels seen in a lOX field cross sectional view 

of each wound. A total of 344 tissue slices were evaluated 

separately by two observers (GT & BH) . Tissue samples from 

Groups X, XII, and XIII were not processed for H&E staining 

because of the poor condition of the specimens after fixation. 

TABLE XI. Mean Blood Vessel Count by Treatment Group 

Group Treatment Number of Blood Vessels n 

Group I Saline Control 5.4118 34 

Group II F-68 Treatment 20.7396 96 

Group III TGF-/3 24 hrs 15.6532 118 

Group IV TGF-/3 24 & 48 hrs 10.3333 78 

Group v F-68 + TGF-/3 24 hrs 14.5667 112 

Group VI F-68 + TGF-/3 24 & 48 hrs 32.4107 56 

Group VII Methylcellulose at 24 hrs 18.7083 48 

Group VIII Methylcellulose at 24 & 48 hrs 32.4423 52 

Group IX TGF-/3 in MC at 24 hours 25.3800 50 

Group XI F-68 + TGF-/3 in MC at 24 hrs 18.1591 44 

The results of the blood vessel counts shown in Table 

(XI) seem to reflect the presence of healing by secondary 

intention with granulation tissue formation in those treatment 

groups (Gps VI, VIII) that underwent repeated trauma from two 
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injections of solutions under the incision. In addition, 

these results correlate clinically with the observations at 

the time of tissue harvest (96 hours post initial surgery) 

where a viscous solution was observed still under the flaps of 

the animals that had received doses of methylcellulose 

solutions (Gps VII, VIII, IX, XI). It can also be observed 

that those same groups demonstrated some of the weaker wound 

tensile strengths. However, some of the highest wound tensile 

strengths were also attaiped by groups that demonstrated high 

blood vessel counts (Gps II, VI). Thus, it is difficult to 

correlate 96 hour wound vascularity to wound tensile strength. 

E. Biovisual Estimation of Neointegumental Stability 

The Biovisual Estimation of Neointegumental Stability 

(BENS) scale estimates wound stability, and potentially the 

wound strength, by assigning a score 0 through 3 as based upon 

the visual appearance of the layers of the healing wound. 

Results of this analysis are shown in Table (XII) . 
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TABLE XII. Biovisual Estimation of Neointegumental Stability 

Group Treatment BENS Score 

Group I Saline Control 2.40 

Group II F-68 Treatment 2.54 

Group III TGF-(3 24 hrs 2.42 

Group IV TGF-(3 24 & 48 hrs 2.00 

Group v F-68 + TGF-(3 24 hrs 2.24 

Group VI F-68 + TGF-(3 24 & 48 hrs 1. 83 

Group VII Methyl cellulose at 24 hrs 2.77 

Group VIII Methylcellulose at 24 & 48 hrs 2.77 

Group IX TGF-(3 24 hours in MC 2.62 

Group XI F-68 + TGF-(3 in MC at 24 hrs 1.77 

Initially the results seem to indicate that the visual 

evaluation of wound healing could relate to wound strength. 

Groups VII and VIII received the highest BENS score of 2.77 

each (indicating the worst healing appearance) . These same 

groups demonstrated some of the weakest wound tensile 

strengths of 135 grams and 130 grams respectively. Group I 

demonstrated a BENS of 2.4 and a wound strength of 131 grams. 

But Group XI had the best BENS score of 1.77 and demonstrated 

a wound strength of only 158 grams, while Group III, the 

strongest at 213 grams, scored a 2.42 BENS. Thus, the method 

of visually evaluating the wound strength through microscopic 

observation does not appear to be a reliable means of 

estimating the strength of a healing wound. 



Figure 2 

Hematoxylin and eosin (H&E) stain, cross sectional view of 
incision from Saline treated animals (Group I). Thickened 
epithelial layer can be seen in area of incision where the 
epithelium migrated over wound edges to close incision. 
Inflammatory infiltrate can be noted in the connective tissue 
just below the epithelium (original magnification X4). 

Figure 3 

Hematoxylin and eosin (H&E) stain, cross sectional view of 
incision from Pluronic F-68 treated animals (Group II). 
Numerous patent blood vessels can be seen in the connective 
tissue (original magnification X4). 
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Figure 4 

Hematoxylin and eosin (H&E) stain, cross sectional view of 
incision from Transforming Growth Factor Beta (1 dose) treated 
animals (Group III). Eschar is still present on~top of the 
wound, with epithelial cells still migrating underneath the 
eschar from the wound edges. . There is less epithelial 
migration down into the wound as·compared to the Saline group 
(Group I) (original magnification X4). 

Figure 5 

Hematoxylin and eosin (H&E) stain, cross sectional view of 
incision from animals administered both F-68 and Transforming 
Growth Factor Beta (1 dose) (Group V) . A less extensive 
inflammatory infiltrate can be. seen in the connective tissue 
compared to the Saline treated animals (Group I). The 
epithelium has completely migrated across, and partially down 
into the incision (original magnification X4). 





Figure 6 

Hematoxylin and eosin (H&E) stain, cross 
incision representing a biovisual 
neointegumental stability (BENS) score 
magnification X4). 

Figure 7 

Hematoxylin and eosin (H&E) stain, cross 
incision representing a biovisual 
neointegumental stability (BENS) score 
magnification X4). 

sectional view of 
estimation of 

of 0 (original 

sectional view of 
estimation of 

of ~ (original 
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Figure 8 

Hematoxylin and eosin (H&E) stain, cross 
incision representing a biovisual 
neoin tegumental stability (BENS J score 
magnification X4). 

Figure 9 

Hematoxylin and eosin (H&E) stain, cross 
incision representing a biovisual 
neointegumental stability (BENS) score 
magnification X4). 

sectional view of 
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sectional view of 
estimation of 

of 3 (original 
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IV. DISCUSSION 

The strength of a healing wound is controlled by the 

ability of the body to supply reparative cells and nutrients 

to the site of injury as well as the interaction of factors 

produced locally by the different cell types involved. These 

factors may include cytokines that can influence cellular 

chemotaxis and proliferation, as well as the clearance of 

debris from the site and production of new tissue matrix. The 

purpose of this study was to examine the effects of 

intravenously injected Pluronic polyol F-68 and subcutaneously 

administered transforming growth.factor beta (TGF-~) on the 

tensile strength of healing incisional wounds, and to 

determine what effects administration of both substances would 

have on wound healing. The Pluronic polyol F-68 and TGF-~ 

have both been shown in previous studies to influence early 

wound healing through different mechanisms. 

Pluronic F-68 has been shown to enhance early healing and 

wound strength by improving wound microcirculation, reducing 

blood viscosity, and by stabilizing cellular membranes, thus 

resulting in less local tissue destruction secondary to cell 

autolysis. 
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Grover et al. (l973) observed that intravenous F-68 

in dogs without producing reduced blood viscosity 

hemodilution, thus resulting in improved organ and wound 

perfusion. Ketchum et al. (l974) felt F-68 prevented 

microvascular clotting by decreasing platelet aggregation. 

The resultant reduction in blood coagulation thus improved the 

vessel patency in animals receiving F-68 immediately before 

microvascular arterial repair. McPherson et al. (l99l)" found 

that IV administration of F-68 promoted increased wound 

strength by 96 hours post surgery, and speculated that this 

may be due in part to stimulation of fibroblast growth as a 

result of improved oxygen and nutrition delivery. 

These previous studies were not completely supported by 

the results obtained in this research project. While the 

Pluronic F-68 treated animals in Group II demonstrated a 

higher wound tensile strength, the values were not considered 

statistically significant from control groups (Gps I, XIII) in 

a Tukey-HSD test (p~ 0.05). Thus, the results here for F-68 

can only be said to represent a trend toward increasing wound 

strength. The current tensile strength figures for F-68 were 

also lower than those reported in previous studies. Jones 

(l993) reported 96 hour F-68 treatment groups with wound 

strengths of over 200 grams, but his groups received multiple 

doses of F-68 at 8 hour intervals up to the time of sacrifice. 

There may also be variations in the accuracy of reported 

values because his wound testing was done with a constant 
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speed tensiometer, while this study used an Instron 4502 

materials testing device. 

Transforming growth factor beta is produced by cells of 

nearly every origin in the body, and major storage sites for 

TGF-{3 are platelets and bone matrix. TGF-{3 serves as a 

multifunctional regulator of growth and differentiation, and 

in vivo has been shown to accelerate wound healing by 

attracting monocytes and fibroblasts to injury sites, 

stimulating cells to produce PDGF, and indirectly promoting 

blood vessel formation and fibroblast proliferation. TGF-{3 

also has been shown to improve wound strength by stimulating 

wound fibroblasts to increase production of collagen and ECM, 

and by reducing ECM degradation by inhibiting the production 

of proteolytic enzymes. Roberts et al. (1986) found that 

subcutaneously injected TGF-{3 stimulated angiogenesis and 

activated fibroblasts to produce collagen. He suggested that 

TGF-{3 is a significant mediator of tissue repair. Mustoe et 

al. (1987) fouhd that a single application of TGF-{3 was 

associated with an increase in the breaking strength of 

healing incisional wounds, which he felt was due to an 

increased influx of fibroblasts and increased collagen 

deposition. Pierce et al. (1991) determined that TGF-{3 

induced transient increases in fibroblast influx and was a 

direct stimulator of pro-collagen 1 synthesis. Increased 

synthesis of pro-collagen is thought to directly correlate 

with increases in wound breaking strength. Quaglino et al. 
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(1991) found that by injecting TGF-{3 into wound sites he 

achieved: 1) a diminished expression of stromelysin mRNA 

(which produces a proteolytic enzyme which breaks down 

extracellular matrix) and 2) enhanced fibroblastic expression 

of mRNA for extracellular matrix proteins .. This resulted in 

a net increase in ECM in the wound, contributing to overall 

wound strength. 

In the current study the growth factor test groups 

without other additives (Gps III and IV) demonstrated 

increases in tensile wound strengths over the saline control 

(Gp I) . A Tukey-HSD test showed a significant difference for 

the one dose of TGF-{3 (Gp III) compared to the saline control 

(Gp I) (p~O.OSO). The drop in wound strength observed in the 

2 dose TGF-{3 group (Gp IV) may be due to physical disruption 

of the wounds through injection trauma at the 48 hour mark, 

resulting in a new initial inflammatory phase or depriving the 

healing area of needed nutrients by physically disrupting the 

fibrin clot and interfering with the ingrowth of new blood 

vessels. 

Previous authors have noted an initial decrease in wound 

strength, or a lag phase in 

first 2-3 days after wounding. 

wound strength that spans the 

Iglhaut et al. (1988) reported 

a 2-3 day delay before cells on the periphery of a wound 

displayed mitotic labelling. In the current study, since the 

growth factor was introduced into the wound at 24 and 48 hours 

after wounding, the effect may have been more on the order of 
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amplifying the initial burst of cytokines that would have been 

released after wounding. At 96 hours after wounding the 

peripheral reparative cells would have just migrated into the 

wound and started to produce new matrix and collagen. Since 

a minimal amount of the growth factor (0.25 ug) was used, one 

might speculate that an increase in the dose of growth factor 

could improve the wound strength. 

The second part of the tensile wound strength evaluation 

consisted of comparing the ability of an inert carrier, a 2.5% 

methylcellulose gel, to enhance the effect of TGF-~ by 

providing a slow release mechanism for the growth factor. The 

use of carriers for growth factors and other substances has 

been reported in wound healing and periodontal literature, and 

has suggested some interesting and exciting possibilities 

(Mustoe et al., 1987; Quaglino et al., 1991; Jeong et al., 

1994). Mustoe et al. (1987) used collagen gel as a carrier 

for injected TGF-~, while both Lynch et al. (1989) and 

Quaglino et al. (1991) used methylcellulose gel as their 

vehicle. Jeong et al. (1994) employed a poloxamer gel for 

placement of tetracycline and citric acid into periodontal 

pockets; none of the above reported any adverse effects on 

wound strength due to these carriers. 

In the current study, the measured tensile strengths for 

the Saline (Gp I) and Methylcellulose control groups (Gps VII, 

VIII) were similar, suggesting the methylcellulose had no 

influence on the healing process. All of the methylcellulose 
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experimental groups showed lower tensile strength measurements 

than did their corresponding growth factor groups. It is 

possible that when TGF-{3 was incorporated into the 

methylcellulose gel there was a reduction in the amount of 

growth factor released, producing subtherapeutic levels of 

exogenous TGF-{3 in the wound sites. It is also possible that 

the disruption of wounds by repeatedly injecting the sites 

interfered with the healing process. 

During wound healing, the growth of new blood vessels 

(angiogenesis) into a injured site is in response to several 

factors, including local tissue oxygenation and various 

cytokines which may influence 

differentiation. During the 

cellular proliferation and 

approximate closure of an 

incisional wound, the wound edges are replaced back into close 

approximation with each other and stabilized with sutures to 

provide additional support to the initial fibrin clot. This 

situation (called primary wound healing) often allows for the 

reanastamosis of severed vessels which in turn will assist in 

providing the revascularization of the injured site. When the 

tissues are not well adapted, whether through inability to 

completely close the tissues or due to blockage between the 

edges of the wound, then healing is by secondary intention. 

Secondary intention involves the formation of highly 

vascularized granulation tissue which fills the void between 

the healthy edges of the wound and provides a bridge coverage 

by epithelial cells in the body's efforts to close the wound. 
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In the third part of the wound strength experiments, it 

was thought that since IV administration of Pluronic F-68 

demonstrated improvements 'in wound microcirculation and 

perfusion, these effects might be synergistic to those 

obtained with the exogenous application of TGF-~. Instead, 

there was a decrease in wound tensile strength in animals 

receiving both F-68 and TGF-~ (Gps V, VI) compared to TGF-~ 

alone (Gp III) . This might be due to F-68' s effect of 

stabilizing cell membranes, thus reducing the amount of 

endogenous growth factors released from any degranulating 

platelets found in normal wounding, including TGF-~ and PDGF. 

F-68 has also been shown to retard fibrin clot formation, and 

a thinner clot may al'low better microcirculation. Improved 

microcirculation would promote a higher oxygen tension which 

in turn would decrease angiogenesis. Any improved 

microcirculation may also increase local levels of alpha two 

macroglobulin which is shown to bind and inactivate active 

TGF-~ (Pfeilschifter, 1990) . TGF-~ is more easily activated 

in an acidic environment, such as in wounds where there is 

poor microcirculation, and the substance would promote 

endothelial cell growth to increase vascularization of the 

wound (Whalen and Zetter, 1992). 

As to the number of blood vessels in the different 

treatment groups, there was little or no correlation between 

the factors utilized and the number of vessels observed. 

There appeared more of a relationship between the physical 
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events associated with factor administration, and the 

viscosity of the different drug carriers. This would seem to 

indicate that placement of a drug directly into the wound may 

not be the most efficacious method. However, the technique 

was chosen to gain the highest local levels of growth factor 

in the area of the incisional wound and for the longest 

possible time. The intravenous administration of the F-68 had 

positive effects upon wound strength without directly damaging 

the early healing process. 

The attempt to grade wound healing visually and relate 

the microscopic appearance of the tissue layers (BENS) to the 

wound tensile strength failed to demonstrate any direct 

correlation. It is possible that the criteria chosen to grade 

the tissue were not representative of the factors truly 

related to early wound strength. 



V. SUMMARY 

This study was conducted to examine the effects of 

intravenously injected Pluronic polyol F-68 and subcutaneously 

administered transforming growth factor beta (TGF-~) on the 

tensile strength of healing incisional wounds; and to 

determine what effects administration of both these substances 

might have, either with or without the use of a , 

methylcellulose gel as a vehicle for slow release of TGF-~ 

into the wound site. Based upon the data obtained from the 

experiments conducted, the following observations can be made: 

1. Results obtained after IV administration of the Pluronic 

Polyol F-68 at the time of surgery shows a trend for enhanced 

wound tensile strength at 96 hours post wounding in rats. 

2. Subcutaneous administration of Transforming Growth Factor 

Beta 24 hours after wounding produced a significant increase 

in wound tensile strength at 96 hours post wounding in rats 

(p~O.OSO) as compared to saline injected and untreated 

controls. 

3. Use of a 2.5% methylcellulose carrier did not enhance, and 

in fact seemed to inhibit the effects of TGF-~ at this level 

of growth factor administration in rats. 

4. Administration of the Pluronic polyol F-68 at the time of 

wounding followed by transforming growth factor beta at 24 
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hours (and at 48 hours) post wounding did not demonstrate any 

additive or synergistic effects on wound tensile strength at 

96 hours post wounding in rats. 

5. There appeared to be no direct relationship between the 

number of blood vessels seen in and around wound sites and the 

tensile strength of the wounds. 

6. Results obtained with the Biovisual Estimate of 

Neointegumental Stability (BENS) process in grading wound 

healing failed to demonstrate any direct correlation with the 

wound tensile strength. 

The influences of transforming growth factor beta and 

Pluronic polyols on wound healing is an incredibly complex 

subject. TGF-13 has multiple effects on the wound healing 

process, both direct and indirect, from the moment of initial 

incision. ~ndogenous TGF-13 is immediately involved, exerting 

a regulatory influence over activities such as the 

chemoattraction of reparative cells, to the stimulation or 

inhibition of various factors, enzymes, and cellular products. 

The preponderance of current research indicates that the 

overall effect of TGF-13 in wound healing is beneficial, 

stimulating an increased wound strength through enhanced 

deposition of collagen, and by indirectly enhancing 

angiogenesis in the wound. Addition of exogenous TGF-13 to a 

wound has demonstrated a transient increase in early wound 

strength that may prove useful in future care of the surgical 

patient. Just as useful are the Pluronic polyols that have 
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provided positive effects in the healing of wounds in rats by 

improving the microcirculation and wound tensile strength. It 

could be speculated that in the combined use of both agents, 

their mechanisms of action are ,antagonistic in nature. 

Therefore no synergistic or additive effects in the healing 

process are seen. The mechanisms of action of these two 

compounds are multiple and complex. Thus, it is cumbersome to 

precisely pinpoint which of these are functioning against each 

other. 

If the transforming growth factor beta in combination 

with Pluronic F-68 could improve wound strength during 

healing, it would have many potential applications in the care 

of the surgical patient. It is through studies like this that 

a further understanding of the actions of these medications 

can be gained. 
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