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HYPOTHESIS

A gene therapy approach, leading to sustained and adequate expression of growth 

factors that are known to be involved in the healing process, has the potential to lead to 

enhanced cutaneous wound healing in an animal model of impaired healing.
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SUMMARY

Chronic wounds are a major source of morbidity - causing pain, suffering, and disability. 

One of the reasons for their abnormal healing appears to be a reduction in the availability 

of growth factors within chronic wounds. The application of growth factors to wounds 

has had only limited success in the clinical setting. This lack of efficacy is at least partially 

due to the short half-lives of these agents and difficulties with their delivery. Gene 

therapy may allow autologous cells within wounds to express growth factors in an 

adequate and sustained fashion. This work explores the feasibility of a gene therapy 

approach for the treatment of skin wounds.

A reproducible animal model of impaired wound healing was validated. Evidence of 

both transcription and translation of an active gene product was demonstrated after 

intradermal injection of the encoding DNA. Using this approach, injection of several 

growth factor encoding genes was found to lead to improvements in wound healing when 

compared to the injection of a non growth factor expressing plasmid vector. Conversely, 

however, it was also found that both the repeated injections and the high dose of DNA 

required to achieve this effect had a detrimental effect on healing.

To address this problem, several alternative means of improving transfection efficiency 

were assessed. The use of viral vectors was excluded because of their potential toxicity. 

Non-viral approaches were concentrated upon. Canonic lipofection and polyfection, 

effective in vitrv, were found to be of no use in skin tissue. A nuclear localisation signal 

effective in cell culture was also found to be of no value in vivo. The use of in mo 

elearoporation was found to hold the most promise for future skin gene therapy 

applications.

Methods to improve in vivo transfection efficiency and duration have the potential to 

reduce the negative effects caused by high quantities and frequent dosing of DNA and 

may lead to significantly improved cutaneous wound healing.
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Chapter One

WOUND HEALING AND MEASUREMENT

Normal Wound Healing

Wound healing is normally a controlled, coordinated response to injury, resulting in the 

restoration of the continuity of damaged tissue(l). It consists of a complex series of 

events, dependant on the interaaion between numerous blood elements, parenchymal cell 

types, background matrix, and soluble mediators(2-ll). In the skin, the healing of a 

wound both restores cutaneous integrity and the barrier to infection. Cutaneous healing 

in adult higher vertebrates usually results in the production of a fibrous scar, rather than 

restoration of the original tissue architecture that is seen in foetal life (3, 12). Whereas 

most acute wounds require minimal or no treatment, heal rapidly, and regain satisfactory 

restoration of funaion and appearance, others do not.

The skin wound healing process may be broadly divided for descriptive purposes, into 

three arbitrary overlapping and interdependent stages of inflammation, proliferation, and 

remodelling(3, 13). The normal healing process is flexible, and adapts as necessary, 

depending on the location and type of the injury sustained(2).

Inflammation

Haemostasis

Following all except the most minor injuries, there is extravasation of blood products 

from damaged vessels. Haemostasis is established by a combination of fibrin coagulation, 

platelet aggregation, and vasoconstriaion initiated by the loss of vascular integrity and 

exposure of blood elements to collagen and other extravascular matrix proteins. Clot 

progression is limited by factors from the intact endothelium and vasculature. 

Extravasated components form a provisional matrix, consisting of fibrin and fibronectin, 

which both attracts and supports the influx of other cells(3). Activated platelets 

degranulate and release numerous growth factors including platelet derived growth factor 

(PDGF), transforming growth factor (TGF)-a, TGF-p, and histamine among others(4, 5, 

14). Activated platelets also initiate the complement cascade and cause further histamine 

release from mast cells and basophils.
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Inflammation

Released cytokines lead to further coagulation, platelet aggregation, regional 

vasodilatation, and increased vascular permeability resulting in the classical cardinal signs 

of inflammation. Numerous other sources of non growth factor chemotaaic factors 

exist, such as the coagulation and complement cascades, extracellular stromal proteins, 

and elements from injured cells(6). Diapedesis and influx of neutrophils occurs initially in 

response to the chemotactic factors PDGF, tumour necrosis factor (TNF)-a, interleukins, 

and bacterial lipopolysaccharides(15). These cells phagocytose foreign material and 

bacteria. Neutrophils remain only transiently under normal circumstances before being 

shed into the wound exudate/eschar, or are phagocytosed by other cells. Large amounts 

of foreign material may lead to prolonged neutrophil activity, and secondary tissue injury 

caused by the action of their enzymes and free radical by-products.

Lymphocytes and monocyte/macrophages follow the neutrophils and accumulate in 

response to separate chemo-attractants including fibrin degradation produas, collagen, 

interleukins, PDGF, and TGF-p. Adherence to the extracellular matrix causes plasma- 

derived monocytes to undergo a metamorphosis into macrophages (10). Activated 

macrophages are essential for normal wound healing, and when experimentally inhibited 

by specific antibodies, the healing process is severely hindered(12, 16). They are 

responsible for further phagocytosis(9), collagenase production, and importantly the 

production of growth factors. These include IL-1, TGF-a and P, and PDGF among 

others (2, 17), which control the production of granulation tissue.

Proliferation 

Granulation tissue

Granulation tissue is produced to replace any destroyed dermal tissue. It consists of 

structural molecules, initially the fibrin clot, followed by deposits of fibronectin and 

hyaluronate. Macrophages, fibroblasts, and newly formed blood vessels are also present. 

Granulation tissue is named after the numerous punctate neo-capillaries seen in tissue 

healing by secondary intention, giving it a characteristic appearance. The extracellular 

material is mostly produced by fibroblasts in response to PDGF and TGF-P(IO). 

Granulation tissue provides support for cells, and acts as growth factor reservoir and 

cofactor (3), promoting re-epithelialisation, neo-vascularisation, and wound 

contraction(18).
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Fibroplasia

Proliferation and migration of local tissue fibroblasts occurs after a short time lag of 2-3 

days, under the influence of platelet, macrophage, and keratinocyte derived PDGF, 

fibroblast growth factors (FGF)’s, TGF-a, and TGF-P(l). These cells alter their cell 

surface integrins and produce proteolytic enzymes in order to migrate into the neo

dermis/ granulation tissue(l, 10). They require oxygen and nutrients such as vitamin-C for 

maximal activity, including collagen synthesis (2). Fibroblasts produce glycosaminoglycans 

and immature collagen under the influence of TGF-P and PDGF, to replace the 

hyaluronate and fibronectin ground substance primarily laid down. Collagen polypeptide 

chains initially form into tropocollagen units, then fibrils and finally fibres, which 

subsequently cross-link, thereby increasing wound tensile strength(8, 9). There is a 

delicate balance between collagen produaion and degradation in the healing wound. 

Wound contraction coincides with a phenotypic fibroblast transformation into the 

myofibroblast. Myofibroblasts contain a-smooth muscle actin, intercellular desmosomes, 

and have the ability to contraa. Other mechanisms independent of myofibroblast 

contraction may also exist, involving interactions between growth factors and type III 

collagen(9). Wound contraction can only occur in pliable tissues and is impeded by 

steroids(2). This contraaion helps to close the wound, but if excessive, may lead to 

disabling contracture formation.

A ngcgnesis
New vessel formation is essential for metabolic support within the wound. Endothelial 

cells at the wound edge proliferate and migrate through their basement membrane into 

the wound matrix in response to several factors including low tissue oxygenation, the 

extracellular matrix, lactic acid, and various cytokines including vascular endothelial 

growth factor (VEGF), FGF-1, and FGF-2(1). Several of these growth factors are 

produced by activated keratinocytes as well as dermal cell types (10, 19). Endothelial cells 

also express the appropriate fibronectin receptors and proteases necessary to advance 

through the granulation tissue. These activated endothelial cells form buds from 

neighbouring capillaries, which eventually meet one another and canalise, forming neo- 

capillaries through which blood can flow.

Re-epitbelialisation

Both migration and proliferation of keratinocytes from the wound edges, surviving hair 

follicles, and sweat glands begin within hours following the loss of contact inhibition and
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influence of growth factors(15). Mitotic activity is maximal at the edge of the wound(2). 

Cellular migration involves dissolution of hemi-desmosomes, allowing separation from 

the epithelial basement membrane to facilitate movement(lO). There is a reorganisation 

of keratinocyte integrin receptors allowing adherence to various proteins, including fibrin 

and fibronectin present in the granulation tissue extracellular matrix(18). Activation of 

contraaile actinomyosin filaments within cells drives the locomotion(l). This migration is 

most effective in a moist environment and in the presence of oxygen that is derived 

mostly from the local vasculature rather than the exposed wound surface. In addition 

plasmin, collagenase, and several matrix metalloproteinases are activated by keratinocytes 

allowing re-epithelialisation to proceed through the fibrin clot and neo-dermis when 

necessary, separating viable from non viable tissue(l), until full coverage is achieved(4). 

Proliferating cells at the wound edge maintain a reservoir of cells for migration. The most 

important elements regulating epithelialisation are the loss of contact inhibition and 

several growth factors including keratinocyte growth factors 1 and 2 (KGF-1 and KGF- 

2), EGF, and TGF-(3(1, 4). KGF-1 is up-regulated more than 100 fold in fibroblasts 

following wounding(20). Keratinocytes themselves produce a variety of growth factors 

that act in a paracrine manner on other epidermal cells in addition to adjacent dermal 

elements(4, 8). Interleukin (IL)-1 is also stored in large amounts in epithelial cells(15). 

Adult epithelium does not reconstitute destroyed appendages such as hair follicles and 

sweat glands(l).

Remodelling and Reorganisation

Beginning in the days following injury, the wound matrix changes in the months to 

years following injury. This is dependant on the time from injury, the distance from the 

wound margin, local mechanical factors, and the cytokine environment(4). The maximally 

cellular granulation tissue is gradually reduced over time as cells undergo apoptosis (21). 

Keratinocytes differentiate into normal stratified epithelium; the epithelium thickens and 

develops a basal lamina. Collagen and proteoglycans replace fibronectin and hyaluronic 

acid laid down in the young wound(9). Mature type I collagen gradually replaces type III 

immature collagen, progressively increasing the wound’s tensile strength, which eventually 

reaches a maximum of about 70% of uninjured tissue following a simple incisional 

wound. A constant cycle of synthesis and degradation leads to a reorganisation of 

collagen into parallel bundles in response to local stresses and growth factors present.
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Abnormal Wound Healing

Repair may not proceed normally if one or more of the numerous acute wound healing 

components becomes compromised. Wounds may become excessively fibrotic leading to 

hypertrophic scars or keloid formation. More troublesome though, are wounds that heal 

abnormally slowly or cease repair altogether. Wounds may arbitrarily be divided into 

acute and chronic (11, 22). One definition of a chronic wound is one that is not 

continuously progressing toward healing(23), or not healing in an orderly and timely 

fashion(22). The majority of chronic wounds are originally minor traumatic injuries(24), 

and therefore can be considered acute at least initially. The mechanisms for abnormally 

healing wounds are mukifactorial, depending on the underlying cause(25). Both local and 

systemic factors may cause an acute wound to become chronic by impairing the orderly 

healing process.

Systemic Causes

Systemic factors leading to impaired healing include diabetes, age, vascular insufficiency, 

malnutrition, hypovolaemia, immunodeficiency, infection, venous stasis, and treatment 

with steroids or chemotherapeutics among others (6, 7). Diabetics tend to have 

diminished neutrophil function, neuropathy, and vascular disease(23). Age slows healing, 

macrophage funaion, and the response to growth factors is reduced(26, 27). Vascular 

insufficiency leads to tissue hypoperfusion and hypoxia. Adequate protein, fat, 

carbohydrate, vitamins, and trace elements are all required for the synthesis of structural 

elements and overall metabolic support for tissue repair(2 8). Immunodeficiency and 

steroids inhibit macrophage function, the inflammatory response, and predispose to 

infection(2, 6).

Local Causes

Wound oxygenation is of key importance in promoting rapid healing, and adequate 

oxygenation is essential for collagen produaion. A reduaion of tissue oxygenation 

reduces both collagen synthesis and re-epithelialisation(6). Wound blood flow appears 

more important than measured haemoglobin concentration or saturation, stressing the 

importance of avoiding hypovolaemia in the injured. Wound perfusion also provides 

other nutrients and raw materials needed for repair. Prolonged application of even a 

relatively low mechanical pressure to tissue may reduce local perfusion, and lead to
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ischaemic changes(25, 29). In the context of chronic venous ulceration, the fibrin cuff 

theory suggests that the mechanism of the abnormal healing is a reduction in oxygen 

diffusion between the blood and tissue, secondary to fibrin build-up around vessels(30). 

Infection also tends to reduce healing(31). A precise definition of an infected wound is 

difficult although quantitative bacteriology suggests a figure of 5 x 104 baaeria per cm3 of 

tissue is sufficient to diminish healing(32). Bacteria consume available oxygen and 

nutrients within the wound, and prolong the inflammatory response. Bacterial endotoxins 

and exotoxins are directly damaging to cells. A collection of pus may also increase wound 

pressure. Foreign bodies reduce the oxygenation levels within wounds and promote 

infection and inflammation. Haematoma formation may be detrimental both by 

increasing tissue pressure and predisposing to infection. The anatomical position of the 

wound, and its orientation with respect to skin tension lines also have an influence on 

healing. Other factors such as pressure, mechanical stress, and prior irradiation are 

detrimental at least partially by reducing tissue perfusion.

Growth Factors

A range of growth factors controls the healing process. An imbalance of these factors 

may contribute to the development of a chronic wound(24). In certain circumstances, 

diminished levels of growth factors may lead to impaired wound healing(25). Fluid from 

acute wounds is stimulatory for fibroblasts and endothelial cells in culture(33). Cytokine 

levels in chronic wounds, although variable, have been found to be lower than levels seen 

in acute wounds(34). The “trap” hypothesis of the mechanism of venous ulceration 

suggests that growth factors are sequestered in the extracellular tissues secondary to 

extravasated macromolecules(30).

Chronic wounds may become self-perpetuating, with changes in the local wound 

environment over time. Although proteinases are required for normal healing, excessive 

amounts may be disadvantageous. Chronic wounds are characterised by accumulation of 

extracellular components, matrix metalloproteinases (MMP’s), and collagenases when 

compared to acute wounds (3 5), leading to the destruction of structural proteins, integrins 

and growth factors(ll, 36-38). One reason for this may be a prolonged inflammatory 

phase without progression to the proliferative phase(39), which may be caused by an 

imbalance in growth factor levels. Although increased amounts of growth factors may be 

produced in chronic wounds, they are rapidly destroyed(37). The chronic wound bed may
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not be ideal for keratinocyte migration, reducing the rate of re-epithelialisation in chronic 

wounds(25).

An imbalance in the produaion and degradation of collagen may also lead to excessive 

scar tissue and the formation of hypertrophic scars and keloid. The amount of TGF-P 

contributes to the formation of collagen and there may be a reduced amount of 

collagenase produaion or inhibitors of TGF-p in keloid tissue(9).

Therapeutic manipulation of these growth faaors within wounds has the potential to 

improve the healing of wounds as well as reducing potentially disabling scar tissue 

formation.

Epidemiology

Chronic or impaired healing of cutaneous v/ounds continues to be a major health 

problem, causing a great deal disability and suffering as well as being a major burden on 

health care systems. The most prevalent chronic cutaneous wounds are decubims, 

venous, arterial, and neuropathic (principally diabetic) ulcers, which together account for 

over 70% of all chronic wounds(22). It is estimated that in the United States, there are 6.5 

million people with a chronic skin ulcer, and 1.25 million significant bums per year(10), 

costing an estimated 5-9 billion dollars per year in their management, in addidon to the 

cost of lost produaivity(9).

Decubitus ulcers are the most common form of chronic axtaneous wound (22). The 

prevalence of pressure ulcers in hospitalised patients is between 3 and 14%, and as much 

as 20 to 30% in the spinally injured(40). Risk faaors for pressure ulceration are age, 

immobilisation, malnourishment, incontinence, and paraplegia(40). The point prevalence 

of lower limb ulceration is reported as between 0.11 and 0.64 %, and then rises with 

increasing age(40, 41) depending on the precise population studied(42). Leg ulcers are 

more common in females, even after age adjustment(41); and surprisingly half arise before 

the age of 65. The majority of leg ulcers are venous in origin and overall lifetime risk is 

estimated at approximately 1%. Most ulcers are present for more than one year and are 

recurrent(23, 41). Accompanying the neuropathy and vascular disease, lower extremity 

ulcers are present in 7% of diabetics, with an overall lifetime risk of 15%(23), and remain 

the leading cause for lower extremity amputations in this population(43, 44).
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Half of all these chronic wounds require daily dressing, by healthcare professionals in 

95% of cases(23, 41, 45). Although the underlying cause of these wounds, whether local 

(e.g. infection, ischaemia, venous hypertension or prolonged pressure), or systemic (e.g. 

diabetes, malnutrition or steroid therapy), can sometimes be treated successfully, many 

wounds remain unhealed and unresponsive to these measures.

Wound Treatment

The ultimate goal of the treatment of any wound is to achieve timely closure of the 

wound, with a good functional result that is aesthetically acceptable and that possesses 

enough resilience to prevent recurrence.

History

Reference to wounds and their treatment is evident from ancient times - the Sumerian 

Tablets - about 4000B.C.(46). Much of the early records relate to acute traumatic wounds 

caused by battle, accidents, or animals. Principle problems were identified as 

haemorrhage, pain, suppuration, and tissue disruption. Treatments stemmed empirically 

from trial and error. An early standard of wound treatment dating back to the Smith 

Papyrus in 1650B.C.(47), involved the use of lint as a dressing and grease to prevent its 

adherence to the wound. Honey, vinegar, wine, and copper were also used around this 

time, all of which have subsequently been found to have antimicrobial properties (47). 

Hippocrates (460 - 377B.C.) advocated the importance of cleanliness and washing with 

brine in wound management(48). He also taught that suppurating wounds should be 

allowed to heal by secondary intention. Bandaging was used frequently around this time. 

Aulus Cornelius Celcus (approximately 25B.C. - 50 A.D.) described the well-known 

cardinal signs of inflammation in De Medicina in 24 A.D(47). He noted the difference 

between acute wounds and chronic sores, methods of haemostasis, and the need for 

debridement. Subsequently, the teachings of Claudius Galen (131 - 201 A.D.) dominated 

for centuries although practice deteriorated over time due to repeated serial transcription 

and translation of his writings. Suturing, initially of embalmed corpses was employed by 

2000B.C., and for traumatic wounds by the third century. The long-lasting erroneous 

concept of laudable pus originated in Greece, as it was considered an integral part of the 

natural healing process, and the promotion of infection was encouraged for several 

centuries(49). The French surgeon and anatomist Henri de Mondeville (1260 - 1320
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A.D.) eventually re-described haemostasis, cleanliness, debridement, and wound closure in 

the 14th century(50). However, wounds were still repeatedly opened to encourage pus 

formation until the 19th century when Louis Pasteur (1822 - 1895) related bacterial growth 

to infection in wounds. James Lind identified the importance of Vitamin C in preventing 

scurvy and its associated impaired healing state(49).

Joseph Lister (1827-1912) pioneered the use of wound antisepsis and later, hand 

washing and instrument antisepsis as the Professor of Surgery in Glasgow in the 

1860’s(51, 52). Sterilisation of instruments was introduced by von Bergmann in 1886 in 

Berlin and sterilised rubber gloves by Halsted in Baltimore in 1890. Application of these 

praaices to the acute wound led to dramatic improvements in outcome. The discovery of 

sulphonamides by Colebrook and of penicillin by Alexander Fleming in 1929 

revolutionised antisepsis(53). Reducing the bacterial load has a beneficial effect on healing 

in addition to reducing exudate, odour, and pain(22). World War I led to the recognition 

of the importance of the surgical debridement of necrotic tissue, and the concept of 

delayed primary closure (54). The purpose of debridement is thought to be the removal of 

necrotic tissue that both lowers oxygen tension within the wound and is a haven for 

bacterial growth.

These developments led to proven primary principles of wound care, including wound 

cleanliness, mechanical wound protection(29), thorough debridement of necrotic 

tissue(55) and infection control(23). Treatment of chronic wounds also involves removal 

of the underlying cause, and stimulating repair. Attention to the underlying cause is 

essential for success and avoidance of recurrence e.g. compression therapy for venous 

ulceration(56), pressure relief for decubitus ulcers(29), and revascularisation for ischaemic 

wounds. Ongoing maintenance of general nutrition and correction of hyperglycaemia and 

other underlying systemic abnormalities are also essential.

Despite these efficacious treatment measures, some wounds remain refractory to 

treatment and are slow to heal.

Current

A much more thorough understanding of the process of wound healing developed 

during the 20th century. The modem perception of wound repair provides rationale for 

established therapy, and further insight into how to modify the healing process as a form 

of treatment. This may either involve enhancing the rate of healing, or reducing fibrosis
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to prevent contractures or keloid. Systemic treatment such as nutrition and maintaining 

blood supply and oxygenation are considered at least as important as local measures. 

Modem interventions should be considered adjuvant therapy, rather than a replacement 

of well-established and efficacious techniques(ll).

More effective non-adherent wound dressings are available which keep the wound 

proteaed and at a physiologically moist and warm environment, ore of proven benefit in 

improving the healing rates of acute wounds(57). These dressings may help to retain 

stimulatory growth factor rich wound exudate in the wound and increase wound oxygen 

tension(33). Keratinocyte migration is improved in a moist environment(2). In chronic 

wounds, simple dressings may have a limited effect on healing rates, but they have been 

reported to reduce infection, reduce pain, and stimulate the formation of granulation 

tissue(ll, 22).

Wound dressings may also be biological in nature, in the form cultured allograft or 

autologous keratinocyte sheets and/or dermal allograft or substitute(58, 59) as well as 

more established forms of skin autografts. These interventions have relatively good 

success rates in promoting wound closure and a surprisingly low recurrence rate in 

otherwise non-healing wounds. Implanted allograft cells are rapidly replaced by host cells, 

suggesting they may act at least in part by providing a source of additional growth factors 

in addition to a simple wound covering(22, 60, 61). Cultured fibroblasts also improve 

healing rates in diabetic foot ulceration possibly by providing growth factors in addition to 

other structural elements(62).

Alexis Carrell demonstrated the growth promoting effects of wound exudates in the 

early 20th century. The role of exogenous growth factors is still largely experimental 

ranging from the application of autologous platelet releasates(63) to the use of 

recombinant growth factors produced using molecular biological techniques.

Other more experimental treatment modalities include electrical stimulation(64), 

systemic hyperbaric oxygen, negative pressure(65-67), normothermia(68), infrared, 

ultraviolet and laser therapy(57) . Large numbers of topical agents have been extensively 

tested with surprisingly little effect(46, 57).

Wound Measurement

In order to analyse cutaneous healing and allow comparison between different 

treatment modahties, it is necessary to measure wounds in some manner(69). An ideal
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method of measurement should be accurate, reproducible, sensitive, flexible, standardised, 

informative, and non-invasive(70). In praaical terms, this is not always possible. There 

are numerous available methods of wound measurement, both qualitative and 

quantitative. The simplest measurement of a wound is whether it has healed, or remains 

unhealed. This has the disadvantages of being over simplistic, ignores differing wound 

types and the various aspects of the healing process, and is inappropriate in a chronic 

situation(2). For scientific purposes, a quantitative method allows a more accurate 

comparison between different subject and treatment groups. From a clinical point of 

view, other factors such as pain, disability, and location are also important, but are more 

difficult to quantify. The ultimate goals of healing depend on the individual situation. 

Most chronic wounds involve an open wound with tissue loss, such as leg ulcers, as 

opposed to incisional surgical wounds. Simple closure of a wound does not indicate 

adequate healing; it must have sufficient strength to avoid recurrence and limited 

fibroplasia for cosmetic and functional reasons(71).

Time to Closure

The total time to heal is an endpoint measure. It is somewhat subjective, requires 

regular observation, and provides no information on the progression of healing. It is 

often used in clinical trials, and is a requirement of the U.S. Federal Drug Administration 

for clinical drug approval. It may not be particularly sensitive in situations with a slow 

healing rate, as increased healing rates may not be reliably detected(72).

Dimensions

Wound dimensions such as length, width, depth, area, and volume may be measured. 

One-dimensional measurements of the length, width, and/or depth are not usually 

appropriate as often the wound in question is not a regular circular or oval shape, and 

wound depth is rarely uniform. Wound area is a more accurate measurement, and may be 

approximated using functions of simple length and width measurements or the use of a 

standardised grid. More accurately, a wound photograph or tracing may be scanned into a 

computer and measured electronically(31). This latter method has a reported accuracy of 

0.6 to 3.9%(73). Wound volume may be measured by taking an impression of a wound, 

or by computerised stereophotogrammetiy(74). Repeated measurements allow the 

calculation of a healing rate (75).
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Mechanical Measurement

Applying traction to a wound whilst recording the tension across it can give an 

indication of the quality of wound healing. Although not feasible for human studies due 

to its disruptive nature, this method is suitable for animal work and yields a quantitative 

value of the quality of healing. Systems have been described for both m viw(76) and ex viw 

use(77, 78). Early tensiometers used mechanical systems for both tissue distraction and 

tension measurement(79). A uniform rate of traction or loading is essential for accurate 

and consistent results(80, 81). Early wound strength is principally due to fibrin deposition 

prior to the deposition of stronger collagen beginning 4-5 days following injury(82). 

During this period, wound strength is low and subject to damage during the process of 

removal from the animal, and measurements taken early in the healing process may not be 

accurate (76). The deforming influences of dissecting, mounting, and distracting tissue in a 

tensiometer, and effects of the wound itself must be considered(83).

Physiological measurements

Other physiological wound measurements include the amount of growth factors in 

collected wound fluid, or measuring the hydroxyproline levels as an indication of collagen 

formation(84). These may be done by either tissue biopsy, collecting wound fluid, or by 

placing a subcutaneous sponge (8 5). Although useful for research purposes, these 

measurements do not provide any assessment of the rate or quality of healing.
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Comparison of Incisional and Excisional Wound Burst

Strength

Purpose

Wound tensiometry is an established method for the measurement of wound healing in 

an incisional wound. Following surgery, most wounds are simple sutured incisional 

wounds; and although a small proportion dehisces, most tend to heal without incident. 

The vast majority of chronic wounds however, are not incisional in nature, but are open 

ulcerated lesions with associated dermal and epidermal loss, and tend to heal by secondary 

rather than primary intention. This involves granulation tissue formation, wound 

contraction, and re-epithelialisation that only occur to a minimal extent in incised, 

approximated wounds. The relevance of an incisional wound model to these chronic 

wounds is therefore of limited use. Though an exact animal replica of human chronic 

wound is not possible, an excisional wound may more closely model the processes of 

inflammation, granulation tissue formation, proliferation, and epithelialisation in human 

chronic wounds. Previous studies have examined excisional wounds, but have looked at 

closure rates rather than healing quality or tensile strength. In order to validate using 

tensiometry in an excisional model of wound closure, the mechanical characteristics of 

excisional wounds were compared to incisional wounds in mice at several time points 

after wounding.

Both pig and primate skin tend to resemble anatomically and physiologically human skin 

more than the mouse. Mice were chosen for these experiments however, due to their 

availability, ease of handling, and low cost. They have also bee extensively characterised 

from a wound healing point of view. This would allow a greater number of experiments 

to be performed.

Methods

Animals and Wounds

Twenty-eight female BKS.Cg-m mice were obtained from the Jackson Laboratories (Bar 

Harbor, ME). Animals in this and all subsequent experiments were maintained in 

accordance with The Use of Experimental Animals at Johns Hopkins Unkersity(S6), and all 

procedures prospectively approved by the institutional animal care and use committee in 

accordance with federal requirements. Animals were quarantined for one week on arrival
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to acclimatise. Animals were weighed and anaesthetised with an intraperitoneal dose of 

0.02 ml per gram bodyweight of a 1.25% Avertin solution (2,2,2 tri-bromo-ethano! 

dissolved in tert-amyl-alcohol, Aldrich Chemical Company Ltd., Milwaukee, WI). The 

dorsum was shaved with electric clippers, and then cleaned with 70% isopropyl alcohol 

swabs. A full thickness 1.5 cm incisional wound was created on the left flank using a

disposable scalpel and carefully closed using two intermpted 6/0 

prolene non-absorbable sutures. A contralateral full thickness 

excisional wound was made using a 5mm circular punch biopsy 

instrument (Acu-Punch, Acuderm, Ft. Lauderdale, FL), (Figure 

1). Wounds were left undressed and undisturbed for the 

duration of the experiment. After recovery, animals were 

housed individually to prevent interference with one another’s 

wounds, observed regularly to exclude sickness, and given free 

access to water and chow.

Figure 1. Position of the 

mouse cutaneous wounds.

Wound Measurement

On days 7, 12, and 17 after wounding, mice were euthanised with an overdose of 

intraperitoneal Avertin. The wound eschar was carefully removed and the un- 

epithelialised excisional wound area traced onto transparent acetate paper. Wound images 

were digitised with a scanner at high resolution (600 dots per inch, Visioneer Paperport 

6000, Visioneer, Frement, CA), and the wound area calculated using image analysis 

software (Scion Image, Frederick, MD).

After the wound area was measured, the entire dorsal skin was carefully removed. 

Using a standardised template, two longitudinal dorsal skin strips of 2 cm by 0.5 cm were 

fashioned perpendicular to each wound. The healing wound biseaed each strip. Care 

was taken not to include any bridging suture material from the incisional wounds.

The tension across each wound specimen was measured using a digital force gauge 

(Elearomatic Equipment Co. Inc., Cedarhurst, NY), with a range of 0-10 ± 0.01 

Newtons. This was mounted on a motorised test stand (Check-Line, Cedarhurst, NY) 

that applied traction at a constant rate of 10 millimetres per minute. Eight mm clamps

32



held the tissue at each extremity. The force gauge was connected to a PC using an RS232 

serial data port. Data was imported via a data transfer program (Software Wedge, TAL 

Technologies, Philadelphia, PA) into a spreadsheet (Excel 2000, Microsoft Corporation, 

Seattle, WA) for analysis (Figure 2).
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Figure 2. Schematic diagram of the wound burst strength tensiometer.

Each skin specimen was individually loaded onto the tensiometer, by clamping either 

extremity. Longitudinal traaion was applied at a constant rate, during which the tension 

across the skin biopsy was measured until complete disruption of the tissue. The wound 

breaking strength was recorded as the peak tension developed across the skin strip prior 

to fracture.

Results

Wound Areas and Burst Strengl)

The mice tolerated the anaesthetic and wounding procedure well. Following an initial 

transient loss, animals recovered and gained weight during the experimental period. The 

skin wounds healed rapidly without any evidence of infection. The excisional wounds 

healed by a combination of re-epithelialisation and wound contraction, and all appeared 

closed by day 17. During tensiometry, all wounds failed at the site of the wound. This 

was in contrast to the unwounded skin tissue that tended to disrupt at the points of 

clamping. One excisional wound was disrupted during dissection and was therefore 

discarded. Wounds increased tensile strength over the three time points measured 

(p<0.01 ANOVA; for both the incisional and excisional wounds). At each time point, the 

incisional wounds tended to have higher burst strengths than the excisional wounds 

(Figure 3) but this only reached significance on day 12 (Student’s t-test, p=0.771, p=0.005, 

p=0.197 on days 7, 12, and 17 respectively. Wounds did not approach the tensile strength
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of normal skin (6.22 N ± 0.56) during this short time period despite the appearance of 

being well healed.

Day 7 Day 12 Day 17
■ - - - ------------------------J

Incisional Burst Strength

(Newtons ± SE)
1.00 ±0.12 2.59 ± 0.20 2.91 ± 0.22

Excisional Burst Strength

(Newtons ± SE)
0.96 ± 0.09 1.88 ±0.11 2.50 ±0.19

Excisional Area (pixels ± SE) 1725 ± 293 376 ± 55 0

Table 1. Incisional and excisional wound measurements at time points after wounding.
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Figure 3. Wound burst strengths and wound areas of incisional and excisional wounds 

in normal mice at days 7, 12, and 17 following wounding (*=p<0.05 Student’s t-test, 

incision compared to excisional wounds).

Other Mechanical Parameters

In addition to wound burst strength, various other mechanical parameters of wounds 

may also be measured (Table 2). For example, the maximal wound stress may be 

calculated by dividing the peak tension by each wound’s cross sectional area(78, 83). In
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practice however it is difficult to accurately measure the cross sectional area due to the 

elastic nature of skin and varying amounts of subcutaneous fat that contributes little to its 

tensile strength(87). These factors are of less importance when a standardised wound and 

animal model are used, as the cross sectional areas of each strip are made equal, allowing 

for a direct comparison to be made between individual burst strength values(83).

By combining simultaneous measurements of tension and the extension/displacement 

that occurs during wound distraaion a force/extension graph may be created (Figure 4). 

From this plot it is possible to calculate the work-done in disrupting a wound(78, 88) from 

the area under the curve(83).

Wound Measurement Definitions(78,89).

Wound Burst Strength Maximum tension developed prior to rupture

Maximum Stress Maximum tension/cross sectional area

Strain Amount of stretch at rupture/initial length (elasticity)

Work-Done Area under force/extension curve

Stiffness
Rate of change of tension with increased stretch 

(Gradient of the force/extension curve)

Elastic Modulus
Area under Stress/strain curve (relative failure energy)

Work-done as a function of tissue volume

Table 2. Definitions of wound measurement terms.

Burst Strength

Stiffness

Work: Done

Extension
Figure 4. Idealised force (/) / extension (e) curve for an individual wound.
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The resilience or total work-done in disrupting the mouse skin wounds at each of time 

point was calculated by integrating the area under the force/extension curve for each 

wound (Figure 5). The excisional wounds tended to be more resilient than the incisional 

wounds in the early stages of healing, in contrast to their lower burst strength, but this 

only reached significance on day 7 (Student’s t-test, p=0.017, p=0.643, p= 0.307 on days 

7, 12, and 17 respectively. This is explained by the incisional wounds having a steeper 

initial load-extension curve (stiffness), a higher peak tension, and a more acute failure than 

the excisional wounds, leading to a smaller total area under the curve.

Day 7 Day 12 Day 17

Incisional Wound Work Done

(arbitrary units ± SE)
164 ± 25 345 ± 58 452 ± 53

Excisional Wound Work Done

(arbitrary units ± SE)
335 ± 60 393 ± 52 560 ± 92

Table 3.

700 

600 

500 

400 

300 

200 

100 

0

Figure 5.

and excisional wounds following wounding (!!'=p<0.05 Student’s t-test, incision

compared to excisional wounds)
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Work-done in disrupting incisional and excisional wounds in normal mice.
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Work-done in disrupting wounds on days 7, 12, and 17 following incisional
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The maximum wound breaking strength and force/extension data were compared to 

examine their relationship. The figure indicates a positive correlation between burst 

strength and the work-done for both types of wound. Using the Pearson product 

moment correlation, a coefficient of 0.842 for incisional and 0.722 for excisional were 

obtained. This relationship was highly significant p < 0.01 for both types of wound 

(Figure 6 and Figure 7).

p 400 -

Wound Burst Strength (N)

Figure 6. Scattergraph of wound burst strength against the work-done in incisional 

wounds. Pearson product moment correlation = 0.842, p<0.01

1000 -

p 400

0 12 3 4
Wound Burst Strength (N)

Figure 7. Scattergraph of wound burst strength against the work-done in excisional 

wounds. Pearson product moment correlation = 0.722, p<0.01
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Conclusion

Although healing by secondary intention rather than primary intention, excisional 

wounds gradually gain tensile strength at a similar rate to the incisional wound model as 

healing progresses. One argument is that the measurement of the surrounding normal 

skin rather than of the wound tissue. In addition to collagen accumulation within the 

wound, the gain in tensile strength in the excisional wound model is in part due to wound 

contraction pulling in normal tissue surrounding the wound defect. This is considered an 

important part of healing by secondary intention. The variability of the wound burst 

strengths of the excisional wounds tended to be less than those of the more standard 

incisional wound model. Part of the variability of the incisional wounds may represent 

differences in the accuracy of skin apposition during the suturing of incisional wounds as 

well as inter-subject variability.

Inaccuracies in the experiments may be introduced at several points. At the time of 

wounding although a standard punch biopsy instrument was used differences in the 

amount of stretching of the animals skin may have caused slight differences in the initial 

excisional wound size. Animals from the same Utter were used across groups to minimise 

differences due to age or sHght strain differences. All wounds were cut to a 

predetermined size by a single experimenter to maximise uniformity. Skin thickness was 

not measured, as all animals were of similar weight, and therefore had similar amounts of 

subcutaneous fat. This relatively thick fat layer contributed Uttle to the breaking strength 

of the wound. During the preparation of the wound strips errors may have been 

introduced if the excisional wound was not precisely at the centre of the strip - this was 

not an issue with the incisional wound as the incision extended across the entire strip 

(Figure 8).

Excisional

ideal

Figure 8. Potential source of error in fashioning the excision wound strips.

39



The work-done in bursting these wounds also increased with time from wounding in 

both the incisional and excisional wound models. The total work-done in disrupting the 

wound correlated with the wound burst strength in both the incisional and excisional 

wound model. The simpler measurement of burst strength is a good approximation of 

the overall extent and quality of wound healing in both types of wound. This relationship 

is most consistent in less well-healed wounds. Although the strength of association 

between work-done and tensile strength is not as high as with the excisional wound, the 

variance of burst strength is less and has the advantages of being a more appropriate 

model of chronic wounds, and it is also possible to measure the rate of wound closure.

The use of these simple measurements such as wound area and burst strength only gives 

a limited indication of the biological processes within the wound. It suggests that some 

wounds are better healed than others only, and allows comparisons to be made between 

different groups of wounds rather than inferences to be drawn about the mechanisms of 

the differences in healing rates.

Summary

Wound healing relies on complex interaaions between cells, stromal elements, and 

soluble mediators. Historically, efficacious means of wounds treatment have arisen 

empirically, but retrospectively often have sound physiological foundation. With a more 

detailed and scientific understanding of the healing process, there is opportunity^ to 

improve healing by novel means. This requires a good model for experimentation. An 

excisional model of cutaneous wound healing in a mouse model is described and 

validated. Results indicate that the measurement of wound burst strength in an excisional 

wound is a reproducible method of healing and approximates to the work-done in wound 

disruption.
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Chapter Two

MODELS OF IMPAIRED WOUND HEALING

Background

Opportunities for wound healing studies in human subjects are limited for both ethical 

and practical reasons. In the normal animal and human, wound healing occurs rapidly and 

attempts at improvement are difficult^, 31), although possible(12, 18, 90), and it is clear 

that some tissues heal more rapidly than others. Chronic or poorly healing wounds have a 

much greater potential for improvement through treatment (71). Treatment is required for 

the many situations where wound healing is sub-optimal, and animal models of defective 

healing may be useful in studying these possible therapies(85). Most animal wound 

healing studies are carried out in healing impaired acute, rather than chronic wounds(85). 

As such, they may not accurately model the various types of human chronic wound in all 

their complexity(91). Although these models are of acute wounds, they do share some of 

the abnormal features of human chronic wounds. They provide more relevant 

information compared to in vitro studies where the numerous interactions and effects of 

the in vivo environment are not possible to duplicate. In addition, measurements of 

dosage, activity, and quality of healing can be obtained(92).

Numerous animal models of impaired healing are available. Systemic abnormalities 

leading to impaired healing include both genedc(91, 93) and chemically induced 

diabetes(94), elderly animals(95), protein malnourished animals(96, 97), irradiation(98), 

infection(31, 99) and various forms of immunosuppression(85). Local conditions may 

also be modified to slow healing such as ischaemia, pressure, and wound retarding agents 

such as bacteria.

Two animal models, the genetically diabetic mice, and the elderly mouse model were 

examined as potential chronic wound healing models.
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The Diabetic Mouse

Leptin is a 167 amino acid (16 kDa) protein, which is primarily secreted by adipocytes in 

proportion to the total amount of fat and the nutritional status of an individual(100, 101). 

Mice that have a mutation of this Leptin gene on chromosome 6 (termed ob) have certain 

phenotypic traits, including obesity(102).

The Lep/’ gene on chromosome 4 encodes the leptin receptor(102, 103). It is expressed 

in the choroid plexus and hypothalamus as well as other tissues(104), and has a major role 

in the regulation in body fat(105). BKS.Cg-m mice that have an autosomal recessive 

single substitution mutation on the leptin receptor gene (termed Lep/’ or db)(104, 106) 

express an identical phenotype to those with the leptin (ob) mutation. The homozygous 

phenotype (Lep//Lep/) depends in part on the strain of the animal(107). BKS.Cg-m 

mice exhibit features of severe insulin resistant diabetes, whereas other mouse strains are 

much less severely affected(106). Leptin biochemical abnormalities have also been 

reported in obese humans(108), but their glucose metabolism does not appear to be 

affected.

BKS.Cg-m homozygous (Lep/’/Lep/) mice express increased insulin levels by their 10th 

day(106). Pancreatic islet cells become hypertrophied and hyperplastic in an effort to 

overcome the insulin resistance. Homozygotes tend to be overweight by 3-4 weeks old, 

and are easily distinguishable from littermates. They are hyperphagic, hyperglycaemic (at 

least in early life), and polyuric. Rather than insulin deficient, affected animals are 

hyperinsulinaemic and insulin resistant, alike type II adult onset diabetes(91, 106). They 

are sterile and are thus propagated using non-diabetic heterozygous pairs, and have a 

considerably reduced lifespan, due to the progressive hyperglycaemia. Complications 

similar to human diabetes, such as neuropathy and myocardial disease have been 

described.

Although they are frequently used in metabolic studies of diabetes, they also have 

impaired wound-healing characteristics^ 1, 94, 109). Genetically diabetic mice are often 

used for wound healing experiments (93), as they are readily available in large numbers, 

relatively inexpensive, and easy to maintain. They are not specifically a replica for human 

diabetic ulcers, but rather a means of studying impaired cutaneous healing as whole. 

There is evidence of delays in inflammation, granulation tissue formation, collagen 

formation, wound contraction, and wound closure compared to their heterozygous
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littermates(31, 84, 91). Mechanisms of the impaired wound healing seen in these diabetic 

animals may be related to increased protein catabolism(l 10) and glycosylation of 

collagen(87, 88, 110) proportional to the blood glucose level. Other possible reasons 

could be diminished blood supply to the skin, propensity to infection. There is a marked 

attenuation of growth factor response following skin injury(lll, 112) in these animals. 

They have depressed cell-mediated immunity, demonstrated both in vitro and in viw, which 

is unresponsive to insulin therapy(113).

Comparison of Diabetic and Normal Mouse Wound 

Healing following both Incisional and Excisional

Wounds

Purpose:

To compare the wound healing characteristics of diabetic mice homozygous for the 

diabetic gene compared to non-diabetic heterozygous littermates. As the excisional 

wound model may be a more appropriate model for the study of chronic skin wounds 

these wounds were also examined. As this is a less frequently used model, especially with 

respect to tensiometry, it was necessary to validate wound measurement parameters in this 

wound type. In separate experiments, both the incisional and excisional wounds were 

used.

Methods

Animals and Wounds
Twenty homozygous 6-8 week old female BKS.Cg-m Lep/h/Lepti> and twenty of their 

heterozygous littermates were obtained from the Jackson Laboratories, Bar Harbor, ME. 

They were quarantined for one week on arrival.

All animals were weighed, and anaesthetised with an appropriate amount of IP Avertin 

(0.02 ml/lg bodyweight of a 1.25% solution). The dorsum was shaved with clippers, and 

then cleaned with 70% isopropyl alcohol. In one experiment, a full thickness 2-3 cm 

incisional wound was created transversely across the dorsum using a disposable scalpel. 

Wound edges were carefully apposed using 5x6/0 prolene interrupted non-absorbable 

sutures.
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In a separate experiment, two 5 mm excisional wounds were created on the left and 

right dorsum of each animal using a 5 mm cutaneous punch biopsy instrument (Acu- 

Punch®, Acuderm, Fort Lauderdale, FL).

All wounds were left undressed and undisturbed. After recovery, animals were housed 

individually in cages to prevent wound disturbance, and allowed free access to water and 

chow.

Wound Measurement

On day 9, the perimeter of each excisional wound was carefully traced onto clear acetate 

paper after the scab had been carefully removed. The un-epithelialised wound areas were 

traced onto acetate paper. Images were scanned into a PC (Paperport 6000, Visioneer, 

Frement, Ca) and wound areas calculated using image analysis software (Scion Image, 

NIH).

On day 17, the mice were euthanised with an overdose of intraperitoneal Avertin, and 

the dorsal skin removed. Using a standardised template, two longitudinal dorsal skin 

strips of 2 cm by 0.5cm were fashioned perpendicular to the wound. Care was taken not 

to include any suture material in these strips. Each skin strip was loaded individually onto 

the tensiometer. Longitudinal traction was applied at a rate of lOmm/min, during which 

the tension across the skin biopsy was measured until complete disruption. The wound 

breaking strength was recorded as the peak load developed across the skin strip prior to 

fracture.

Wound Histology

After removal from the animal, some wounds were bisected longitudinally, fixed in 

3.7% formaldehyde and paraffin embedded. 5pm sections were cut and stained with 

haematoxylin and eosin for examination with light microscopy.
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Results

Diabetic animals were significantly larger and heavier than their littermates 44.9 ± 2.0 

compared to 22.6 ±1.5 grams. All animals maintained their weights throughout the 

experiment. On wounding, there was considerably more subcutaneous fat evident in the 

diabetic than in the non-diabetic animals (Figure 9).

Figure 9. Cross-sections of unwounded non-diabetic (left) and diabetic (right) mouse 

skin, the arrows indicate the thickness of subcutaneous fat, much thicker in the diabetic

animals.

Incisional Wounds

On day 17, the incisional wounds appeared less well healed in the diabetic animals than 

in the diabetics, this was clearly evident on histological examination (Figure 10).

diabetic (right) mice. Ihc arrows indicate the wound site, easiest to see from the dermal

scarring.
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The incisional wound tensile strength of the diabetic mouse skin wounds was found to 

be significantly lower that their non-diabetic littermates indicating reduced quality of 

healing in the diabetic incisional wounds (Table 4 and Figure 11).

Phenotype n Wound Burst Strength (Newtons ± SE)

Non-Diabetic 20 2.950 ±0.168

Diabetic 20 1.480 ± 0.0605

Table 4. Day 17 wound burst strengths of diabetic and non-diabetic incisional wounds.
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Figure 11. Day 17 incisional wound burst strengths of non-diabetic and diabetic mice

(n=20, *=p <0.001, Student’s t-test).
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Excisional Wounds

The excisional wound areas were measured on day 9 and the wound burst strengths on 

day 17. The day 9 wound areas are shown in Table 5 and Figure 12. The wound areas of 

the diabetic animals were considerably larger than controls indicating slower wound 

closure and re-epithelialisation.

Phenotype n Wound Area (pixels ± SE)

Non-Diabetic 20 1060 ±254

Diabetic 20 6038 ± 617

Table 5. Wound areas of diabetic mice and controls at day 9 following excisional

wounds.
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Figure 12. Day 9 excisional wound areas of non-diabetic and diabetic mice (n=20, *=p

< 0.001, Student’s t-test).
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By Day 17 the normal mouse wounds appeared to be well healed by a combination of 

both wound contraction and re-epithelialisation. In contrast, most of the diabetic mice 

wounds had not completely healed by this time, and there was evidence of both delayed 

wound contraction and re-epithelialisation. Epithelial structures did not regenerate within 

the epithelialised zone in either group (Figure 13).

on day 17 after an excisional wound.
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Day 17 wound tensiometry for the excisional wounds is shown in Table 6 and Figure 

14. Values were lower than those from the incisional wound experiment. Consistent with 

the incisional wound model, the diabetic excisional wounds had significandy lower burst 

strength than the non-diabetic animal wounds.

Group Name n Wound Burst Strength (Newtons ± SE)

Non Diabetic 20 1.965 ±0.126

Diabetic 20 1.090 ±0.136

Table 6. Wound burst strength data for diabetic mice and controls.
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Figure 14. Day 17 excisional wound burst strengths of non-diabetic and diabetic mice

(n=20, :;'=p <0.001, Student’s t-test).

49



Conclusion

Animals tolerated the anaesthesia and wounding despite their diabetes. The wound 

burst strength of both the incisional and excisional diabetic mouse wound was 

significantly less than those of their non-diabetic littermates, indicating impaired 

cutaneous healing by both primary and secondary intention in the diabetic animals. There 

was also a significant difference between diabetic and non-diabetic mice excisional wound 

re-epithelialisation.

A potential in comparing the diabetic and heterozygous littermates with each other is 

that there may be differences in the unwounded skin breaking strength which may lead to 

difficulties in direaly comparing the two groups with an excisional wound. Clearly 

however the wound areas were significantly larger in the diabetic animals indicating 

impaired healing.

The Leprdb/Lepr<ib homozygotes have markedly impaired cutaneous healing when 

compared to their heterozygous non-diabetic littermates. The excisional wound model in 

the diabetic mouse is a useful system for evaluating potential strategies for improving 

cutaneous wound healing. The excisional wounds are similar to troublesome clinical 

wounds that often involve some tissue loss and are more likely to heal by secondary 

intention, as opposed to sutured incisional wounds, which often heal rapidly, without 

complication by primary intention. The excisional models provide information on both 

wound closure and burst strength. In addition, it eliminates the potential variability of 

imprecise apposition and artefact secondary to foreign suture material.
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The Elderly Mouse

Background

Although it is generally believed that the elderly heal more slowly than younger 

individuals; this may be due to diminished inflammation and proliferative response or in 

fact secondary to concurrent illness, more likely in the elderly(26, 27, 114). The concept 

has been difficult to prove conclusively, due to variability in the wound site, severity, and 

differences in individuals with respea to general health etc(115).

In humans following a partial thickness wound, young patients re-epithelialise faster 

than older patients(116, 117), but there is no difference in collagen accumulation^ 17). 

Human studies are difficult due to difficulties in establishing a standard wound and 

finding both young and elderly individuals who are matched for health status.

It has been shown that aged mice 22-24 months show less granulation tissur 

formation(118), re-epithelialisation(119), neovascularisation(120), collagen synthesis(121), 

and lower expression of growth factors FGF-2 and VEGF following an excisional 

wound(95, 122). Incisional skin wounds in older rats have a lower breaking strain than 

younger animals(123, 124), and laparotomy wound strength is also reduced in aged 

rats(125).

Comparison of Elderly Mouse Wound Healing and 

Controls following an Excisional Wound

Purpose:

The elderly mouse may be a potential model for the study in impaired wound healing. 

To examine the suitability of the excisional wound model in elderly mice compared to 

young mice of similar strain, the excisional wound areas and wound breaking strength 

were compared.

Methods

Animals and Wounds

Twenty female BKS.Cg-m mice were obtained from Harlan Inc. (Indianapolis, IN) 

through the National Institute of Aging. Ten of the mice obtained were young - 6-8 

weeks - and the other ten were aged - 21 months. On arrival, animals were quarantined
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for one week to acclimatise and ensure good health. Mice were weighed, and 

anaesthetised with intraperitoneal Avertin (1.25%). The dorsum was shaved and cleaned. 

Two 5 mm full thickness cutaneous punch biopsy wounds were created on the dorsum 

bilaterally. Mice were housed individually in cages with free access to feed and water.

Wound Measumnmt
On day 9, the perimeter of each wound was traced on clear acetate paper after the scab 

had been removed. Images were scanned into a PC and wound areas calculated using 

image analysis software (Scion Image, NIH).

On Day 17, the mice were euthanised with an overdose of intraperitoneal Avertin. The 

dorsal skin was excised. Two longitudinal dorsal skin strips of 2 cm by 0.5cm are 

harvested to include the wound as before. Each skin strip was loaded individually onto 

the tensiometer, and longitudinal traction was applied at a rate of lOmm/min, during 

which the tension across the skin biopsy is measured until complete fracture. The wound 

breaking strength was recorded as the peak load developed across the skin strip.
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Results

On wounding, it was found that the elderly mouse skin was thicker and more resilient 

than the younger skin.

Wound areas

The wounds of the elderly mice appeared to heal more slowly then the young animals. 

The day 9 unepithelialised wound areas are shown in Table 7 and in Figure 15. The 

wound areas of the elderly mice were significantly larger than those of the younger mice.

Group Name n Wound Area (pixels + SE)

Young Mice 20 628 ± 51.4

Elderly Mice 20 1829 ±258.1

Table 7. Day 9 wound areas in young and elderly mice following an excisional wound.
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Figure 15. Day 9 wound areas in young and elderly mice following an excisional wound

(n=20, *=p<0.01, Student’s t-test).
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Wound burst strengths

Day 17 wound burst strengths of the mice are shown in Table 8 and Figure 16. On 

animal died on day 13 of unknown cause resulting in the loss of both of that animal’s 

wounds for evaluation. The elderly mouse wounds were significantly stronger than the 

young mouse controls at day 17.

Group Name n Wound Burst Strength (Newtons ± SE)

Young Mice 20 1.325 ± 0.21

Elderly Mice 18 2.861 ± 0.60

Table 8. Day 17 wound burst strengths of young and elderly mice.

*

Young Elderly

Figure 16. Day 17 wound burst strength in young and elderly mice (*=p<0.001,

Student’s t-test).

Conclusion

There are significant differences between the wound healing of elderly and young mice. 

On observation, it appeared that the young animals’ wounds were healing more rapidly 

than the elderly animals. On measurement, the re-epithelialisation was found to occur
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much more rapidly in the younger mice. Conversely, in this excisional model, the wound 

burst strength at day 17 is higher in the elderly mice. This was somewhat surprising, as 

the wounds did not appear to be as well healed in the elderly animals compared to the 

younger animals. This effect may be due to the thicker, more fibrous, and stronger 

uninjured skin tissue surrounding the wound in the elderly mouse, being drawn in during 

wound contraaion, making a direct comparison with the younger thinner mouse skin 

artifactual when performing tensiometry on an excisional wound.

Summary

The wounds of normal animals heal rapidly, so efforts to improve healing are difficult 

and probably unnecessary. These slowly healing wounds in the diabetic animals may allow 

wider opportunities to improve healing.

Several potential models of impaired wound healing were compared for use in 

subsequent wound experiments. The excisional wound diabetic mouse model proved to 

be a reproducible method and allows two separate parameters of healing to be measured. 

The diabetic animals appeared to tolerate the anaesthesia and wounds better than the 

elderly mice and consistently demonstrated reduced healing compared to their non

diabetic httermates.

The elderly animals also appeared to heal less well than the younger mice, but since their 

unwounded skin was more resilient than the younger animals, the breaking strength after 

an excisional wound was higher.

It was thus decided to focus upon the diabetic animals mouse model, since the wound 

area and breaking strength were consistent. These animals were also less fragile and much 

more freely available than the elderly animals.
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Chapter Three

GENE THERAPY

Background

Recombinant polynucleotide technology has allowed the purification, sequencing, and 

manipulation of individual genes. These DNA and RNA sequences have the potential to 

alter cellular phenotype and behaviour(126). The basis of gene therapy involves the use of 

polynucleotides to encourage cells to manufacture a certain protein(s) with a required 

function, or alternatively to block a specific mRNA’s translation by the use of an anti- 

sense sequence. These products do not necessarily have to be a natural product of the 

particular cell type concerned. Gene transfer is the process of inserting DNA or RNA 

sequences into cells to achieve a desired effect(127), whereas gene therapy is the use of 

gene transfer techniques as a therapeutic modality(128, 129). The most obvious 

application for gene therapy is the treatment of genetically transmitted diseases, where the 

primary problem lies with a defective DNA sequence. Examples of single gene defects 

include cystic fibrosis, thallasemia, familial hypercholesterolaemia, and certain clotting 

disorders. There are also numerous potential applications for gene therapy in the 

treatment of systemic and local non-genetic, acquired diseases and in the field of 

immunisation(130). For example, transfecting cells to produce TNF or IL-2 may be of 

use as an anticancer treatment(131).

The first human gene transfer trial began in 1989, and used an ex vivo transfection 

protocol in order to track injected lymphocytes cells using a neomycin resistance 

gene(132). This gene insert functioned solely as a cellular marker and had no therapeutic 

value. The first human gene therapy trial began 1990 to treat adenosine deaminase 

deficiency, caused by a single genetic defect, using autologous T-cells transfected 

retrovirally ex mo with the normal gene, and over 500 subsequent trials have now been 

completed(133, 134).
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Gene Delivery to Cells

One of the major hurdles of gene therapy in living animals is an effective means of gene 

delivery to cells(135). For successful expression in eukaryotic cells, the DNA must first 

enter the cell and then nucleus where the necessary apparatus exists for its translation into 

mRNA. There are two principal strategies for achieving this in living animals - ex vwo or m 

vcvo transfection.

Ex Vivo Transfection

Ex vivo transfection involves the removal of cells from an individual, transfecting them 

in cell culture, amplifying successfully transfected cells using a co-expressed selection 

marker, and returning these cells to the host(127, 136). This method involves several 

stages and is time consuming, labour intensive and expensive. Only certain cell types are 

amenable to culture and it may be difficult to re-implant them successfully back into the 

host in sufficient quantity to be effective(135).

In Vi vo Transfection

In vivo gene transfer involves transfection of the cells in situ within the host. In practice, 

this method has proved considerably more difficult and less successful than ex vivo means 

of transfection. Care must be taken only to transfect the target cells/organ to avoid 

unwanted side effects. Various options for transfecting cells and tissue are listed in Table 

9.

Viral

Transfection

Non-Viral

Transfection

Retrovirus Direct injection

Adenovirus Lipofection

Adeno-associated virus Polycationic polymers

Herpes virus CaP04 precipitation

Vaccinia/polio/RNA viruses Electroporation

Gene gun

Ultrasound

Table 9. Viral and non-viral means of cellular gene delivery
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Viral Gene Delivery

Transfection may also be classified as virus dependant or independent. Viruses deliver 

their DNA or RNA into cells as part of their normal replication cycle, making them a 

natural choice for the delivery of other genes to cells. Viral vectors used are usually 

retroviral or adenoviral based. Part of the viral genome, usually that causing pathogenicity 

and/or replication is replaced with the gene of interest. These vimses are then grown in 

appropriate bacteria or packaging cell lines that express the deleted viral gene(s). Some 

viral vectors can lead to a 100% transfection rate under ideal conditions and in certain cell 

lines (13 5). The following are the most common viral types employed in gene therapy 

applications

Retroviral Transfection

Retrovirally inserted RNA becomes randomly incorporated into the host chromosome, 

following reverse transcription to DNA. This leads to stable transfection, but only in 

actively dividing cells(135). There is therefore, a risk that the DNA sequence could be 

inserted at the site of a proto-oncogene or tumour suppressor gene, altering its 

functionality and potentially leading to a malignancy(135, 136). The fate of these 

replication deficient strains following recombination or complementation with the host 

genome is unpredictable(127). There are also concerns about their general safety, 

pathogenicity, and toxicity to both subjects and lab workers involved in their 

preparation(131, 137). For these reasons these retroviral agents are mainly restriaed to ex 

vox) use in order to minimise risk. The cancer risk is more than just theoretical, as several 

primates are known to have developed lymphoma as a direct result of transfection 

experiments (13 8).

Adenovirus

Adenovirally mediated transfection has the ability to transfect up to 100% of non

dividing cells(139, 140). In contrast to retroviral transfection, the DNA remains extra- 

chromosomal after adenovirus transfection (127). Gene expression also seems to be 

longer lasting when compared with other means of labile transfection(140), lasting several 

weeks, but this leads to safety concerns, especially with respect to the prolonged action of 

growth factors(135). These modified adenoviruses also tend to generate a strong immune
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response and may be systemically toxic despite their lack of replication(141). Dermal cells 

are mainly transfected following injection into the skin(142).

Adeno-Associated Virus

A third type of virus most commonly used is the adeno-associated virus, a replication 

incompetent virus that needs a co-infecting adenovirus for its replication and assembly. 

Although less antigenic than adenoviruses, purification of these viruses in sufficient titres 

from the adenovims required for production is problematic at present. In addition, they 

tend to only accommodate small plasmids up to 4.7kb in size(143). The delivered DNA is 

inserted into the host cell genome following transfection, with the associated concerns.

Herpes Virus

There has been some recent interest in using the Herpes virus, as it has the capacity to 

infect cells indefinitely(143). Advances in viral technology may allow production of 

plasmids with viral origins of replication, incorporated into viral envelopes without any 

other viral genes.

Disadvantages of Viral Transfection

There are numerous disadvantages to viral gene transfer including its high labour 

intensity compared to non-viral means(144). In viw viral transfection is certainly 

efficacious, but there is serious concern over possible health risks. There is a possibility of 

recombination with other vimses within the host, leading to a potential infective 

disease(130). Immunity to the vectors and their tendency to provoke a strong 

inflammatory response to antigenic viral protein components may also be a problem(127). 

The upregulated immune response to viral vectors limits their use and efficacy after 

retransfection(145). Retroviral and adeno-associated transfection, which incorporate 

DNA sequences randomly into the genome, risks both oncogene activation, and the 

hazards associated with stable transfection(144). There are also ethical concerns over the 

stable alteration of host germ cells. Regrettably, in the recent past, there was a fatality in 

an 18 year old human subject involved in an adenovirus mediated gene therapy trial for a 

genetically inherited disease, probably due to an immunological response to the vector, 

emphasising the need for caution when using these vectors(146, 147).
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Non-Viral Gene Delivery

The difficulties and concerns associated with viral gene delivery have led to increased 

interest in non-viral means of gene delivery. In the longer term, non-viral transfection is 

likely to be a safer and a more praaical strategy for future clinical use.

Plasmids

Non-viral genes are usually administered in the form of plasmids, circular strands of

bacterially derived, double stranded DNA. In mammalian cells, an upstream promoter

and a downstream poly-adenylation tail must flank the gene of interest to achieve

transcription. The most consistently effective promoter for in vux> gene expression

appears to be the cytomegalovirus (CMV) immediate early promoter and is the one most

frequently employed(148). A typical simplified plasmid construaion demonstrating the

key elements is shown in Figure 17. In addition, most plasmids contain an antibiotic

resistance gene, linked to a bacterial promoter so that bacteria in which the plasmids are

produced may be selectively grown in antibiotic containing media. Plasmids also usually

contain a bacterial origin of replication region, so that each bacterial host manufactures

and maintains numerous copies of the plasmid. These plasmids are somewhat easier to

prepare and manufacture than viral DNA constructs. The purity of DNA is related to

transfection efficiency(149). In eukaryotic cells transfected with plasmid, the DNA

remains extra-chromosomal(150) and is not replicated on cell division, so plasmid DNA is

gradually degraded and diluted with cell division(136). In cultured cells, gene expression is

gradually lost(151), regardless of whether there is chromosomal integration(127). This

loss may be due to promoter inactivation within the cell by methylation or some other

means. Although the transfection efficiency using plasmid as opposed to viral gene

delivery is lower, it has several safety

advantages. For the treatment of diseases

such as haemophilia where permanent Selectivity
transfection is desirable, this feature is a Gene ^

Bacterial'
disadvantage. However, in the field of 

wound healing, only temporary transfection 

is desirable as there is a defined endpoint of 

the intended treatment; at wound closure.

Figure 17. Simplified diagram of a plasmid

Promoter

Promoter

Gene of 
Interest

Polyadenylation
Tail
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Local Injection

In vivo transfection and expression of a plasmid gene following naked plasmid injection 

was initially demonstrated following the direct injection of plasmid into mouse skeletal 

and cardiac muscle tissue(152, 153). This was somewhat surprising, as naked plasmid 

does not tend to transfect cultured cells in vitro easily without some type of a cofactor. 

The P-galactosidase gene was expressed in up to 30% of cells in the injected areas of 

skeletal muscle. Following uptake, the plasmid DNA remains extra-chromosomal and 

does not seem to replicate in eukaryodc cells(151, 152). In skeletal muscle tissue, injected 

DNA is expressed transiently although the duration of expression of injeaed mRNA is 

much shorter(152). Maximal levels of expression are obtained when the DNA is 

dissolved in PBS(154), and in its circular non-linearised form(154). The transient 

expression of injected DNA is not entirely based on the destruction of DNA by 

DNAases. The DNA can be shown to persist in the tissue long after the production of 

mRNA has ceased(153). This transient gene expression may be related to specific 

promoter inactivation or an immunological response to the gene product(155).

Systemic Iniection

Systemic administration of plasmid is possible by intravenous injection of plasmid in 

mice. Plasmid half-life in the bloodstream is less than five minutes, although the DNA 

may be detectable in some visceral tissues for several months, especially in the lung and 

liver(156, 157). Protein expression within cutaneous tissues is however minimal or 

undetectable after this route of administration(157,158).

Methods of Skin Transfection

The skin is an attraaive organ for both ex vivo and in vivo transfection as it is accessible, 

readily cultured in vitro, easily monitored for therapeutic effect, and can be removed if 

required(127,137, 159). It has also been extensively characterised physiologically(137).

The skin may be used for both local and systemic gene therapy purposes. Local 

applications include the treatment of skin disorders such as psoriasis, wound healing, and 

the prevention of keloid scarring. There are opportunities for systemic treatment also, 

such as utilising the large number of Langerhan’s antigen presenting cells present in the 

skin for immunisation purposes (160).
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Ex Vivo

Ex-vwo approaches were initially used for skin transfection. Retrovirally transfected 

keratinocytes were applied to wounds via wound chambers and survived for up to four 

weeks, and produced human Growth Hormone (hGH) for up to ten days(161). Although 

keratinocyte application hastened wound epithelialisation, hGH transfection made no 

further difference. Genetically modified fibroblasts have also been injected into wounds 

to produce EGF, detectable for up to 7 days(162).

In vivo

There are also virus independent methods of in vko gene delivery appropriate for skin 

transfection(127, 129, 139). Naked plasmid transfection was first demonstrated in the 

skin using an immunological assay(160). Subsequently, using a Lac-Z (p-galactosidase) 

gene in mouse skin, evidence of transcription was found at 24 hours after injection but 

not at one week(163, 164). However there is evidence that P-galactosidase histochemical 

assays may underestimate the true level of transfection(165). Naked plasmid transfection 

of an oc-FGF encoding plasmid has been successfully shown with ELISA in skin 

following an intradermal injection(166). A biochemical assay of the gene product 

chloramphenicol acetyltransferase (CAT) was recently reported which lasted longer than 1 

week(167). It appears that in the mouse skin, dermal cells such as adipocytes and 

fibroblasts are mostly transfected following plasmid injection(167).

Topical application of plasmid to skin requires prior disruption of the relatively 

impermeable keratinised layer first, either by tape stripping or abrasion to achieve 

transfection even when using a lipophilic vehicle(137).

Alternative methods of Skin transfection.

Cationic Liposomes

Liposomes of various formulations have been extensively used in vitro, although 

transfection rates continue to be much lower than viral gene delivery systems(168). 

Cationic liposomes electro-statically bind, and form complexes with anionic DNA 

plasmids(169). Although liposomes increase transfection efficiency in vitro cell culture, an 

advantage to their use in skin tissue mo has not been reported(137, 163,167).
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Gene Gun

In gene gun or particle mediated gene transfer the gene of interest is attached to 1-5 pm 

gold particles and accelerated toward the target cells by either a particle accelerator or 

gaseous pressure(129, 148). This is effective in skin for both immunisation purposes and 

wound healing(109, 170)and consistently transfects epidermal cells(142, 163, 171) but at a 

lower efficiency than a viral vector(142). Gene expression is transient(171). Expression 

of TGF-a in this manner led to hyperkeratosis (142). With the gene gun, plasmid 

expression seems to last somewhat longer than naked plasmid delivery(172, 173), and this 

approach has been shown to be effective in the treatment of wounds in conjunction with 

either PDGF(172) or EGF(170). Disadvantages of the gene gun are its expense, 

cumbersome nature, and labour intensity.

Electroporation

Most virally independent methods of gene transfer are adaptable for in vcuo work. 

Elearoporation produces transient membrane permeability by using electrical field 

pulses(168). This technique was originally developed as a means of improving for 

chemotherapeutic agent delivery(174).

Ultrasound

Ultrasound, when delivered at sufficient intensity may also induce cellular permeability 

and lead to increased transfection efficiency(175,176).

Micro-seeding

Using oscillating needles, similar to a tattooing device, the plasmid is injeaed into the 

skin at a variable depth(159). This was reported to achieve a ten fold increase over basal 

skin EGF levels and led to higher gene expression levels than either naked plasmid or 

particle mediated gene transfer(159).

Other Methods

Another gene delivery method, though inappropriate for in viuo use, is direct 

microinjection of plasmids into individual cells or embryos using microcapillaries.
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Gene Therapy and Wound Healing

There are several disadvantages in using directly applied growth factors to wounds in 

efforts to increase wound healing. Growth factors have very short half-lives due to their 

inaaivation by wound proteases and have poor bio-availability with current delivery 

methods, necessitating high doses and frequent dosing to achieve therapeutic levels in 

tissue(109, 129, 177). With respect to wound healing the aim of gene therapy is to create 

as sustained and continuous delivery of growth factors or their receptors to their target 

cells and create an optimal environment for repair and regeneration. Good gene 

candidates are those that encode the various growth factors and/or their downstream 

receptors involved in the healing process, especially the specific agents proven most 

efficacious in their protein form, and those found to be diminished in chronic 

wounds(34). Other potential strategies are the produaion of proteinase inhibitors and 

receptor antagonists of factors detrimental to healing(129). Transfection of cells would 

ideally produce a sustained adequate delivery of growth factor or receptor within in the 

wound to enhance the healing process.

The relatively short duration of most current methods of in vcuo non-viral transfection 

may not necessarily be disadvantageous if healing can be obtained during that time frame, 

allowing a progression to the normal remodelling phase(140). Prolonged produaion of 

increased amounts of growth factors leads to concerns of malignancy, especially when 

considering the close relationship of many growth faaors to oncogenes (71)

Both ex-viuo(\.G\, 162, 178), in-viuoilbb, 171, 172), viral(140, 179) and non-viral 

transfeaion methods have been used in attempts to improve healing. The use of an 

adenoviral veaor tends to cause a brisk inflammatory response which may itself be 

detrimental to the healing process(180). Transfeaion of wounds with a-FGF using naked 

plasmid caused an increase in growth faaor produaion and an increase in epithelial 

proliferation(166, 181). Gene transfer using particle bombardment to express EGF(170), 

TGF-P (171), or PDGF(172) have all had some success when compared to control non

expressing plasmid.
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Reporter Genes

Reporter genes are often used in transfection experiments to demonstrate the presence 

and to quantify the production of a gene produa after the introduction of a particular 

gene(182). Most reporter genes tend to perform some enzymatic function, which can be 

detected at a high sensitivity compared to therapeutic genes. Two reporter genes used in 

this study include luciferase and (5-galactosidase.

Luciferase

Luciferase is the enzyme from the firefly responsible for its bioluminescence. It is 

frequently used as a reporter gene due to the sensitivity of its detection. Advantages 

include its extreme sensitivity, avoidance of radioactivity, and rapidity of its assay. In 

addition, baseline untransfected tissues have virtually no background activity(144). The 

enzyme is a 62,000 KDa monomer, and it catalyses the oxidative reaction from the 

substrate luciferin to oxyluciferin, shown in Figure 18. The luciferin substrate must be 

supplied exogenously, as it is not present naturally in mammalian tissue. The process 

requires magnesium as a co-factor as well as energy in the form of ATP. The reaction 

produces a certain amount of light, which can be detected at low levels, and measured 

quantitatively by a sensitive light detector over a defined period of time.

HO

Luciferase + ATP

Light (k= 562 nm)

Figure 18. The action of Luciferase
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P-Galactosidase

The E.Coli Lac-Z gene encoding the enzyme P-Galactosidase may also be used as a 

reporter gene. This enzyme cleaves a glycosidic linkage between a galactose sugar and 

some other moiety, and depending on the particular substrate, yields a detectable product. 

In this instance, the substrate 5-bromo-3-indolyl-P-galactopyranoside (X-gal) is illustrated 

(Figure 19). When transfeaed tissue 

containing the p-galactosidase enzyme 

is incubated with this substrate, the X- 

gal is cleaved by the action of the 

enzyme to the sugar galactose and 5- 

chloro-4-bromo-indoxyl. This

compound then spontaneously oxidises 

to a stable blue dimer, that can be seen 

as an intracellular blue precipitate on 

light microscopy in successfully 

transfeaed cells, or may alternatively be 

deteaed colourimetrically and 

quantitated in cell or tissue lysates. This 

allows the tissue to be examined 

histologically to determine which and 

how many cells within the 

heterogeneous population of a skin 

seaion are transfeaed.

Figure 19. The action of P-galactosidase.
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Plasmid Preparation

Transformation of Bacteria

Competent bacteria (MAX efficiency DH5a E.Coli, Life Technologies, Gaithersburg, 

MD) were thawed from -70°C on ice, and 50 pL aliquoted into a wide-based chilled vial. 

lOOpg (2 pL of 50 pg/ml solution) of the appropriate plasmid (see Table 10) was added to 

the bacterial culture and incubated on ice for 30 minutes. These growth factor plasmids 

were chosen as their gene produas KGF(lll), PDGF(183), and VEGF(184, 185) have 

been shown by others to be reduced in the diabetic mouse wound tissue when compared 

to normal animals.

A heat shock of 42°C was applied for 45 seconds, followed by a further 2 minutes on 

ice. 0.9 ml room temperature S.O.C. media was added and shaken for one hour at 37°C. 

50pL of media was inoculated onto an appropriate selective agar plate containing 

Zeocin® (Invitrogen, Carlsbad, CA), ampicillin (Sigma, St. Louis, MO), or kanamycin 

(Sigma, St. Louis, MO), depending on the antibiotic resistance gene of the particular 

plasmid and incubated overnight at 37°C. A single colony was selected from the plate and 

grown in selective media for 8 hours, before storage at -70°C in 20% glycerol stock.

Gene Company Antibiotic

Resistance

P-galactosidase (Lac-Z) Invitrogen, Carlsbad, Ca Ampicillin
Green Fluorescent
Protein (GFP) Clontech, Palo Alto, Ca Ampicillin

Keratinocyte Growth
Factor-1 (K.GF-1 orFGF-7) Invitrogen, Carlsbad, Ca Zeocin

Luciferase (Luc) Gene Therapy Systems, San Diego, Ca Kanamycin
Luciferase (Luc) Ubiquitin 
promoter

Courtesy Dr. S. Hyde, John Radcliffe 
Hospital, Oxford University, U.K. Ampicillin

Platelet Derived
Growth Factor (PDGF) Invitrogen, Carlsbad, Ca Zeocin

Rhodamine labelled Green 
Fluorescent Protein (GFP) Gene Therapy Systems, San Diego, Ca N/A

Vascular Endothelial Growth 
Factor (VEGF) Invitrogen, Carlsbad, Ca Zeocin

Table 10. Plasmids used in experiments
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E. COLI CULTURE

Large quantities of bacteria are required to produce adequate amounts of plasmid, 

especially for the in vko experiments. The total plasmid yield depends on the bacterial 

copy number; the average number of plasmids maintained in a single bacterium. This in 

turn depends on the bacterial origin of replication present on the plasmid as well as the 

bacterial strain.

The appropriate transfected stock bacteria were thawed from -80°C, streaked onto a 

Luria Bertani agar plate containing the appropriate selective agent, and incubated at 37°C 

for 12-16 hours. Zeocin®, kanamycin, or ampicillin was added to final concentrations of 

50, 50 or 100pg/ml respectively. Only bacteria containing the plasmid antibiotic 

resistance gene formed colonies.

A single colony was seleaed from the plate, inoculated into 25ml autoclaved selective 

Luria Bertani nutrient broth, and shaken vigorously for 8 hours at 37°C.

A further 8 litres of selective Luria Bertani Broth was then subcultured at a dilution of 

1-2:1000 and shaken vigorously for a further 12-16 hours. This represents the transition 

from the logarithmic growth phase into the plateau phase for a maximal bacterial of yield 

approximately 3-4 x 109 cells per ml.

Plasmid Purification

Plasmids were purified from bacterial cultures using a Qiagen Endofree Plasmid Giga 

Kit (Qiagen, Valencia, CA). Bacteria were collected from the cultures by centrifugation at 

5000 RPM for 5 minutes. Bacterial pellets were resuspended in 375 ml Tris/EDTA 

solution per 8 litres culture, and then lysed with lOOmM NaOH containing 0.5% SDS for 

5 minutes. The lysate was neutralised with 3.0 M potassium acetate, causing the bacterial 

protein and genomic DNA to precipitate, and leaving the plasmid in solution. This lysate 

was vacuum filtered through 8pm pores to remove most of the precipitated elements, 

while allowing the plasmid to pass through.

The filtered lysate was applied to a Qiagen tip column containing a diethylaminoethanol 

(DEAE) resin. The DEAE binds to the negatively charged DNA, while the remaining 

lysate passes through. The column was thoroughly washed to remove contaminants. To 

remove endotoxin, which tends to co-purify with plasmid as it forms similar sized 

miscellar complexes and is negatively charged, a proprietary endotoxin removal buffer was
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added to the cleared lysate to prevent endotoxin from binding to the resin. Bound 

plasmid was removed from the column by eluting with a concentrated 1.25M NaCl salt 

solution. The eluted plasmid was desalted by precipitation with isopropanol, and 

centrifuging at 11,000RPM at 4°C, for 30min. Plasmid pellets were washed in ethanol to 

remove any remaining salt, and finally resuspended in sterile deionised water or PBS.

Plasmid Yield and Purity Measurement

The optical density at 260 nm was used to calculate the yield of plasmid produced. The 

absorbance of a 1:200 dilution of sample in water was measured to obtain the 

concentration. The A260/A280 ratio was used to ensure the plasmid was sufficiently pure 

(a ratio of greater than 1.50). The plasmid concentration was calculated as follows:

_ . . . .. ^ x Dilution x A260Concentration (mg/ml) = ——----------------------------------------------- -----------------------------------------

1000

Total amount(mg) = Concentration(mg / ml) x total volume(ml)

Equations 1 & 2. Calculation of the plasmid yield. £, = Extinction coefficient for

double stranded DNA= 50
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Expression of the Reporter Gene Luciferase in Mouse

Skin

Purpose

To examine the expression of the reporter gene luciferase in mouse skin tissue following 

the injection of varying concentrations of a luciferase plasmid.

Methods

Plasmid

The gWIZ-Luc plasmid was obtained from Gene Therapy Systems (San Diego, CA). 

The luciferase gene was under the control of a 

CMV promoter (Figure 20). Plasmids were 

purified using an endotoxin free plasmid 

purification kit (Qiagen, Valencia, CA), following 

culture in transformed DH-la E. Coli Bacteria.

Plasmids were re-suspended in sterile PBS 

(pH=7.2) at a concentration of 2mg/ml and 

stored at -70°C until use.

Animalsand Transfection

A total of 56 BKS.Cg-m mice were anaesthetised with intraperitoneal Avertin. The 

dorsal skin was shaved and cleaned with isopropyl alcohol. Each animal received 2 

excisional wounds on their dorsum using a 5mm punch biopsy instrument. 50pL of 

plasmid solution or vehicle was injected intradermally anterior and posterior to each 

wound edge using a 30-gauge needle. Plasmid doses between 0.1 jig and lOOpg 

(concentrations between 0.002 and 2 mg/ml), dissolved in Phosphate Buffered Saline 

(pH=7.4), were used. Animals were allowed to recover, and were housed individually for 

the duration of the experiment.

.Ndel.183
.Ndel5696119 Xmal.

5994.Pvul. \

..Sacll.l
'' ..Sphi 1087

CMVprom+intron5369 Stul..,

gWIZ-Luc
6732 bps

Sail 1874

Luc gene
Poly A4294.Xmnl

4156 Bsal Sphl.2579

3858.Sphl
3590 BamHI

Figure 20. Luciferase plasmid map.
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Figure 21. Site of plasmid injections (hatched circles) 

adjacent to wounds (black circles).

Lutiferase Assay
In separate experiments, animals were sacrificed between 1 and 7 days after wounding 

by cervical dislocation. The injected tissue adjacent to each wound was excised and 

homogenised using a polytron homogeniser, for 45 seconds in 1ml of lysis buffer 

containing 1% of the detergent Triton X-100 and a mammalian proteinase inhibitor 

cocktail, containing aprotinin, leupeptin, bestatin, and pepstatin A (Sigma, St. Louis, MO). 

Homogenates was centrifuged at 14000 RPM for 30 seconds to remove cellular debris 

before analysis.

For the Luciferase assay, 40pL of homogenate was used. Samples were placed in a 

Luminometer (Monolight 3010, BD Biosciences, San Jose, CA), excess of Luciferase co

factors and substrate added (Pharmingen, San Diego, CA), and total photon emission 

measured over the following 10-second period. The protein concentration of each sample 

of each specimen was determined using a protein assay kit (Bio-Rad, Hercules, CA). The 

photon count was adjusted for the measured protein content for each sample and 

expressed as RLU per pg protein per 10 seconds.

71



Results

At 24 Hours

There was minimal to no photon emission from the PBS injected animals. Each of the 

animal’s two wounds was examined for luciferase activity separately leading to two data 

points from each animal. Increasing the amount of plasmid injected at each site produced 

increasing luminosity. This effect was evident despite the fact that photon emission from 

each of the treated groups was highly variable indicating large differences in transfection 

efficiency. There was both a wide inter-subject and intra-subject variability. Detectable 

increases in luciferase activity were seen across the range of luciferase plasmid doses tested 

between 0.1 to lOOpg. The largest dose of lOOpg produced the highest Luciferase 

activity, which was significantly greater than both the PBS injected group and the 0.1 pg 

injeaed group (*=p<0.05, ANOVA) Figure 22 and Figure 23. Activities at 48 hours 

tended to be higher than those at 24 hours.

Plasmid Dose O.lpg Ipg lOpg lOOpg

24 Hours 90 ±68 16491 ± 5090 16435 ± 5569 47698 ± 20444

48 Hours 153 ± 67 4419 ± 623 27576 ± 13554 79266 ± 17462

Table 11. Luciferase activities 24 and 48 hours following single plasmid injection n=8 

per group, expressed as RLU/pg protein/ 10s.
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Figure 22. Luciferase activity 24 hours after single injection of plasmid (n=8, *=p<0.05, 

ANOVA, compared to the 0.1 pg injected group).
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Figure 23. Luciferase activity 48 hours after single injection of plasmid (n=8, ::'=p<0.05, 

ANOVA, compared to the 0.1 pg injected group).
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Ludferase Time Course

In a separate experiment to examine the time course of luciferase expression after a 

single injection of plasmid, different groups of animals were injected at one of four time 

points before sacrifice. Sixteen animals were used in these experiments. In efforts to 

maximise uniformity of the assay, animals were transfected on different days but sacrificed 

and tissues processed concurrently. Results are shown in Table 12 and Figure 24. The 

Luciferase activity increased up to day 3 after injection. However, by day 7 after the 

injection the activity had diminished.

Day After 
Transfection

Day 1 Day 2 Day 3 Day 7

Average ± SE 62395±14693 88828±27491 175979+47697 125281+19214

Table 12. Luciferase activities at time points after a single injection of lOOpg plasmid.
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Figure 24. Time course of Luciferase expression following a single injection of lOOpg

plasmid (n=8).
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Conclusion

The enzymatic activity of luciferase produced after a single injection was related to the 

dose given but was highly variable between injection sites. Luciferase activity was 

detectable after as little as 0.1 pg of plasmid was injected. The highest dose of lOOpg 

produced the greatest level luciferase activity, indicating the most appropriate dose to 

achieve consistent protein expression. The luciferase levels gradually increased until three 

days after a single plasmid injection, but were found to be in decline at one week.
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Expression of the Reporter Gene P-Galactosidase in

Mouse Skin

Purpose:

The P-galactosidase histochemical assay was also used assess transfection efficiency, 

duration, and to identify the cell types transfected by intradermal plasmid injections. This 

approach complemented the data from the luciferase experiments, which gave no 

indication of which cells within the extracted tissue are transfected. The P-galactosidase 

plasmid was injected intradermally into mouse skin wounds both immediately after 

wounding and after several days.

Methods

Plasmid

The P-galactosidase plasmid pCMV-Sport-Pgal was 

obtained from Invitrogen (Carlsbad, CA) and grown 

in transformed DH-5a bacteria (Figure 25). Purified 

plasmids were resuspended in PBS at a concentration 

of 2mg/ml and stored at -70°C before use.

SV40 iniron
and polyadonylation T7

signal

It inlorgonic 
region

pCMV*SPORT-pgal 
7853 bp

CMV SP6 
promoter promoter

It-gal

Figure 25. p-galactosidase plasmid map.

Animals and Transfection

Twenty female 6-8 week BKS.Cg-m heterozygous Lepdh mice (The Jackson Laboratory, 

Bar Harbor, Me) were used. Mice were anaesthetised with an intraperitoneal injection of 

1.25% Avertin. The dorsum was shaved and two symmetrical full thickness circular 

excisional wounds were created using a 5mm biopsy punch. Animals were allowed to 

recover, housed individually, and subsequently injeaed with the appropriate plasmid, 

either immediately or 3 days after wounding (Table 13). All animals were given a single 

intradermal injection of lOOpg of the pCMV-Sport-P-Gal plasmid solution at a 

concentration of 2mg/ml adjacent to each wound. Control animals were injected with an 

equal volume of PBS (pH=7.4).
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No. of Mice Injection Day Sacrificed on day

Table 13. Days of injection and sacrifice of mice injected with a P-gal reporter gene.

/3-Galactosidase Staining
Skin tissue was harvested at various time points following injection. Samples were fixed 

in 3.7% formaldehyde in PBS for 1 hour at 4°C. After washing in PBS they were 

incubated overnight in a solution containing 20mM potassium ferrocyanide, 20mM 

potassium ferricyanide, 2mM MgCl2, 0.06% NP-40, 0.05% sodium deoxycholate and the 

histochemical enzyme substrate X-gal (5-bromo-4-chloro-3-indolyl-P-D- 

galactopyranoside) at a concentration of 2mg/ml. After further washing in PBS, tissues 

were paraffin embedded and 5 pm sections prepared, mounted on slides, and 

counterstained with nuclear fast red. Slides were examined by light microscopy for 

evidence of P-Galactosidase enzymatic activity indicated by blue cytoplasmic staining.
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Results

A single injection of 100 |Xg of P-Galactosidase reporter gene plasmid resulted in 

successful transfection and protein expression in 2 of 4 of the animals at 2 days post 

injection. As expected, gene expression was restricted to the wound site. |3-galactosidase 

occurred predominantly in fibroblasts (Figure 26) in the dermal and subdermal tissue. No 

positive staining was seen in the PBS injected control animals. Reporter gene expression 

was transient; none of the animals were found to express the reporter gene beyond 2 days 

post injection

Figure 26. Photomicrographs of mouse skin following P-galactosidase transfection. 

After staining for p-gal activity, low power on the left indicates dermal transfection and 

high power on the right, demonstrates blue transfected cells indicated with arrows.
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Conclusion

The possibility that a single injection of naked plasmid would be sufficient to achieve 

long lasting and consistent cutaneous transfection was tested. A single injection of 100 pg 

of the p-galactosidase reporter gene plasmid resulted in detectable transfection and 

protein expression in 2 of 4 of the animals at 2 days post injection. Only a small 

percentage of cells demonstrated P-galactosidase activity. This data differed somewhat 

from that in the luciferase experiments, where the expression appeared to last longer. 

Some of this disparity may be due to differences in the sensitivity of detection of the gene 

products(165). Although the promoter used was CMV in both experiments, another 

possible reason may be due to differing plasmid backbones used with the two genes, this 

may have led to differences in gene silencing of immunological discrepancies between the 

two plasmids.

As expected, gene expression was restriaed to the wound site and occurred 

predominantly in deep dermal and subdermal fibroblasts. Reporter gene expression was 

transient; with none of the animals expressing the reporter gene at four days post 

injection. Injection several days after wounding, by which time other cell types would be 

expected to have been recruited/migrated to the wound site, did not appear to increase 

the transfection efficiency or the duration of transfection beyond two days. The 

transfection we observed, similar to prior reports using injection or topical application of 

naked plasmid, was confined to the dermis(186), and gene expression was short lived(159, 

163), lasting only two days. This transient expression could be due to a number of 

factors, including metabolism of the DNA, silencing of its expression, or destruction of 

the gene product(155).
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Translation of KGF-1 mRNA Following Multiple 

Plasmid Injections

Purpose

To tiy to achieve consistent transfection of sufficient duration to influence wound 

healing, a multiple injection protocol was planned to overcome the observed relatively 

short duration of transfection. To demonstrate the successful transcription of the KGF 

gene to be used in wound healing studies, an RT-PCR was carried out on tissue on day 17 

after the multiple plasmid injection protocol to ensure gene expression throughout the 

planned wound healing experiments.

Methods

Plasmids
The pcDNA3.1 plasmid vector with and without the gene for keratinocyte-growth-

factor-1 (henceforth referred to as pcDNA3.1-KGF- 

1) was obtained from Invitrogen (Carlsbad, CA) 

Figure 27. The KGF gene was controlled by a CMV 

promoter and expressed as a fusion protein with a 

V5 epitope and histidine tail for simplified 

purification and detection. The pcDNA3.1 plasmid 

backbone was used as a negative control as it did not 

contain the gene for the KGF protein. Both 

plasmids were grown in DPI-5a E. Coli bacteria and 

purified as previously described.

hORF S2 V5 epitope

Figure 27. pcDNA3.1 plasmid map.

Animals and Transfection
Twelve female 6-8 week BKS.Cg-m heterozygous Lepdh mice (The Jackson Laboratory, 

Bar Harbor, Me) were used. After wounding, animals were injected with either the 

pcDNAJ.l-KGF-1 plasmid or the pcDNA3.1 plasmid (not carrying KGF-1 DNA) at 

days 1-5, 7, and 9. A 50pL volume containing either 25 pg or lOOpg plasmid was injected 

intradermally adjacent to each wound.
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RT-PCR

One animal in the high dose KGF group died shortly following injection. At day 17, all 

mice were sacrificed, and skin tissue frozen in liquid nitrogen before storing at -80°C. 

Tissue was homogenised using an electrically powered mechanical homogeniser in PBS. 

RNA was isolated using a Qiagen RNA isolation kit (Santa Clarita, Ca). cDNA was 

synthesised by M-MLV reverse transcriptase using an oligo-dT primer for 50 minutes at 

42°C. The reaction was stopped by 10 minutes at 70°C. To ensure only the inserted gene 

was amplified, rather than any endogenous KGF mRNA, primers, which encompassed 

the entire KGF-1/ V5-epitope fusion gene, were chosen. This ensured that endogenous 

KGF gene translation would not lead to a false positive result. The KGF-1 specific 

sequences used were:

5’ CACCATGCACAAATGGATACTGACATG 3’

and

5’ AGTTATTGCCATAGGAAGAAAGT 3’

Cycling conditions were as follows:

Cycle 1: 94°C

Cycles 2-26: 94°C for 45 sec, 55°C for 45 sec, 72°C for 3 min

Cycle 27: 72°C for 4 min

PGR products were analysed by 0.5% agarose gel electrophoresis, stained with ethidium 

bromide, and developed under UV light.
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Results

Only 1 of 4 mice transfected with the lower dose of 25 [ig pcDNA3.1-KGF-l 

demonstrated KGF-1 mRNA expression at day 17 (Figure 28A, lane 5). However, 3 of 

the surviving 3 mice injected with 100 |Jg of plasmid were found to express the KGF 

mRNA at day 17 (Figure 28B, lanes 3,4, and 5). Lanes 1 and 2 in both figures show the 

absence of KGF-1 mRNA in mouse skin transfected with the pDNA3.1 plasmid without 

the KGF insert.

jigP^ A

A-----  600 BP

1 2 M 3 4 5 6

Figure 28. RT-PCR of mouse skin mRNA following KGF-1 plasmid injection. A-25|U.g

and B-100 pg plasmid injections.

Conclusion

For reliable transfection with the growth factor gene, the higher dose of lOOpg plasmid 

was required. All surviving animals injected with the lOOpg dose had evidence of mRNA 

expression at day 17 after the multiple injection protocol compared to only 1 of 4 at the 

lower dose. This is consistent with the luciferase and P-galactosidase experiments where 

the higher concentrations produced the highest levels of transfection.
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Summary

These experiments demonstrate the feasibility of obtaining reliable transfection after the 

intradermal injection of naked plasmid into mice. Successfully transfected cells were 

scarce and were only seen in the dermis and subdermal tissue. This dermal tissue is 

exposed in the base of an excisional or chronic wound and thus plays a role in the wound 

healing process. For maximal levels of transfection, a high dose of lOOpg plasmid was 

required. In order to ensure continuous produaion of gene produa, repeated dosing was 

needed to overcome the problem of the relatively short duration of gene product 

expression. Although the luciferase activity appeared to increase until day 3 after 

injection, no P-galactosidase activity was apparent at this time. It is known however, that 

P-galactosidase histochemical staining is not as sensitive as luciferase assays and tends to 

underestimate transfection efficiencies (165). It is likely that the half-life of a produced and 

secreted growth factor in the extracellular milieu would be considerably less than that of 

an intracellular reporter gene product, explaining the choice of daily injections of plasmid 

for the growth factor transgene.
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Chap ter Four

GROWTH FACTORS

Introduction

Growth factors or cytokines are proteins that act as regulators and co-ordinators of 

various cellular processes. They may act in an endocrine (hormonal), autocrine, paracrine, 

juxtracrine or intracrine fashion according to the relationship between their sites of origin 

and action(5, 187). Individual factors bind to specific trans-membrane cell surface 

receptors, initiating an intracellular signal transduaion cascade, and result in a particular 

cellular metabolic response (18 8). Their action may lead to inflammation, synthesis, 

secretion, proteolysis, migration, proliferation, differentiation, and/or down-regulation(9, 

189). Paradoxically, some growth factors can be inhibitory to certain cell types. Their 

actions tend to be overlapping and interdependent with considerable redundancy(17).

Within a wound, the major sources of growth factors are initially platelets, followed by 

macrophages(90). Numerous other cell types within wounds also produce cytokines 

including fibroblasts, endothelial cells, and keratinocytes(184, 190). An imbalance or 

relative deficiency of some of these growth factors appears to play a role in abnormal 

wound healing. There is evidence that certain cytokines are reduced in chronic compared 

to acute wounds(34) and that growth factors are sequestered for other reasons including 

proteolysis(22, 37). The fluid from acute wounds is stimulatory for fibroblasts and 

endothelial cells whereas the fluid collected from chronic wounds is not(33).

The use of platelet-derived releasates, containing a myriad of growth factors among 

countless other unknown factors, has been shown to have the potential to improve 

wound healing(63). Since the advent of recombinant DNA technology, large quantities of 

growth factors may be individually produced and purified, usually in transformed bacteria. 

Manipulating the growth factor environment has the potential to enhance wound healing 

by modifying chemotaxis, proliferation, and numerous other cellular activities including 

the synthesis and degradation of structural and matrix elements(14, 191).

There has been considerable success using the local application of various peptide 

growth factors to enhance wound healing in animal models. PDGF(91, 96, 192, 193),
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bFGF(91, 93, 99, 194-197), oc-FGF(96, 166, 198, 199), VEGF(200), TGF-a(193),and 

KGF(192, 201, 202) when applied topically, can all enhance cutaneous wound healing in 

several different animal models. These studies also demonstrate that repeated applications 

of growth factors are necessary to be effective. Despite several clinical trials and initial 

promise (203), experience with similar growth factors in human wounds have so far been 

disappointing(55, 68, 104, 129, 189, 204, 205). In human clinical trials only PDGF has 

shown efficacy in both decubitus(204, 206) and diabetic ulceration(207). Recombinant 

hPDGF-BB (becaplermin, Regranex®) remains the only growth factor to be approved by 

the United States Federal Drug Authority and is restricted to the treatment of diabetic 

foot ulcers(9, 208).

There are good reasons for the lack of efficacy of recombinant growth factors in human 

wounds. Most active growth factors have a short shelf life(143) and a short half-life 

following application to wounds, as they are rapidly metabolised(187). Growth factors 

may be even more rapidly destroyed in the chronic wound(22, 37). They also have 

difficulty penetrating into the wound, where their target cell populations reside, and where 

they are required to act(209). There is evidence that the receptors for some of these 

factors are reduced in healing impaired wounds(183). Most animal models are acute 

slowly healing wounds and may be physiologically somewhat different from the human 

chronic wound situation(92). The variability of human wounds is much greater than 

those of a standardized animal model, making comparisons between individual human 

treatment groups more difficult.

Gene therapy has the potential to cause continuous, sustained production of growth 

factors within wounds, thereby potentially leading to an improvement in healing. The 

potential of several growth factor encoding genes was assessed for their ability to improve 

the healing of murine diabetic excisional wounds. These particular growth factors were 

chosen as their expression has been shown to be reduced after skin injury in the 

genetically diabetic mouse wound healing model(lll, 183, 185). Each has also been 

shown to affect healing when applied as the protein product to several animal skin wound 

models.
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Keratinocyte Growth Factor

Introduction

Fibroblast growth factors (FGF’s) are a family of protein growth factors, between 17 to 

34kDa in molecular weight, currently numbering 23(210). They have a structural 

homology, but diverse actions varying from physiological through angiogenesis to 

oncogenesis(211). Most FGF’s are mitogenic for several cell types including epithelial, 

mesothelial, and endothelial tissues(212). They tend to bind to extracellular heparan 

sulphate and heparin molecules, which act as ligand-receptor co-factors(213, 214). 

Factors bind with varying specificities to one of four tissue-specific trans-membrane 

tyrosine-kinase receptors, thereby initiating an intracellular signal transduction cascade and 

cellular response(215, 216).

Keratinocyte growth factor (KGF) is one member of the fibroblast growth factor 

(FGF) family, and is alternatively known as FGF-7(217, 218). It was initially described as 

a mitogenic factor produced by embryonic lung fibroblasts(219). It is a monomeric 194 

amino acid protein with a calculated molecular weight of 22kDa(217).

In vitro, fibroblastic KGF expression is up-regulated by a variety of cytokines including 

IL-la, IL-ip, IL-6 and TNFa, and PDGF(220-223). Dexamethasone, which is inhibitory 

to wound healing, decreases both basal and cytokine stimulated KGF mRNA, as well as 

KGF protein levels in cultured fibroblasts(220, 224, 225). KGF stimulates DNA 

synthesis in a variety of epithelial cell types(218) and causes an increase of keratinocyte 

migration invitro{12Q).

In viw, KGF is produced by fibroblasts and other stromal cells of most epithelialised 

organs including lung, skin, mammary gland, stomach, bladder, and prostate (217, 218). It 

does not appear to be produced by epithelial cells(20, 217, 218, 222). Its only high affinity 

receptor is the fibroblast growth factor receptor subtype known as FGFR2-IIIb(222), 

which is highly expressed in keratinocytes, suggesting a paracrine mode of action(192, 227, 

228). KGF binds to keratinocytes in the stratum spinosum layer of the epidermis(229), 

and it does not appear to have a direct action on stromal or dermal cell types (218).

The role of KGF has also been investigated using transgenic mice that either over or 

under express either KGF or its receptor. Mice that over express epidermal KGF develop 

hyper-proliferation of the epidermis(230). Transgenic KGF knockout mice have 

abnormal hair development but normal internal organ development, and somewhat
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surprisingly exhibit normal incisional wound healing, although the healing of excisional 

wounds was not reported(230). This negative finding may be due to the lack of 

epithelialisation required in the incisional wound model, as well as considerable overlap 

between growth factors, allowing other factors to compensate for the loss of KGF. 

Transgenic mice with a non-functioning KGF receptor (FGFR2-IIIb) exhibit epidermal 

atrophy and delayed wound re-epithelialisation and healing(227). Some dermal thickening 

was also evident in these animals suggesting a missing negative feedback loop from the 

keratinocytes to dermal elements (227).

Cutaneous Wounds

Following cutaneous wounding in mice, KGF mRNA expression in wound fibroblasts 

is up-regulated above basal levels more than 150 fold for about one week(20). In humans 

and rats, this increase is somewhat less, at approximately 10 fold(229) and 4 fold 

respectively(231). KGF protein levels measured with ELISA are also increased at least 3 

fold after wounding(229).

In healing impaired animals the KGF mRNA response to injury is delayed and reduced 

suggesting a possible mechanism for the abnormality. In diabetic mice, basal levels of 

KGF mRNA are similar to non-diabetics, but maximal induction of KGF-1 mRNA 

following wounding is only 5-10 times basal, compared to the 150 fold increase seen in 

normal animals, and is delayed by several days(lll). In dexamethasone treated mice the 

KGF mRNA response to injury is also decreased(224). This suggests an important role of 

dermally derived KGF in cutaneous wound healing.

The repeated application of KGF to skin wounds improves the re-epithelialisation and 

healing in both pigs(192, 201) and rabbits(202). This response to the applied KGF was 

localised to the basal epidermal layers and resulted in increased rete ridges and hemi- 

desmosomes(201), in addition to causing epidermal hyperplasia with normal 

maturation(192). KGF also led to an increased amount of endoplasmic reticulum within 

fibroblasts and the production of more collagen in wounds presumably by some indirea 

action(201). There are no prior reports of the effect of KGF in this diabetic mouse 

model.
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PDGF

Introduction

Platelet derived growth factor (PDGF) is a 30 to 32kDal glycoprotein with 2 subunits, 

designated A or B. It exists as either a homodimer (AA or BB) or heterodimer (AB)(71). 

PDGF is released by platelets and macrophages as well as other cells in the early 

inflammatory stage of a healing wound(232). PDGF binds to a trans-membrane receptor 

on target cells, forming an active receptor dimer, thereby initiating an intracellular signal. 

It is chemotactic for polymorphs and macrophages, mitogenic for smooth muscle, 

endothelial cells, and fibroblasts, and stimulates the produaion of collagen and matrix 

within wounds(189).

Cutaneous Wounds

PDGF-AA, its receptor, and the PDGF-BB receptor are all reduced in diabetic mice 

wounds when compared to normal animals(183). Applied topically daily and at high dose, 

PDGF-BB stimulates granulation tissue formation and increased vascularity in both a 

diabetic mouse model(91, 96) and in a pig model(192). However, these studies led to an 

inconsistent effect on wound closure and incisional wound burst strength(92). There was 

however, evidence of synergy between KGF and PDGF application in improving the 

healing of porcine cutaneous bum wounds(192).

The regular application of PDGF-BB protein has been shown to increase diabetic 

wound healing and reduce the size of decubitus ulcers in several human clinical trials(189, 

205). The first commercially available growth factor treatment for the treatment of 

wounds was approved in December 1997, and used a PDGF formulation for lower limb 

diabetic ulcers(232).

VEGF

Introduction

Vascular Endothelial Growth Factor (VEGF) is a 34-36kDa homodimeric glycoprotein 

with a 20% homology to PDGF(233). In addition to hypoxia, both PDGF and KGF 

induce its transcription in cultured cells(184). The action of VEGF is specific to vascular 

endothelium where it causes vascular hyperpermeability, endothelial cell proliferation, and 

chemotaxis(233).
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Cutaneous Wounds

VEGF expression is upregulated following cutaneous injuiy(234), especially in 

ischaemic wounds (200), and this response is also markedly attenuated in the diabetic 

mouse model(184, 185). Within wounds, keratinocytes, macrophages and other dermal 

inflammatoiy cells produce VEGF(19), whereas its receptor is localised exclusively on 

vascular endothelial cells suggesting a paracrine mode of action(37). Neutralisation of 

VEGF with specific antibodies causes a reduction in wound granulation tissue 

formation(235). Exogenous administration of VEGF was reported to increase 

granulation tissue but not re-epithelialisation in ischaemic wounds(200).
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Excisional Wound Healing using Growth Factor 

Encoding Plasmids

Purpose:

Increased amounts of growth factors have a strong potential to improve wound healing, 

especially in the healing impaired wound, if they could be produced and delivered to a 

wound in an adequate and sustained manner. KGF-1 is particularly good candidate in the 

genetically diabetic mouse wound healing model as these animals have been shown to 

have a markedly deficient KGF-1 response following cutaneous injury. To assess the 

efficacy of KGF-1 growth factor expressing plasmid on the healing of cutaneous wounds 

in diabetic mice, a multiple injection protocol using a KGF-1 plasmid vector was used. 

Genes other than KGF-1 also have the potential to improve healing in this model. The 

normal upregulation of both PDGF and VEGF in response to wounding also is 

diminished in diabetic mice. In similar experiments, the plasmids encoding for both 

PDGF and VEGF were also used in efforts to improve healing in the diabetic mouse 

excisional wound model.

Methods

Plasmids

The plasmids used in these experiments, pcDNA3.1-KGF-1, pcDNA3.1-PDGF, and 

pcDNA3.1-VEGF containing the gene for the keratinocyte-growth-factor-1, platelet 

derived growth factor, or vascular endothelial growth factor respectively, were obtained 

from Invitrogen (Carlsbad, CA). Each contained the same DNA backbone and CMV 

promoter driving the inserted gene of interest.

The plasmid pcDNA3.1, similar to the growth factor gene plasmids, but without any 

growth factor gene insert, and henceforth referred to as the control plasmid was also 

obtained from Invitrogen (Carlsbad, CA). All plasmids were grown in transformed DH- 

5a E.Coli bacteria (Life Technologies, Gaithersburg, MD). Subsequent plasmid 

purification was performed using a Qiagen Endotoxin free Giga Plasmid Purification kit 

(Santa Clarita, Ca). Plasmid solutions in P.B.S. at a concentration of 2 mg/ml were stored 

at -80°C until required.
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Animals and Plasmid Administration

A total of 64 diabetic BKS.Cg-m Lep/h/Lep/’ mice were anaesthetised with an 

intraperitoneal injection of Avertin (1.25%). The dorsal skin was shaved and cleaned with 

an alcohol swab. Five millimetre full thickness cutaneous punch biopsy wounds were 

created on both the left and right flanks. Postoperatively, mice were housed individually 

in cages to prevent interference with one another’s wounds. Animals received normal 

chow and water. The animals were observed regularly to exclude sickness.

Animals were administered their respective plasmid by intradermal injection to the 

anterior and posterior edge of each wound, with 50pL of the plasmid solution, using a 

0.3ml insulin syringe and a 28-gauge hypodermic needle. In separate experiments, the 

effect of two different doses of KGF-1 plasmid on wound healing using the multiple 

injection protocol were assessed and compared to a similar dose of the control plasmid 

without the KGF-1 gene insert. Wounds were injected with either 25 pg (0.5 mg/ml) or 

100 pg (2 mg/ml) of plasmid per wound on days 0-5, 7, and 9. The pcDNA3.1 plasmid 

vehicle, without the growth factor gene was delivered in a similar dose and manner, acted 

as a negative control.

Using the higher dose of lOOpg plasmid, the effect of the PDGF and VEGF genes on 

wound healing were also tried. In these experiments, control animals were also injected 

with the same dose and frequency of the non-expressing pcDNA3.1 vector.

Wound Measurement

On day 17, mice were euthanised with an overdose of intraperitoneal Avertin. Two 

longitudinal dorsal skin strips of 2cm by 0.5cm were harvested to include each wound. 

Each skin strip was loaded individually onto the tensiometer. Longitudinal traction was 

applied at a rate of 10mm/minute, during which time the tension across the skin biopsy 

was measured until complete fracture. The wound breaking strength was recorded as the 

peak load developed before fracture. Statistical analysis was performed by Student’s t-test.

91



Results

KGF - Low Dose

On animal in the KGF-1 group died after the anaesthetic, leading to a loss of that 

animals two data points. The series of 25pg injections of KGF-1 plasmid, although 

causing a small increase, did not significantly increase wound breaking strengths over the 

control plasmid group (p=0.218, Student’s t test, control vs. KGF-1 plasmid), Figure 29.

Group n Wound Burst Strength (Newtons ± SE)

Control Plasmid 20 1.08 ±0.1

KGF-1 Plasmid 18 1.3010.1

Table 14. Wound burst strengths after 25pg (0.5mg/ml) KGF-1 plasmid injections.
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Figure 29. Day 17 wound burst strengths of animals injected with 25pg (0.5mg/ml) 

KGF-1 plasmid solution compared with control plasmid (p=0.218, Student’s t test,

control vs. KGF-1 plasmid).
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KGF-High Dose

In an effort to boost growth factor expression at the wound site, an increased dose of 

plasmid was injected. The higher dose of lOOpg KGF plasmid injections (2mg/ml) led to 

significantly increased wound burst strength as compared to the control plasmid 

(*=p<0.05, Student’s t-test), Figure 30. One data point was lost due to tissue disruption 

during dissection of a wound strip.

Group n Wound Burst Strength (Newtons + SE)

Control Plasmid 20 1.18 ± 0.06

KGF-1 Plasmid 19 1.58 ±0.14

Table 15. Wound burst strengths after lOOpg KGF plasmid injections.
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Figure 30. Day 17 wound burst strengths of animals injected with 100 fig (0.5 mg/ml) 

KGF-1 plasmid solution compared to control plasmid (s:'=p<0.05, Student’s t-test,

KGF-1 vs. control plasmid).
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PDGF
In separate experiments the plasmid for PDGF and VEGF were compared to the 

control plasmid. Only a slight improvement in wound burst strength was seen in the 

animals injected with the PDGF vector compared to those given the control plasmid, but 

this failed to reach significance (Figure 31).

Group n Wound Burst Strength (Newtons ± SE)

Control Plasmid 12 1.01 ± 0.08

PDGF Plasmid 12 1.26 ± 0.09

Table 16. Wound burst strengths after multiple injections of lOOpg PDGF or control

plasmids.

2 n

Control plasmid PDGF plasmid

Figure 31. Wound burst strengths after multiple injections with either lOOpg PDGF or

control plasmid (n=12).
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VEGF
A significant improvement in the wound burst strength was seen in those animals 

injected with the plasmid encoding VEGF when compared to the control plasmid 

(*=p<0.05 Student’s t-test, Figure 32).

Group n Wound Burst Strength (Newtons ± SE)

Control Plasmid 12 0.99 ± 0.08

VEGF Plasmid 12 1.6710.13

Table 17. Wound burst strengths after lOOpg VEGF or control plasmid injection.

Control plasmid VEGF plasmid

Figure 32. Wound burst strengths after multiple injections with either VEGF or control 

plasmid (n=12, *=p<0.05 Student’s t-test, VEGF vs. control plasmid).
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Conclusion

Repeated injection of the higher dose of 100 pg per wound of KGF-1 plasmid led to an 

increase in wound burst strength at day 17. However, the smaller dose of 25 pg of 

KGF-1 plasmid, although tending to improve the wound burst strength, failed to reach 

statistical significance. This suggests that the higher dose of DNA is required to achieve 

sufficient transfection to produce enough KGF-1 protein to have an effect on the healing.

KGF-1 is produced by dermal fibroblasts which themselves do not express the KGF-1 

receptor in vitro. KGF-1, unlike acidic and basic FGF, has a signal peptide facilitating its 

secretion by fibroblasts. In the extracellular milieu it can act on adjacent cells in a 

paracrine manner(20). The KGF-1 receptor has been identified only on epidermal 

keratinocytes(20). Based on these in vitro features of KGF-1, particularly the absence of 

KGF-1 receptors on fibroblasts, one would not predia it to enhance wound burst 

strength. However, findings show that the KGF plasmid expression vector increases 

wound burst strength. A possible explanation for the ability of KGF-1 to improve wound 

tensile strength in these experiments would be an indirect action related to its primary 

effect stimulating the proliferation of keratinocytes. The activated keratinocytes are 

known to produce a variety of growth factors themselves, which have the potential to net 
on the dermal tissue(190, 236). Dermal elements might also respond in a beneficial way to 

the more complete epithelialisation in the KGF-1 treated wounds.

The administration of two other growth factor genes led to improvements in wound 

burst strengths. However, the use of the VEGF gene was superior to the PDGF plasmid, 

and led to significant improvements in healing when compared to the non-expressing 

DNA. This was similar to the results seen with the KGF-1 plasmid at the same dose.
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Excisional Wound Healing using Combinations of 

Plasmids for Growth Factors

Purpose:

To assess the efficacy of various combinations of plasmid mediated growth factor 

therapy on the healing of cutaneous wounds. Both the KGF plasmid and the VEGF 

plasmid have been shown to improve wound healing when given in adequate dosage. The 

PDGF plasmid caused a slight non-significant enhancement. Although considerable 

overlap and cross talk exists between these factors, each has a distinct primary site of 

action. The concurrent application of several growth factors plasmids has the potential to 

be synergistic in improving wound closure and burst strength. The three growth factor 

genes, KGF, VEGF, and PDGF were used together and the effect on wound healing 

measured. Their application, both concurrently and serially was assessed in an effort to 

elicit synergism.

Methods

A nimals and Plasmid Adarimistration
48 Mice (BKS.Cg-m Lep/’/Lep/) were anaesthetised with intraperitoneal Avertin 

(1.25%). Their dorsum was shaved and cleaned. Two 5 mm full thickness cutaneous 

punch biopsy wounds were created on the dorsum bilaterally. Postoperatively, mice were 

housed individually. On Days 1-5, 7, and 11, animals were given their respective 

plasmid(s) or vehicle by local intradermal injection of 50 pL solution as indicated in Table 

18. Animals injeaed with the control plasmid and animals injected with the KGF plasmid 

acted as positive and negative controls respectively. A total of lOOpg of plasmid was used 

for each injection. Where the plasmids were given concurrently this amounted to 

approximately 33pg of each of the three plasmids used, for a total amount of 100 pg per 

wound.

Wound Measurement
To measure the rate of re-epithelialisation in addition to the wound burst strength, on 

day 9, the un-epithelialised perimeter of each wound was measured by carefully removing 

the wound eschar and tracing the unepithelialised wound area onto clear acetate paper.
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Images were scanned at 600dpi into a PC, and wound areas calculated using image analysis 

software (Scion Image), and expressed as a pixel count.

On Day 17, the mice were euthanised and the wound burst strength measured as 

before. The wound breaking strength was recorded as the peak load developed across the 

skin strip before complete disruption and expressed in Newtons.

Group Plasmid Injected days

Control PcDNA3.1 1-5,7,11

Serial PDGF 1-3

VEGF 4,5

KGF 7,11

Concurrent PDGF 1-5,7,11

VEGF 1-5,7,11

KGF 1-5,7,11

KGF KGF-1 1-5,7,11

Table 18. Experimental groups for plasmid combination experiment.
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Results

8 of the original 48 animals died during the experimental period, it is unclear for the 

reason of the high mortality for this compared to the prior experiments, where the 

mortality was very low. Consistent with the previous experiments, both the wound areas 

and the wound burst strengths for the pcDNA3.1-KGF-l group were significantly 

improved when compared to those in the pcDNA3.1 control group. The two groups 

with the combinations of plasmid treatment lay intermediately between the control 

plasmid group and the KGF treated group.

Group n Wound Area (pixels ± SE)

Control Plasmid 20 5506 ± 501

Serial 22 3885 ± 524

Concurrent 24 2881 ±464

KGF Plasmid 14 2719 ± 304

Table 19. Day 9 wound areas following combinations of plasmid injections.
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Figure 33. Day 9 wound areas following combinations of plasmid injections.
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Group n Wound Burst Strength (Newtons ± SE)

Control Plasmid 20 1.21 ± 0.08

Serial 22 1.22 ±0.10

Concurrent 24 1.49 ±0.11

KGF Plasmid 14 1.79 ± 0.13

Table 20. Day 17 wound burst strengths following combinations of plasmid injections.
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Figure 34. Day 17 wound burst strengths following the injection of combinations of

various plasmid injections.

Conclusion

The administration of KGF-1 plasmid was found to be the most efficacious in 

improving wound healing; both in terms of the wound closure and the wound burst 

strength. No evidence of synergy between the factors was found at the doses and timing 

of delivery tried. One of the problems with the concurrent delivery of the growth factors 

is the necessary reduction in the dose of each individual plasmid given. When three 

factors were given together a maximum dose of 33pg of each was given. This lower dose
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is likely to have led to lower expression levels of each of the growth faaors, and may 

explain why larger wound areas and weaker burst strengths were seen in this group 

compared to the group given the KGF-1 plasmid alone. Only one of several possible 

permutations of the temporal order of growth factors given serially was tried. It is 

possible that if they were given in some alternative order, an increased effect may have 

been seen.
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The Effect of the Multiple Injection Protocol and the

DNA Load

Purpose

The repeated administration of adequate doses of KGF-1 plasmid consistently led to 

enhanced wound closure, as well as increased wound burst strengths. These experiments 

all compared the KGF and other growth factor expressing plasmids to a similar plasmid 

without the growth factor gene insert - the DNA vehicle. Animals appeared healthy, were 

active, and regained weight during the period of the plasmid injections indicating no 

apparent systemic toxicity (Figure 35).
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Figure 35. Mouse weights following wounding and regular plasmid administration.

It is possible however that the multiple injections adjacent to the wound and/or the 

high dose of DNA have features that might be detrimental to the wound healing process. 

Two further controls were added to examine this. A series of equal volume PBS 

injections controlled for the DNA load. A no-injection, untreated group controlled for 

both the DNA load and the multiple injections.

Methods

BKS.Cg-m Lep/’/Lepr^’ mice were anaesthetised and two excisional wounds created. 

Animals were divided into three groups. One group was given no treatment, and the
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second and third groups received equal volumes of either PBS or control plasmid 

(pcDNA3.1) injections at a dose of lOOpg per wound respective!}", on days 0-5, 7, and 11. 

On day 9 the wound areas were measured and on day 17 the animals were euthanised and 

their wound burst strengths measured as previously described.
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Results

Both the injection of PBS and the injection of plasmid independently tended to reduce 

wound closure rate compared to the rate of closure in the untreated animals. The 

pcDNA3.1 plasmid was associated with significantly less re-epithelialisation when 

compared to both the untreated wounds and the PBS injected wounds (p<0.01 and 

p<0.05 respectively, ANOVA).

Group n Wound Area (pixels ± SE)

No Injection 24 2510 ±457

P.B.S. 22 3647 ± 537

pcDNA3.1 20 5506 ± 501

Table 21. Day 9 wound areas after no treatment, injection of PBS, or injection of

plasmid solution.

5000 J
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Figure 36. Day 9 wound areas following no treatment, injection of 50pL PBS, or lOOpg 

control plasmid per wound (*=p<0.01 and p<0.05 ANOVA , pcDNA3.1 and PBS 

respectively, compared to both the untreated wounds).
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The wound burst strength in the 3 experimental groups showed a similar pattern (Figure 

37). Although PBS injection had little effect, the control plasmid tended to reduce the 

burst strength when compared to the untreated wound.

Tab

Group n Wound Burst Strength (Newtons ± SE)

No Injection 24 1.426 ±0.16

P.B.S. 22 1.514 ± 0.09

pcDNA3.1 20 1.210 ± 0.08

e 22. Day 17 wound burst strengths after no treatment, injections of PBS, or

injections of a plasmid solution.
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Figure 37. Day 17 wound burst strengths after no treatment, injections of PBS, or

injections of a plasmid solution.
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Conclusion

The multiple injection regime required to obtain a positive effect when using a growth 

factor encoding plasmid appears to itself have had a detrimental effect on the healing of 

wounds, both in terms of re-epithelialisation and burst strength. The numerous PBS 

injections slowed wound closure and this was confounded by the addition of DNA. 

Importantly it demonstrated that repeated injection of the DNA produced the worst 

outcome in terms of both wound area and wound burst strength when compared to either 

an untreated wound or a PBS injected wound.

Summary

Initial experiments using a single injection of the p-galactosidase reporter gene indicated 

that protein expression following a single intradermal injection of lOOpg plasmid is 

transient. Subsequent experiments showed that repeated injections of a relatively high 

dose of plasmid (lOOpg/wound) are needed to achieve consistent gene expression over 

several weeks. This multiple injection protocol consistently led to detectable mRNA at 17 

days, the end of the experimental period. This same protocol with the KGF-1 plasmid at 

a dose of lOOpg led to a significant improvement in wound burst strengths when 

compared to the plasmid without the gene insert. However, a lower dose of this plasmid 

(25pg) was ineffective. As expected by its known biology, KGF-1 was more effective 

promoting wound closure than increasing burst strength. Its promotion of wound closure 

rate would be expeaed based on its ability to stimulate proliferation of keratinocytes. 

Two other growth factor genes, PDGF and VEGF also demonstrated the potential to 

improve wound healing when compared to the control plasmid, but only the VEGF 

growth factor encoding plasmid reached significance. When used in combination, the 

hope was to gain some synergy between the different genes, but although a tendency for 

improvement was seen it was not as efficacious as with the KGF plasmid alone.

When the impact of the components the transfection protocol on wound healing was 

examined, it was found that both the multiple injections and the DNA load independendy 

reduced the wound closure rate as well as tensile strength. The repeated needle sticks and 

PBS injection may have been expeaed to cause a reduaion in healing secondary to the 

increased tissue trauma. The DNA mediated reduaion in wound healing may be due to a
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direct toxic effect of the DNA itself on the tissue, or a host response to some aspect of its 

foreign nature.

The DNA used in these studies was produced in and harvested from bacteria, currently 

the standard means of large-scale produaion needed for in vwo studies. Although 

measures were taken to eliminate endotoxin present in bacterial lysates, some is likely to 

have remained. In addition differences between prokaryotic (bacterial) and mammalian 

(eukaryotic) DNA, including the increased frequency of CpG motifs and their reduced 

methylation status in bacterial DNA may lead to an up-regulated inflammatory response 

in mammals(237). The difficulty with chemically methylating these motifs is that it may 

lead to inactivation of the transgene promoter and reduce expression of the inserted 

gene(238). The EGF gene gun particle mediated transfection study(170) showed no 

detrimental effect of a single application of non expressing DNA on the time to closure, 

but no other more sensitive comparisons such as the assessment of unhealed wound areas 

or burst strengths were measured in that study.
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Chapter Five

EXTRACELLULAR BARRIERS TO DNA TRANSFECTION

Introduction

Transfection of tissues with DNA is a possible means of delivering growth factors and 

other peptides to enhance wound healing. However both the doses of DNA required, 

and the repeated injections needed for adequate gene expression have been shown to be 

detrimental to the wound healing process, and tend to negate the potential positive 

benefits of increased growth factor expression.

Current tecliniques allow non-viral transfection of actively dividing cells in vitro with 

high efficiency, but non-viral transfection of confluent eukaryotic cells is more difficult. 

In living animals, current methods of non-viral in vcuo transfection remain even less 

effective than non-viral m vitro transfection(239). To achieve successful gene expression in 

living tissue, exogenous DNA must first pass through the extracellular matrix, reach the 

target cell surface, enter the cell, traverse the cytoplasm, and then enter the nucleus (240). 

Although plasmid transcription and translation has been repeatedly shown following the 

injection of naked plasmid in many tissues including muscle(152) and skin(164) among 

others, this generally requires high concentrations and large amounts of plasmid to 

overcome these barriers.

The Extracellular Compartment

Since DNA is a large poly-anionic molecule, it tends to form non-specific interaaions 

with the surrounding extra-cellular molecules after its injection into tissue. The 

accumulation of such molecules on the DNA - termed opsonisation - reduces the 

availability of the DNA and thus the efficacy of transfection(241). In addition, there are 

nucleases present in the extracellular fluid, which may destroy DNA sequences before 

they enter cells. This sequestration of plasmid may be partially overcome by increasing 

the plasmid dose or concentration, but this high dosage may have toxic effects at higher 

levels.

Plasmid DNA, which is usually produced in bacteria, has features that are recognised as 

foreign and can therefore provoke an immune response in the host. Indeed most
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intravascularly injected DNA is absorbed by phagocytes and the reticuloendothelial 

system(242).

The Cytoplasmic Membrane

In vbv, cellular uptake during the exposure to naked DNA in aqueous solution is very 

inefficient. Additional techniques have been developed to enhance cellular uptake of 

plasmid, including the use of lipofection, polyfection, elearoporation, or calcium 

phosphate co-factors. One possible means of reducing the extracellular loss of plasmid in 

uko would be to increase the rate of cellular uptake.

Liposomal and polymeric approaches are currently the most commonly used for non- 

viral in vitro transfection(182, 243). More recently, numerous other chemical strategies 

have emerged using various lipid-polymer combinations, organic DNA solvents, and cell 

surface receptor targeting(243).

Cationic Lipofection

Lipofectamine and DMRIE

Phospholipids(244) and subsequently cationic lipoplexes(169) have been extensively 

used for in vitro DNA delivery, since they were first introduced in the 1980’s. Cationic 

lipids are a diverse group of amphipathic molecules, having both a polar head and a 

hydrophobic anchor(245). A neutral co-lipid is usually also used, such as cholesterol or 

dioleoylphosphatidylethanolamine (DOPE), which are thought to encourage the 

formation of lipoplexes and help cause endosomal destabilisation. These polycations 

spontaneously bind electrostatically to anionic DNA molecules, leading to DNA 

compaction and protection from nucleases. Polycations form complex heterogeneous 

structures termed lipoplexes(182), unlike the more simple micellar structures found with 

DNA-phospholipid interactions. Complexes are most effective when they possess an 

overall positive charge, which may enhance electrostatic binding to negatively charged 

biological membranes. Compared to viral vectors they tend to be less expensive and more 

easily modified. The mechanism of entry to the cell was initially thought to occur by 

membrane fusion, but endocytosis or altered membrane permeability is now considered 

the more likely means of DNA entry(144).
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The use of lipoplexes for m vivo use has previously been mostly concerned with systemic 

intravenous delivery of DNA, when maximal transgene expression occurs in the lung, 

liver, and spleen(156, 157). Cationic liposomal agents have also been used for local inviw 
delivery to the lung(246, 247), oesophagus(248), colon(249) and biliary tract(250). 

Although expression in these organs has been shown to be increased when compared to 

the delivery of naked plasmid, expression levels of the gene produas with these agents in 

■viw remain much less than that possible with adenoviral vectors (247).

Polycationic Polymers

Alternative chemical transfection strategies to lipofection agents are polymeric cations 

including polyethylenimine and poly-L-lysine. Polyethylenimine (PEI) is a highly 

polycationic polymer that condenses DNA in solution(243). Polycationic use has been 

described for both in vitro and in viw gene delivery(251). In vwo use, alike lipofection, has 

mostly been restricted to intravenous administration of plasmid, where the DNA 

accumulation and expression occurs mostly in the lung, liver, spleen, and kidneys(252- 

254). Other tissues including solid tumours also demonstrate improved transfection 

efficiency with the use of PEI, but only after a slow continuous plasmid infusion(254). 

Part of the benefit of PEI may be to inhibit the action of extracellular nucleases on the 

DNA(243). There is also evidence that a proportion of the PEI may eventually reach the 

nucleus(255) although the majority ends up in cytoplasmic endosomes(253).
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The Effect of Lipofection on the Transfection 

Efficiency In Vitro and In Vivo

Purpose

Several poly cationic agents were used in efforts to optimise gene expression both invitm 

and in viw. NIH 3T3 mouse fibroblasts were used in in vitro experiments due to their 

relevance to wound healing. Fibroblasts are an attractive target for transfection since they 

are essentially ubiquitous in tissue, and their successful transfection can result in paracrine 

effeas on adjacent cells including keratinocytes and other Fibroblasts. Fibroblasts were 

also the cell type predominantly transfeaed after intradermal plasmid delivery. They are 

also relatively to grow.

The effect of serum components on the transfection efficiency in polycationic mediated 

plasmid transfection was also examined in vitro in efforts to model the presence of 

extracellular fluid and matrix in viw.

Each agent was also individually assessed for its efficacy in mouse skin in improving 

transfection rates.

Methods

Plasmids and Co-factors

(3-galactosidase plasmid with a CMV promoter was obtained from Invitrogen (Carlsbad, 

CA). The Plasmid gWIZ-Lux, containing a CMV promoter and luciferase transgene, were 

obtained from Gene Therapy Systems (San Diego, CA). Plasmids were purified using an 

endotoxin free plasmid purification kit (Qiagen, Santa Clarita, CA) following culture in 

transformed DH-5a E. Coli bacteria.

Lipofectamine is a commercially available combination of 2,3-dioleyloxy-N- 

[2(sperminecarboxamido)ethyl]-N,N-dimethyl-l-propanaminium trifluoroacetate 

(DOSPA) and dioleoyl phosphatidylethanolamine (DOPE) in a 3:1 weight-to-weight ratio. 

DMRIE-C is also a commercially available formulation of l,2-dimyristyloxypropyl-3- 

dimethyl-hydroxy ethyl ammonium bromide (DMRIE) and cholesterol. This cholesterol 

containing lipoplex is reported to have less serum sensitivity(245). Both were obtained 

from Gibco BRL (Carlsbad, CA).
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Polyethylenimine (PEI) with an average molecular weight of 25 kDa was obtained from 

Sigma-Aldrich (St. Louis, MO).
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Figure 38. Lipid and polymer co-factors used in transfection experiments.

Cell Lines and Culture

All wells were examines in triplicate. 24 hours before transfection, cells were seeded at a 

density of 1 x 105 per well in 24 well plates. On the day of transfection, the P- 

galactosidase plasmid was complexed to the appropriate co-factor. Varying 

concentrations of the cationic lipoplexes were complexed to the plasmid immediately 

before transfection. PEI was complexed to plasmid at varying PEI-nitrogen to plasmid- 

phosphate ratios (N/P ratio) in 5% glucose(252). The transfection media was then made
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with serum free medium, to a final plasmid concentration of 2.5pg/ml. To assess the 

serum sensitivity of the different methods of transfection, Foetal Calf Serum (FCS) was 

added to the transfection media in some experiments to final concentrations of between 1 

and 10%. Cells were incubated with the transfection media for two hours according to a 

standard protocol before replacing with normal growth media (DMEM + 5% FCS).

ftgaldctosidase A ssay

The quantitative P-galactosidase activity was usually determined 24 hours after 

transfection, using a high sensitivity p-galactosidase assay kit (Stratagene, La Jolla, CA). 

Cells were washed with 0.5ml PBS then lysed by incubating in lOOpL lysis buffer for 30 

minutes at -20°C. After thawing, complete cell disruption was confirmed by light 

microscopy. Cell lysates were centrifuged at 12,000g for 5 minutes to remove cellular 

debris. 20pL of supernatant, the untransfected cell group lysate as a negative control was 

transferred to 96 well plates. 130pL of 1 x chlorophenol red-P-D-galactopyranoside 

(CPRG) buffer solution was added to each well and incubated at 37°C. The plate was 

read at a wavelength of 570nm in a plate reader at recorded time intervals. P-galactosidase 

specific activities were calculated and correaed for the protein concentration of the cell 

lysate. Statistical analysis was performed by ANOVA.

A nimals and Plasmid Administration

The Lipofectamine, DMRIE-C, and PEI reagents were also each assessed as co-factors 

for transfecting mouse skin in vivo. Female 6-8 week old BALB-c mice were obtained 

from Jackson Laboratories (Bar Harbor, ME). Animals were anaesthetised with an 

intraperitoneal injection of 0.02ml/g bodyweight, of a 1.25% Avertin solution. Their 

dorsum was shaved and two symmetrical full thickness excisional wounds created on their 

back using a 5mm punch biopsy instrument. Luciferase plasmid, with and without the 

appropriate co-factor, was injected intradermally both anterior and posterior into each 

wound edge. Final concentrations of plasmid and co-factors used were approximately ten 

fold those of the in vitro experiments. The resulting skin blebs raised confirmed 

intradermal delivery of the plasmid and were marked with indelible ink. Wounds were left 

undressed and animals were housed individually.

Luciferase Assay
After at least 24 hours, animals were sacrificed, and 25mm2 specimens at the marked 

injection sites adjacent to each wound were excised. The skin tissue was mechanically
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homogenised in a cell lysis buffer (Pharmingen, San Diego, CA) containing a proteinase 

inhibitor cocktail (Sigma, St. Louis, MO), using a polytron homogeniser. Samples were 

centrifuged at 14,000RPM for 30 seconds to remove cellular debris and hair before use. 

The luciferase activity of each sample was determined using a commercial witfro luciferase 

assay kit (Pharmingen, San Diego, CA). 40pL of each sample was placed into a 

luminometer (Monolight 3010, BD Biosciences, San Jose, CA) with lOOpL of co-factor 

solution. 100 pL luciferase substrate was added and the photon emission measured over 

the following 10 seconds. Light output was normalised to each sample’s protein 

concentration and luciferase activity expressed as RLU/pg protein/ 10s.

114



Results - In Vitro

Serum Free

Naked plasmid alone, without lipofection did not produce any detectable p- 

galactosidase activity in vitro (Figure 39). A dose response effect was seen with increasing 

levels of Lipofectamine. A threshold level was reached at 6pL/ml Lipofectamine where 

activity increased dramatically (*=p<0.01 ANOVA compared to no co-factor). When 

DMRIE-C was used rather than Lipofectamine, the optimal ratio for in vitro fibroblasts 

was found to be 6:1 weight to weight, DMRIE to plasmid ratio. DMRJE was not as 

efficacious in increasing transfection as Lipofectamine in these 3T3 fibroblasts at a similar 

plasmid concentration. The addition of even a small amount of PEI complexed to 

plasmid had the largest effect on the transfection efficiency. This was maximal at PEI- 

nitrogen to DNA-phosphate ratio of 5 to 1.
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Figure 39. P-galactosidase specific activity in 3T3 cells in vitro after transfection with the 

Lac-Z plasmid and increasing amounts of Lipofectamine, DMRIE, or PEI (*=p<0.01

ANOVA, compared to no co-factor).
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In the Presence of Serum

Using the optimal amounts of co-factor for the transfection of the 3T3 cells previously 

found (see Figure 39), cells were transfected in the presence of increasing amounts of 

serum to assess the serum sensitivity of each agent. The addition of serum to the 

transfection media consistently reduced or abolished the P-galactosidase activity apparent 

in the cell lysates. This was the case for Lipofectamine, DMRIE, and PEI, shown as 

relative activities compared to serum free transfected cells in Figure 40, *=p<0.05 

ANOVA compared to the plasmid only group). The PEI mediated transfection was the 

least sensitive to the presence of serum, and since activity remained evident at the lowest 

concentration of 1% serum. This may indicate better suitability for in van use. Higher 

concentrations of serum virtually eliminated the P-galactosidase activities in all groups.
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Figure 40. The effect of adding serum to the transfection media on the P-galactosidase 

activity in 3T3 cells following Lipofectamine, DMRIE, or PEI mediated transfection 

with the Lac-Z plasmid (*=p<0.05 ANOVA compared to the plasmid only group).
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Results - In Vivo

In contrast to the in vitro experiments, where no enzyme expression was observed, 

naked plasmid injection produced a consistent, although variable expression of the 

luciferase enzyme in vivo. The addition of Lipofectamine, DMRIE, or PEI to plasmid 

solutions at various ratios including those found to be optimal m vitro consistently reduced 

or abolished the luciferase activity seen in the skin tissue. The highest luciferase activity 

was always evident in animals injected with naked plasmid, without either lipofection or 

polyfection.

Lipofectamine

Several concentrations of Lipofectamine were used, all of which eliminated any 

evidence of cutaneous transfection (Figure 41, >:'=p<0.05 ANOVA compared to the 

plasmid only group).
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Figure 41. Luciferase activity in mouse skin after 0.02mg/ml plasmid complexed to 

increasing amounts of Lipofectamine (::'=p<0.05 ANOVA compared to the plasmid

only group).
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DMRIE-C
A 6:1 ratio of DMRIE to plasmid was also used in mouse skin in an effort to boost the 

response from a single injection of plasmid. The combination had the opposite effect of 

the in vitro transfection and reduced the level of gene expression when compared to naked 

plasmid alone (Figure 42, *=p<0.05 ANOVA compared to the plasmid only group).
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Figure 42. The effect of DMRIE on in mo skin transfection (*=p<0.05 ANOVA 

compared to the plasmid only group).
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PEI

The effect of the PEI was also assessed inviw 'm mouse skin, luciferase plasmid injection 

was performed as before, and assays performed at 24 hours. The naked plasmid injection 

had a much larger luciferase activity than those injected with the PEI/plasmid complexes 

(Figure 43, *=p<0.05 ANOVA compared to the plasmid only group).
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Figure 43. The effect of PEI on transfection efficiency in mouse skin (*=p<0.05 

ANOVA compared to the plasmid only group).

Conclusion

Although highly efficacious in vitro in the 3T3 fibroblasts, these lipid and polymeric 

based cationic transfection co-factors virtually eliminated transfection when delivered with 

plasmid intradermally into the skin. In vitro it was shown that the addition of even small 

amounts of protein had a detrimental effect on lipofection or polyfection mediated 

transfection. Although PEI was the least serum sensitive when tested in vitro, it 

completely prevented any plasmid expression when used even at low concentration in vivo. 

Rather than increase the cellular uptake and expression of the DNA, these agents may 

enhance the non-specific binding of the cationic plasmid complexes to various 

components of the extracellular matrix, thereby preventing successful transfection.
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Summary

Increasing gene expression with lipofection or polyfection is effective in serum free 

tissue culture settings, but has the opposite effect in the tissue setting. Although of 

considerable use in vitro, these chemical agents for transfection have a markedly deleterious 

effect on in vivo transfection in murine skin tissue. The naked plasmid injection in vivo 

consistently had the highest transfection efficiency. As stated, lipofection has previously 

been shown to be of some benefit following intraluminal delivery of plasmid into hollow 

visci, including blood vessels(156, 157), the lung(247), and colon(249). It is possible that 

this enhancement is specific to endothelial cells(256) or that the lipoplexes simply prevent 

DNA degradation rather than actually enhance cellular uptake in vivo. However, in skin, 

the liposomal agents used had an adverse effect on transfection efficiency when compared 

to the injection of naked plasmid alone. This may be because the intradermally injeaed 

plasmid is in immediate and direct contact with the extracellular environment, unlike those 

complexes injeaed into hollow visci, and they do not need to traverse an epithelial or 

endothelial surface. Other reports have also suggested that lipofeaion may not be 

advantageous in skin tissue(163, 167, 257).

The use of these polycationic positively charged co-factors, which readily bind to serum 

proteins, may enhance the extracellular DNA-protein interaaions in vivo, preventing DNA 

uptake into cells(242, 243, 245). This inhibitory effea of extracellular protein was also 

seen in vitro with the addition of serum. Serum and extracellular protein may also stabilise 

or cause disintegration of lipoplexes leading to their inefficacity. For optimal transfeaion 

in vitro, the extracellular media needs to be serum/protein free, which is not obviously 

feasible in vivo. In vitro the extracellular environment may be closely controlled, and serum 

removed during exposure to plasmid DNA. Cultured cell are relatively metabolically 

aaive and more likely to divide compared to differentiated cell in tissue. A further 

possible disadvantage with the use of polycationic agents in vivo could be their propensity 

to increase the immunostimulatory effeas of baaerial DNA(237, 238).
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Chapter Six

BARRIERS TO NUCLEAR DNA UPTAKE

Background

For successful gene expression following transfection in eukaryotic cells, the plasmid 

must enter the nucleus for translation using existing nuclear enzymatic makeup and 

transcription. Only the plasmid that enters the nucleus can be transcribed into mRNA, 

prior to translation into the final protein product.

During attempted transfection of non-dividing cells in vitro, although most cells may be 

encouraged to internalise plasmid, there is little expression. In one report, in vitro lipid 

mediated transfection typically led to an average of 95% cells containing plasmid, and an 

average of 105 plasmid copies entering each cell in 24 hours(258). Less than 50% of those 

cells which contained plasmid actually expressed the encoded protein, and was limited to 

those with a high copy number of greater than 106(258). In vitro, cytoplasmic pooling of 

rhodamine labelled plasmid DNA that fails to enter the nucleus can be demonstrated 

using fluorescent microscopy. Most internalised plasmid is sequestered within endosomes 

in the cytoplasm(141, 258-260). A major barrier to gene expression appears to be the 

nuclear membrane(141). Cytoplasmic microinjection of plasmid DNA encoding 

thymidine kinase yielded no evidence of transfection when compared to a 50-100% 

expression rate following nuclear microinjection(259). Similar microinjection with a (3- 

galactosidase reporter gene into the nucleus yielded up to 75% transfection compared to 

less than 15% maximal transfection rate with cytoplasmic injection(260). The same 

experiments revealed an 8-hour time lag and 1000 fold lower efficacy after cytoplasmic 

injection when compared to nuclear injection(260). The transfection rate of cells sharply 

increases following the G2 and M cellular phases when the nuclear membrane 

disperses(261). This suggests a rate-limiting step for plasmid transfection is traversing the 

nuclear membrane.

The Nuclear Membrane

The nuclear membrane contains pores 20-25 nm in diameter, which allow the free 

passage of molecules up to 30-60kDa in size(262). Some larger molecules (e.g. nuclear
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proteins and mRNA) are also able to rapidly traverse the nuclear membrane using active 

transport mechanisms. These are bi-directional processes requiring specific amino acid 

sequences within particular protein cofactors known as nuclear localisation signals (NTS) 

and nuclear export signals (NES).

Nuclear Localisation Signals and M9

Classical

“Classical” nuclear localisation signal has been well documented, and is a single or 

bipartite basic amino acid sequence contained within certain nuclear localising proteins. 

These sequences bind to kaiyopherin-a (also termed importin-a) in the cytoplasm, and 

via karyopherin-pi (importin-P), attaches to the nuclear pore(263), and translocate into 

the nucleus via an energy dependant process(264).

Non-Classical - M9

All nucleated cells also transport the nucleic acid mRNA across the nuclear membrane 

routinely and efficiently using specific transporters. Heterogeneous nuclear 

ribonucleoprotein-Al is an abundant mRNA binding protein, which shuttles mRNA 

between the nucleus and cytoplasm, and mainly localises to the nucleus(265). The 

heterogeneous nuclear ribonucleoprotein-Al (hnRNP-Al) does not contain a classical 

NLS. A particular 38 amino acid sequence within this protein, termed M9, confers this 

non-classical nuclear localisation signal characteristic(265, 266). When fused to 

cytoplasmic proteins it causes their translocation to the nucleus(265). M9 binds to the 

nucleoporin indirectly via a cytoplasmic protein, karyopherin-p2 (alternatively known as 

Transportin'1) (267, 268) prior to transportation through the nuclear pores into the 

nucleus(267, 268). The amino acid sequence of M9 in hnRNP-Al is as follows:

M9 = 268NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY306

Once inside the nuclear membrane the M9: karyopherin complex is dissociated by the 

action of GTP(268, 269), which is present in high levels in the nucleus, thus maintaining a 

concentration gradient.
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The Fate of Intracellular Plasmid

Experiments in digitonin permeabiiised cells suggest that small DNA molecules (< Ikb) 

are imported through the nuclear pore complex without the requirement of additional 

cytosolic factors(270). Larger DNA molecules such as plasmids tend to remain 

extranuclear. Other experiments suggest that exogenous plasmids introduced by 

microinjection or permeabilisation into the cytoplasm, and containing specific parts of the 

SV40 viral protein sequence, may bind to endogenous intracellular proteins containing a 

nuclear localisation signal, and thereby be targeted to the nuclear pore(271) and imported 

using the importin family of proteins(272). Since most DNA binding proteins by their 

nature, are localised to the nucleus soon after their translation due to their NLS, they tend 

not to be freely available in the cytoplasm. Nuclear pore blocking agents, and energy- 

depletion, appear to halt tliis DNA nuclear import process, (271) suggesting the 

translocation occurs through the nuclear pore complex(270). Most of these experiments 

involved cytoplasmic microinjection of plasmid or cell permeabilisation where the 

cytoplasmic plasmid is not confined within endosomes.

A promising strategy for transfection is the use of specific transport molecules to 

facilitate entry of plasmid into the cell nucleus(273). Classical NLS sequence has been 

attached to both linearised DNA(274) (which is only 3nm in diameter) and plasmids(275), 

in efforts to enhance transfection efficiency in dividing (60-70% confluent) eukaryotic 

cells. This allows binding of the plasmid to the nuclear import mechanism via the 

exogenous NLS protein adapter. Polyethylenimine complexed to plasmid has also been 

used to enhance nuclear localisation, but the nuclear import mechanism in this case 

remains unclear(255, 260). Notably this increase in transfection efficiency with PEI was 

only reported after cellular microinjection rather than more conventional means of 

transfection.

When conjugated to a plasmid the M9 sequence has been shown to increase 

transfection efficiency of endothelial cells by up to 63 fold(273). Since the M9 sequence is 

anionic in charge, it was pre-complexed to a scrambled sequence of the cationic SV40 T 

antigen in order to enhance binding with DNA. This construrt was assessed for its effect 

on transfection efficiency in eukaryotic fibroblasts in culture. By using fluorescent 

microscopy, the cellular position of the plasmid after transfection was also examined.
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Subsequently the M9 was used in experiments transfecting mouse skin to test its efficacy 

in vivo.

Plasmid

Nuclear pore

Nucleus

Figure 44. Diagrammatic representation of proposed plasmid nuclear localisation using

the M9 shuttle peptide.
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The Effect of the M9 Shuttle Peptide on Transfection 

Efficiency in 3T3 Fibroblasts

Purpose

The M9 peptide sequence complexed to a DNA carrier (ScT) was used to facilitate 

DNA transfer into the nucleus. It was hypothesised that the M9 would use the nuclear 

import (Karyopherin-p2 mediated) mechanism to increase nuclear localisation and protein 

expression in 3T3 fibroblasts (Figure 44).

Methods

Plasmids and Co-factors

The P-galactosidase plasmid pcDNA3.1-Lac-Z was obtained from Invitrogen, 

(Carlsbad, CA). The Luciferase plasmid gWIZ-Lux was obtained from Gene Therapy 

Systems (San Diego, CA). All plasmids were purified using an endotoxin free plasmid 

purification kit (Qiagen, Valencia, CA) after culture in transformed DH-la E. Coli 

bacteria.

M9

The M9 peptide and scrambled SV40 T antigen (ScT) were manufactured and supplied 

by both the Johns Hopkins University Peptide Synthesis Core facility and by the Dept, of 

Bioengineering, University of Pennsylvania, Philadelphia, PA (courtesy of Dr. Scott 

Diamond PhD). Sequences were as follows:

M9 = NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY 

ScT = KCRGKVPGKY GKG

The M9 peptide was coupled to the cationic ScT peptide to enhance its DNA binding 

capability, using a commercial cross-linker (SMCC, Pierce, Rockford, EL). The 13 residue 

ScT was incubated with lOmM SMCC in PBS for 2 hours at 220C. Unbound SMCC was 

removed by gel filtration using G-25 sephadex spin columns (Worthington Biochemical 

Corporation, Lakewood, New Jersey). The M9 peptide was incubated with TCEP-HCL 

(Pierce) for 30 minutes at 22°C followed by gel filtration using G-25 sephadex spin 

columns. The 2 peptides were then incubated together overnight at 4°C. Cross-linking 

was confirmed by SDS -Poly Acrilamide Gel Electrophoresis.
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Cell Lines and Culture

NIH 3T3 mouse fibroblasts were used in all experiments. Before transfection, cells 

were grown in 24 well plates at 37°C and 5% C02, in DMEM and 5% foetal calf serum. 

In addition to the M9-ScT peptide, cells were usually transfected in the presence of 

Lipofectamine. (f-galactosidase or luciferase plasmid was first complexed to the M9-ScT 

by incubation at room temperature for 15 minutes. Weight to weight ratios of M9-ScT to 

plasmid of 0:1, 10:1, 50:1, and 100:1 were used. Lipofectamine was then complexed to 

the plasmid, with or without the M9-ScT, for a further 15 minutes at room temperature. 

The transfection media was made up with serum free media (Optimem) to final 

concentrations of plasmid 2.5pg/ml and Lipofectamine 0-6pL/ml. Following removal of 

growth media and washing with Optimem, cells were transfected for two hours with 

300pL of transfection media per well. Cells were subsequently washed and complete 

growth media replaced, and then cultured for a further 24 hours before assaying.

/Lgabzctosidase assay

Assays were usually carried out at 24 hours after transfection. A commercial 

colourimetric high sensitivity P-galactosidase kit (Stratagene, La Jolla, CA) was used to 

quantitate enzymatic activity. The protein concentration of each sample was determined 

using a protein assay kit (Bio-Rad, Hercules, CA) and the specific enzymatic activity 

calculated.

Luciferase Assay

The luciferase activity was determined at 24 hours using an enhanced luciferase assay kit 

(Pharmingen, San Diego, CA). Cells were lysed with a 1% Triton X-100 detergent lysis 

buffer, and then centrifuged at 14000RPM for 5 min to remove cellular debris. 5-20pL of 

cell lysate was used per assay, depending on the activity level. The photon output was 

measured in a luminometer (Monolight 3010C, Pharmingen, San Diego, CA) after the 

addition of an ATP and Mg2+ solution followed by excess luciferin substrate. Samples 

were measured over a period of 10 seconds each. Activities were correaed for the assay 

volume used and the protein concentration of the cell lysate.

126



Results

Plasmid and M9

Naked plasmid alone, without Lipofectamine or M9 did not produce any detectable (3- 

galactosidase activity. The addition of M9 to the (3-galactosidase plasmid at ratios of 10:1, 

50:1, and 100:1, in the absence of Lipofectamine, did not result in increased transfection 

(p=0.419 ANOVA). Levels of p-galactosidase activity remained minimal (Figure 45).
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Figure 45. p-galactosidase activity following transfection with the Lac-Z plasmid and 

increasing amounts of M9 shuttle peptide without Lipofectamine (p=0.419 ANOVA

between groups).
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Plasmid, Lipofectarme, andM9
A dose response effect of increasing ratios of M9 to plasmid was carried out at two 

separate concentrations of Lipofectamine. Lipofectamine concentrations of both 2 

pL/ml (Figure 46, *=p<0.05 ANOVA compared to the plasmid only group) and 4pL/ml 

(Figure 47) exhibited a similar shaped dose response curve, although the higher dose of 

Lipofectamine had a much greater amplitude (about 10 fold greater). The 50:1 M9 to 

plasmid ratio was most effective in both cases, causing a 26.8 and 48.6 fold increase in the 

p-galactosidase activity at 2 and 4 pL/ml of Lipofectamine respectively compared to the 

group without M9. The highest M9-ScT dose of 100:1 to plasmid tended to be less 

effective than the 50:1 ratio, possibly explained by an inhibitory or toxic effect of this high 

dose.

50:1
M9:Plasmid Ratio

Figure 46. P-galactosidase activity after transfection with the Lac-Z plasmid and 

increasing amounts of M9 in the presence of 2pL/ml Lipofectamine (::'=p <0.05 

ANOVA compared to the plasmid only group).
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50:1
M9:Plasmid Ratio

Figure 47. (3-galactosidase activity following transfection with the Lac-Z plasmid and 

increasing amounts of M9 in the presence of 4 pL/ml Lipofectamine (*=p <0.05 

ANOYA compared to the plasmid only group).
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In the presence of even small amounts of Lipofectamine, M9-ScT at a ratio of 50:1 

caused a large increase in transfection evidenced by elevated P-galactosidase activity. This 

combination of Lipofectamine and M9 increased transfection significantly. This effect 

was most pronounced at lower lipofectamine ratios, and more modest increases were 

seen at the higher levels (Figure 48, *=p<0.01 Student’s t-test compared to the without 

M9 group).

Without M9

With 50:1 M9:plasmid

plasmid only Amount of Lipofectamine uL/ml

Figure 48. P-galactosidase activity following transfection with the Lac-Z plasmid and 

increasing amounts of Lipofectamine in both the absence and presence of M9 

(*=p<0.01 Student’s t-test compared to the without M9 group).
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Ludferase

Using the ludferase reporter gene, a similar pattern was seen as with the (3-galaaosidase 

gene. An M9 to plasmid ratio of 50:1 was again found to be optimal, with an attenuated 

increase seen at higher M9 to plasmid ratios (Figure 49, :;'=p<0.05 ANOVA compared to 

the plasmid only group).
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Figure 49. Luciferase activity 24 hours after transfection with a luciferase plasmid and 

varying ratios of M9 in the presence of Lipofectamine (*=p<0.05 ANOVA compared

to the plasmid only group).
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Plasmid, Bioporter, and M9

It was hypothesised that the role of the Lipofectamine was to allow the plasmid DNA 

complex to cross the cell membrane into the cytoplasm where the M9 could direct the 

complex to the nucleus. A proprietary protein-based cytoplasmic delivery agent 

(Bioporter ™, Gene Therapy Systems, San Diego, CA.) was used to assess if it would also 

act synergistically with the M9, similar to the effect seen with Lipofectamine. Plasmid was 

complexed to the M9 as before adding the construct to the Bioporter reagent. Cells were 

grown and transfected as before. A similar increase in transfection was seen as before, 

however in this instance a ratio of 10:1 was found to be the most efficacious dose (Figure 

50, *=p<0.05 ANOVA compared to the plasmid only group).

plasmid Bioporter Bioporter Bioporter Bioporter
only &10:1M9 &50:1M9 & 100:1M9

M9:Plasmid Ratio

Figure 50. P-galactosidase activity after transfection with the Lac-Z plasmid and 

increasing amounts of M9 in the presence of the protein delivery agent, Bioporter 

(*=p<0.05 ANOVA compared to the plasmid only group).
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Serum Sensitivity of M9

To assess the serum sensitivity of the M9 enhanced transfection, the effect of adding 

serum to the transfection media containing an optimal amount of M9 was examined. As 

seen with both the lipofection and polyfection experiments, the addition of serum to the 

transfection media was progressively inhibitoiy to the transfection efficiency (Figure 51, 

*=p<0.05 ANOVA compared with the plasmid only group).

5%
Serum added

Figure 51. The effect of serum on M9 mediated transfection (::'=p<0.05 ANOVA 

compared with the plasmid only group).

Conclusion

Lipofectamine and M9 work together to facilitate in vitro transfection. The 

Lipofectamine facilitates entry of plasmid into the cell cytoplasm, while the M9 helps the 

plasmid proceed into the nucleus.

The M9 peptide alone was ineffective in increasing the transfection of 3T3 cells in 

culture. However, in combination with Lipofectamine or other co-factor, the M9 led to a 

large increase in transfection efficiency. The maximal effect of M9 was seen at a weight to 

weight ratio of 50:1 in the Lipofectamine experiments, it is possible that the higher 

concentrations used were toxic to cells. The addition of serum to the transfection media 

markedly reduced the optimal M9 gene expression, but this may have been at an 

extracellular level, since a co-factor was also required to achieve transfection.
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Fluorescence and Fluorescent Microscopy

Fluorescence is the luminescence of a substance when it is excited by radiation. It 

results when a molecule absorbs energy, sending electrons into a higher excitation state, 

followed by the electron returning to its resting state, when energy is emitted in the form 

of light.

Fluorescent methods of biological investigation have advantages including their high 

sensitivity and lack of radioactivity. Fluorescent molecules used tend to be stable for long 

periods and are relatively inert from a biological point of view. A wide variety of 

fluorochromes with differing charaaeristics are available which can be cross-linked to 

other molecules. Several differing fluorochromes may be used simultaneously.

Fluorescence

Electrons surrounding atoms normally exist in certain defined energy states, known as 

orbitals. The normal position of these electrons is known as the resting state, but 

elearons may move to higher excitation states if they absorb energy. Since these 

excitation states are quantified, specific amounts of energy are required to move electrons 

from one excitation state to another.

The wave-particle duality theory expresses the relationship between energy and light can 

be expressed as in Equation 3. Therefore photons of a longer wavelength contain less 

energy than that of shorter wavelength.

„ he,F = -----  = h Vemem j em

Equation 3. The relationship between light and energy. 

Where E is the amount of energy, h is Planck’s constant, c is 

the speed of light, A, is the wavelength of light, and v is the 

frequency.
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The Jablonski diagram indicates the electronic condition of a typical fluorescent 

molecule (Figure 52). The fluorescent molecule absorbs a photon of light at a certain 

wavelength and energy content, causing an electron to jump to a higher excitation state 

(arrow 1). The particular wavelength of light known as the excitation spectrum for a 

molecule corresponds to the amount of energy required in raising an electron from S0 to 

S,

Once in the excited state the elearon dissipates some energy as heat yielding to a

baseline excited state S[ (arrow 2). 

Although there is a delay between the 

excitation and decay, this is usually in the 

order of nanoseconds. As the electron 

decays back to the resting state, it releases a 

certain amount of energy (arrow 3). The 

corresponding photon of light emitted is 

also of a specific wavelength and is known 

as the emission spectrum.

Figure 52. Jablonski Diagram

The wavelength of the emission spectrum is always longer than the excitation spearum

wavelength. This is known as the Stoke’s shift, 

and represents the small amount of energy that 

is dissipated as heat during the excitation 

relaxation process (Figure 53). The Stokes 

shift is important as it allows separation of the 

excitation light from the fluorescence using 

appropriate filters. The longer wavelength 

excitation light can be effectively eliminated 

from the viewer, allowing the fluorescence to 

be seen with a high sensitivity against a dark 

background.

Wavelength (nm)

Figure 53. Typical excitation and 

emission spectra of a fluorochrome.

135

Fl
uo

re
sc

en
ce

 e
m

is
si

on



Fluorescent Microscopy

A fluorescent microscope is designed to both induce and view fluorescence (Figure 54). 

It has two essential features allowing the detection of fluorescence. A high-intensity 

excitation light source filtered to the appropriate wavelength, and a filter assembly to 

separate the excitation and emission light waves. Fluorescent microscopy may be used to 

observe a fluorescent protein reporter gene, or to track the path of a plasmid labelled with 

a fluorescent molecule such as rhodamine or fluorescein. Images of particular fields 

obtained with each filter set may then be combined using image manipulation software to 

produce a composite image.
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Figure 54. Diagrammatic representation of a fluorescent microscope.
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DAPI

DAPI is a fluorochrome, which preferentially binds double stranded DNA thereby 

increasing its fluorescent intensity. It is therefore commonly used as a counterstain in 

fluorescent procedures to highlight cellular nuclei. It has an emission spectrum in the blue 

range in contrast to the green or red of other commonly used fluorochromes.

/nh2+

nh2

Figure 55. Chemical structure of DAPI.

Rhodanme
Rhodamine is an organic fluorochrome, 

which fluoresces in the red part of the 

spectrum. It may be used as a label by 

attaching it to a protein or DNA for cellular 

localisation studies. The position of these 

molecules may then be followed at a cellular 

level.

Figur

©so3

so3h

e 56. Chemical structure of X-Rhodamine

Green Fluorescent Protein

A plasmid coding a fluorescent protein can be used as a reporter gene(276). Green 

Fluorescent Protein (GFP) was originally isolated from the jellyfish Aequorea Victoria 

native to the North Pacific Ocean. Wild type GFP is a 238 amino acid protein with a 

molecular weight of 27kDa. It has a peak excitation at 395 nm and emission at 508nm. 

Since the protein was sequenced, its gene is now available for use. There are some 

drawbacks with the use of wild type GFP including a delay in its acquiring fluorescence 

after its synthesis, and its propensity to photobleaching. To overcome these limitations, 

genetically engineered variants are available with differing amino acid sequences with 

enhanced characteristics and slightly differing fluorescent properties.
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The Effect of the M9 Shuttle Peptide on Green 

Fluorescent Protein Expression in 3T3 Fibroblasts

Purpose

The M9 peptide caused a dramatic increase in the (3-galaaosidase and luciferase activity 

in the 3T3 fibroblasts. It is unclear if this was the result of an increase in the number of 

cells transfected and/or an increase in the amount of reporter gene produrt produced by 

the average transfected cell. A plasmid encoding for green fluorescent protein (GFP) was 

used to label successfully transfected cells in order to quantitate the number of transfected 

cells with and without the M9 shuttle peptide.

Methods

Plasmids, Cell Lines and Transfection
The green fluorescent protein encoding plasmid was obtained from Gene Therapy 

Systems (San Diego, CA).

All well were examined in triplicate. NIH 3T3 fibroblasts were grown to confluence on 

24 well plates at 37°C and 5% C02, using DMEM + 5% FBS growth media. The green 

fluorescent protein plasmid was complexed to varying amounts of the M9-ScT peptide by 

incubation at room temperature for 15 minutes. Final plasmid and Lipofectamine 

concentrations were Ipg/ml and 4pL/ml respectively. After removal of growth media 

and washing with Optimem, cells were transfeaed for two hours with 300pL of 

transfection media per well. The DMEM +5% FBS was replaced following removal of 

transfection media.

Fluorescent Microscopy

Cells were examined in situ at 24 and 48 hours by fluorescent microscopy (Nikon 

Eclipse TE 300, Nikon USA Inc., Melville, NY). The number of cells fluorescing green 

was counted per low power field.

Excitation wavelength Emission wavelength

Rhodamine 576 597

DAPI 358 461

EGFP 488 507

Table 23. Excitation and emission wavelengths of fluorochromes used.
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Results

There was no detectable auto fluorescence in the un-transfected cells. Plasmid with 

4(jL/ml Lipofectamine resulted in transfection, causing the cytoplasm of 12±4 cells per 

low power field to fluoresce green (Figure 57A). The addition of M9 caused a dose 

dependent increase in the number of cells producing the green fluorescent protein; 

Lipofectamine plus M9 at a ratio of 100:1 yielded a 3 fold (40±5) increase in fluorescent 

cells (Figure STB), than when compared to Lipofectamine alone (Figure 58, *=p<0.05 

ANOVA compared with the plasmid only group).

B

Figure 57. Fluorescent micrograph of 3T3 cells after transfection with the G FP 

plasmid. Cells expressing the protein fluoresce bright green indicating successful

transfection

— 3T3 Transfection at 24 hrs

— — 3T3 Transfection at 48hrs

"t-----?

plasmid
only

50:1
M9:Plasmid Ratioplasmid

Figure 58. Transfection rates for 3T3 cells at varying M9 to plasmid ratios (*=p<0.05 

ANOVA compared with the plasmid only group).
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Conclusion

Experiments consistently showed that the addition of the M9:ScT protein to the 

plasmid, in increasing proportions, increases the number of fibroblasts transfected 

compared to the plasmid on its own. A maximum increase of 3-4 fold in the number of 

cells transfected was attained using a 100:1 M9:ScT weight-to-weight ratio. The 

transfection rates were greater at 24 hours than at 48 hours.
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Transfection of 3T3 Cells with Rhodamine Labelled

Plasmid

Purpose

To track the intracellular location of plasmid following transfection, a rhodamine 

labelled plasmid was used. Unfortunately, the rhodamine tagging procedure tends to 

reduce the ability of the plasmid to be transcribed into mRNA; so parallel studies of 

plasmid location and expression are difficult. The effect of both Lipofectamine and M9 

were studied to see how each individually and together affected the intracellular position 

of the plasmid.

Methods

Plasmids, Cell Lines and Transfection
Rhodamine labelled, green fluorescent protein (GFP) plasmid was obtained from Gene 

Therapy Systems (San Diego, CA).

NIH 3T3 and SEG-1 cells were grown to confluence at 37°C and 5%C02, using 

DMEM+5% FBS growth media. In order to examine the cells at sufficient magnification, 

chamber slides were used rather than 24 well plates used previously. These slides have 

culture wells with a borosilicate glass base on which the cells may grow. This is thin 

enough to act as a coverslip during oil immersion inverted microscopy. Each well was 

inoculated with 1 x 105 cells per well. Rhodamine labelled plasmid was complexed to 

varying amounts of the M9-ScT peptide by incubation at room temperature for 15 

minutes and made up to lOOpL with serum free media. lOOpL of Lipofectamine solution 

(40pL Lipofectamine in 1 ml Optimem) was added and allowed to complex for 15 

minutes room temperature. This was then made up to 1 ml with serum free Optimem. 

Final plasmid concentration was 2.5pg/ml and Lipofectamine concentration was varied 

between 0 and 4pL/ml. Following removal of growth media and washing with Optimem, 

cells were transfected for two hours at 37°C with 300 pL of transfection media per well.

Following transfection cells were washed again with culture media to remove free 

plasmid, and standard culture media (DMEM + 5% FCS) replaced. Slides were returned 

to the incubator.
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Fluorescent Microscopy

After 24 hours, cell nuclei were stained with a 300nM solution of DAPI for 10 minutes. 

After washing with growth media, cells were examined in situ by fluorescent microscopy.

Composite images were produced by importing the fluorescent photomicrographs 

obtained into a photographic software program (Paint Shop Pro 7, Jasc Software).

Results

Plasmid Alone

After transfection with the rhodamine labelled plasmid without Lipofectamine, and in 

the absence of M9, there was no evidence of 

intracellular fluorescence 24 hours after 

transfection. The nuclei can be seen fluorescing 

bright blue due to the DAPI binding to their high 

DNA content. No evidence of the rhodamine 

stained plasmid is evident either within the cells or 

in the extracellular media indicating removal of the 

plasmid with washing after transfection.

M9, No Lipofectamine

Similarly, even in the presence of M9, but 

without Lipofectamine, there was no evidence of 

the rhodamine labelled plasmid in either the cells 

or nuclei, consistent with their not being able to 

cross the cell membrane.

Figure 60. Cells transfected with 

plasmid and the M9 peptide.
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Lipofectamine, No M9

With the use of Lipofectamine only, but without M9 the red staining plasmid can be 

seen in the cytoplasm surrounding the nucleus. Some of the plasmid is also seen to stain 

blue with the DAPI since it is similarly composed of double stranded DNA. Little or no 

rhodamine staining can be seen within the nucleus, indicating that it may be a significant 

barrier to the plasmid.

Figure 61. Cells transfected with a rhodamine labelled plasmid and 

Lipofectamine (arrows show plasmid in the cytoplasm).
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M9 and Lipofectamine

With the addition of the M9 peptide to the transfection media, much of the plasmid 

remains extranuclear, but in contrast to the no M9 group, numerous cells appear to have 

plasmid within the nucleus. In this case, there was also some green staining not seen in 

the other groups. This is indicative of plasmid transcription and translation of GFP, 

staining the cytoplasm a green colour.

Figure 62. Fluorescent photomicrograph of cells transfected with a 

rhodamine labelled plasmid, Lipofectamine, and M9 (arrows show plasmid

in the cytoplasm).
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Conclusion

Although purely qualitative, these data add support for the proposed mechanism for the 

action of M9 during plasmid-mediated transfection. The data from the pictures is not 

conclusive, as there was no means of quantifying the amount of plasmid in the nucleus 

and/or cytoplasm of the entire well. In addition, the pictures are taken from a fluorescent 

microscope, rather than a confocal microscope, so no representation of the z-axis is 

possible, i.e. the plasmid appearing in the nucleus may be either in front of, or behind the 

nucleus. This is less likely though since this region anterior and posterior to the nucleus is 

the thinnest cytoplasmic area in the cell seen from above.

The figures obtained, are complimentary to the prior data obtained using the P- 

galactosidase transfection in the cell lines. Lipofectamine facilitates cytoplasmic entry. 

Without the M9, the plasmid is sequestered in the cytoplasm/endosomes in the 

Lipofectamine only treated cells where it is inactive. The complexing of the M9-ScT to 

the plasmid led to some of the labelled plasmid reaching the nucleus. The M9 shuttle 

increases transfection efficiency by delivering plasmid to the nucleus. As expeaed, based 

on their actions, both agents are required to achieve efficient transfection.
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Transfection of Mouse Skin using M9

Purpose

The M9 peptide was highly efficacious in increasing transfection efficiency in cell culture 

in conjunction with lipofection. This effect however was highly serum sensitive, 

suggesting it may not be as effective in ixvo. The efficacy of the M9 peptide in promoting 

the transfection of mouse skin m vtuo was assessed with and without lipofection.

Methods

Plasmids and M9

The Luciferase plasmid gWIZ-Lux was obtained from Gene Therapy Systems (San 

Diego, CA). Where indicated, luciferase plasmid was complexed to the M9-ScT by 

incubation at room temperature at a weight-to-weight ratio of 50:1 M9-ScT. DMRIE was 

complexed to the plasmid in some groups, with or without the M9-ScT, for 15 minutes at 

room temperature. The transfection media was made up with PBS to a final plasmid 

concentration of 0.02mg/ml, approximately ten fold the concentrations used m vbv. 

Higher doses/concentrations of DNA tended to precipitate when mixed with the M9-ScT 

complex.

Animals and Transfection

Female BKS.Cg-m Lepi‘b/Lepr mice were anaesthetised with Intraperitoneal Avertin and 

their dorsum clipped. Two 5mm excisional wounds were created on their dorsum. Each 

wound was injeaed anterior and posterior with lOpg of the luciferase plasmid solution, 

with and without M9 and/or DMRIE as co-factors. Each injection site was marked for 

reference.

Luciferase Assay

Animals were sacrificed at 24 hours and the luciferase activity of the injection sites 

measured. The marked skin tissue regions were excised and mechanically homogenised 

using a polytron homogeniser in a cell lysis buffer (Pharmingen, San Diego, CA) 

containing a proteinase inhibitor cocktail (Sigma, St. Louis, MO). Samples were 

centrifuged at 14,000RPM for 30 seconds to remove cellular debris. The luciferase 

activity of each sample was determined using a commercial luciferase assay kit
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(Pharmingen, San Diego, CA). Light output was normalised to each sample’s protein 

concentration and luciferase activity expressed as RLU/pg protein/ 10s.

Results

The highest levels of activity were seen in animals injected with the naked plasmid 

solution. The addition of DMRIE to the plasmid markedly reduced the luciferase activity 

as seen in previous experiments. There was also minimal luciferase activity in both of the 

groups injected with the M9 plasmid complex, both with and without DMRIE, indicating 

markedly reduced transfection efficiency compared to the naked plasmid injections.
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Figure 63. Luciferase activity in mouse skin after injection with luciferase plasmid with

M9 and/or DMRIE.

Conclusion

It was hoped that the M9 would cause nuclear localisation and expression of even the 

small amount of plasmid reaching the cytoplasm in the skin cells as seen in the 3T3 cells. 

Although the M9 peptide was useful for increasing the transfection efficiency of non

dividing cells in vitro, it was detrimental for transfecting cutaneous tissue in vivo.

147



Summary

These experiments demonstrate improved in vitro transfection efficiency for eukaryotic 

3T3 mice fibroblasts with the use of the M9 nuclear localisation peptide-ScT cationic 

binding unit construct. The effect of the M9 was only evident when it was combined with 

Lipofectamine in vitro. In the absence of either Lipofectamine or the M9 construct, naked 

plasmid produced no detectable transfection. The M9 alone, even at high doses was also 

ineffective at enhancing transfection efficiency, because it acts at the nuclear membrane, 

and not the cell membrane. Lipofectamine alone improved transfection in a dose 

responsive manner with successful transfection at relatively high levels. Addition of 

serum to the transfection media markedly reduced the M9 mediated benefits of 

transfection even at low concentrations. Previous reports suggest that if the cytoplasmic 

concentration of plasmid is high enough, gene expression will occur, presumably by 

overcoming the nuclear membrane barrier(258). The dramatic and potentially useful 

effect of the M9 construct was seen when it was combined with lower concentrations of 

Lipofectamine. At these concentrations, transfection efficiency was low with either agent 

alone. But together they increased transfection up to approximately 25 to 50-fold over 

baseline levels. The mechanism of their combined effect was demonstrated in the 

fluorescent microscopy studies with Rhodamine tagged DNA plasmid. Lipofectamine 

increased entry of the plasmid into the cytoplasm, but not into the nucleus. M9 alone had 

no effect. However, when combined with Lipofectamine, the M9 construct transported 

the plasmid DNA from the cytoplasm into the nucleus.

The M9 shuttle acting with Lipofectamine significantly improves transfection efficiency 

both by increasing the number of cells transfected and by increasing the protein 

production by individual cells. The GFP results show that the M9 in combination with 

Lipofectamine increased the number of cells transfected compared to those transfected 

with Lipofectamine alone by about 3 fold. But the total output of (3-galactosidase in 

similar circumstances increased 25 to 50-fold suggesting that individual cells increased 

their output of protein in the presence of M9.

When used as a single agent, the high concentrations of Lipofectamine required to 

transport plasmid into the nucleus can be toxic to the cell(169). The combination of the 

M9 construa and Lipofectamine allows the use of lower concentrations of Lipofectamine, 

which are less likely to be damaging to the cell.
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When a similar M9 based transfection protocol was tried in the animal skin, 

disappointingly the opposite effect was found. Rather than enhancing the gene 

expression, the M9 peptide reduced gene expression to undetectable levels. This occurred 

in both the presence and absence of the lipid co-factor, so cannot be completely explained 

by the effect of lipid protein interactions. Serum sensitivity of the M9 mediated 

transfection could not be assessed in vitro as the M9 in isolation did not produce any 

detectable transfection. The charged M9 may have produced a similar effect to the 

polycationic plasmid complexes, and enhanced plasmid binding to extracellular material, 

thereby reducing availability of the plasmid to the cell surface.
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Chapter Seven

ELECTROPORATION

Introduction

Physical rather than chemical means to enhance delivery of plasmid into cells have also 

been explored. Studies on the effect of elearical stimulation of cells have been carried out 

in vitro since the 1960’s. Electroporation is the application of an electrical field across cells 

in order to increase the permeability of the cellular membranes and allow the entry of 

macromolecules(168). The potential use of electrical fields to encourage the introduaion 

of DNA into cultured cells was initially demonstrated in the 1980’s(277). Numerous cell 

lines including fibroblasts(278) and epidermal cells(279) may be transfected by this means. 

Electroporation is also of use in aiding the delivery of other macromolecules such as anti

tumour agents into cells, in addition to experiments involving cell-cell fusion and cell- 

tissue fusion(168).

More recently, this technique has been used for in two transfection, largely driven by the 

difficulties and unreliability of using in vitro transfection techniques in living organisms. 

Improvements in the transfection of liver(280, 281), muscle(282-284), tumour(285, 286) 

and skin tissue (287-289) have all recently been described. The prior skin experiments 

were carried out on normal unwounded skin with the clinical goal of immunisation(290). 

But the efficacy of this technique in abnormal injured skin for use in potential wound 

healing experiments has not been reported. Disadvantages of electroporation are that it is 

painful to apply to live animals, and it may cause some tissue damage especially if the 

parameters are not optimised.

The increase in transfection efficiency after elearoporation of the skin was initially 

attributed to increased permeability of the stratum comeum to plasmid following topical 

application of DNA(291), but it is now apparent that it is beneficial even with intradermal 

injection of plasmid, suggesting an alternative mechanism.

Theory

The application of an electric field across a tissue induces an increased electrical gradient 

or potential difference across the cellular membranes. The lipid cell membrane normally
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acts as an insulator (dielectric), necessary to maintain the normal trans-membrane 

potential. If the applied electrical field is of sufficient intensity, the dielectric index of the 

cell membrane is exceeded, causing transient pores to open in the lipid bi-layer, and 

allowing dissipation of the potential difference applied(168, 292). These pores are 

associated with a short-lived increased permeability to large molecules until they close. 

Theoretically, it is only necessary to apply an electrical field to the tissue rather than 

actually pass current through it, but in practice this is difficult to achieve. The 

electrophoretic effect of the electrical field may also enhance DNA migration within 

tissues and cells (293).

Importantly, the insulating quality of the membrane is required for the electroporative 

effect. The nuclear membrane with its numerous pores is not amenable to 

electroporation unlike other membrane bound intracellular organelles(168). Due to the 

complexity and heterogeneous nature of living tissue, optimisation of an electroporation 

protocol can only be determined experimentally. The electroporation parameters can be 

varied to maximise the beneficial effect, whilst minimising the potential tissue damage due 

to energy transfer and heat produaion.

The parameters for a square wave electrical pulse are illustrated in Figure 64. Amplitude 

is usually expressed as volts applied per cm of tissue (V/cm). Not surprisingly different 

tissues have varying optimal settings. Maximal transfection is seen at field strength levels 

just below those causing tissue necrosis(281). Either a high-voltage/short duration 

pulses(280) or low-voltage/long duration(281) pulses may be used.
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Figure 64. Square wave electroporation characteristics.
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The Effect of Electroporation on In Vivo Luciferase 

Expression following Naked Plasmid Injection

Purpose

To assess the effect of electroporation on the expression of a luciferase reporter gene in 

wounded murine skin in vivo. Compared to normal skin, wounds may differ in their 

susceptibility to transfection and electroporation with differences in its integrity, 

conductivity, and the cell subpopulations present. Increasing transfection has the 

potential to allow a reduction in the amount of plasmid required to achieve adequate gene 

expression for subsequent wound healing studies.

Methods

A nimals and Plasmid Administration

Female 6-8 week old BALB-c mice were anaesthetised with an intraperitoneal injection 

of 0.02 ml of a 1.25% Avertin solution per gram bodyweight, and their dorsum shaved 

and cleaned. Two 5mm excisional wounds were created on their back. 50 pL plasmid 

solution of the appropriate concentration was injected intradermally anterior and posterior 

into each wound edge. The resulting skin blebs raised confirmed intradermal delivery of 

the plasmid and were marked with indelible ink. Wounds were left undressed and animals 

were housed individually.

For the skeletal muscle transfection experiments, the skin and subcutaneous tissue of 

both hind legs was opened through an antero-lateral longitudinal incision. This allowed 

good exposure to the entire Tibialis Anterior muscle. The muscle belly was injected with 

50pL of a 0.02 mg/ml of plasmid and the electroporation electrode applied directly to the 

muscle. The skin was then closed with interrupted 6/0 prolene and the animals were 

allowed to recover.

Electroporation

Animals were electroporated at the site of injection within two minutes of plasmid 

administration, using a square wave electroporator (ECM 830, BTX Genetronics, San 

Diego, CA). To optimise the electrical contact with the skin or muscle, a custom designed 

pin electrode, consisting of two rows of parallel needles separated by 5mm was used to 

apply the electroporation voltage (Figure 65). Between 6 and 18 square wave pulses were
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administered, at amplitudes of between 200 and 1800 volts, and durations of between 

100ps and 20 ms. The interval between pulses was maintained at a constant 125ms.

Ooioooo
5 mm

+ve

ooooooo -ve

Figure 65. Design of pin electrode.

Ludferase Assay

After at least 24 hours, animals were sacrificed, and 25mm2 specimens of skin at the 

marked injection sites adjacent to each wound were excised. For the skeletal muscle 

experiments, the entire Tibialis Anterior was removed. Tissue was homogenised in 1-2 ml 

of cell lysis buffer (Pharmingen, San Diego, CA) containing a proteinase inhibitor cocktail 

(Sigma, St. Louis, MO), using a polytron homogeniser. Samples were centrifuged at 

14000RPM for 30 seconds to remove cellular debris before assaying. The luciferase 

activity of each sample was determined using a commercial luciferase assay kit 

(Pharmingen, San Diego, CA). 40pL of each sample was placed into a luminometer 

(Monolight 3010, BD Biosciences, San Jose, CA) with lOOpL of the co-factor soludon 

containing ATP and Mg2+. lOOpL luciferase substrate was added and the photon 

emission measured over the following 10-second period.

The protein concentration of each sample was determined using a standard protein 

assay kit (Bio-Rad, Hercules, CA). Light output was normalised to each sample’s protein 

concentration and the luciferase activity expressed as RLU/pg protein/ 10s.

Wound Healing Measurements

Animals were anaesthetised and wounded as before. No plasmid was administered, and 

half the animals were electroporated with six, lOOps, 1750V/cm square wave pulses of 

lOOps duration. All animals were sacrificed on day 7 after wounding. The wound eschar 

was carefully removed and the unepithelialised wound border traced in situ onto clear 

acetate paper. Images were digitised at 600dpi (Visioneer Paperport 6000, Visioneer, 

Frement, CA) and wound areas were calculated using image analysis software based on

154



NTH image (Scion Image, Frederick, MD). Areas were expressed as a pixel count. The 

dorsal skin was then removed in the plane deep to the panniculus camosus muscle. Skin 

strips were cut to according to a 2 x 0.5 cm template with the wound at the midpoint. 

Each strip was loaded onto the tensiometer and traaion applied at a rate of 10mm per 

minute until complete disruption of the wound occurred. The wound burst strength was 

recorded in Newtons as the peak force across the tissue prior to fracture.

Results

Voltage Dose Response Effect

The application of electric pulses locally to the injection site consistently increased the 

transfection efficiency when measured 24 hours post injection. Increasing the applied 

voltage across the injected tissue caused an increase in the Luciferase activity (Figure 66, 

*=p<0.05 compared to the unelearoporated group of the same dose). This effect was 

most apparent at higher plasmid doses of where the increase was over 10 fold. Higher 

voltages than ISOOV/cm tended to either cause arcing of the electric pulse between the 

electrodes or left some signs of an electrical bum on the animals skin.
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Figure 66. The effect of increasing the electroporative amplitude on the relative 

luciferase activity at several concentrations of plasmid solution. 6 pulses of the 

indicated voltage were applied, each with duration of lOOps and an interval of 125ms 

(n=8, *=p<0.05 compared to the unelectroporated group of the same dose).
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Pulse Number Effect

Using a very low plasmid concentradon of 2pg/ml, the dose used in the in vitm 

experiments an approximate 3-fold increase was seen in the animals subjected to six 

elearoporation pulses (Figure 67, *=p<0.01 Student’s t-test). In an effort to further 

increase the electroporation effect, the number of pulses was increased from 6 to 18 

pulses at a similar voltage level. Several of the animals given the higher number of pulses 

developed some evidence of singeing at the edge of their wound not seen with the lower 

number of pulses. The increase in pulse number attenuated the increased transfection 

seen with using fewer pulse numbers, possibly secondary to the tissue damage caused.
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Figure 67. Six pulses at 1750V/cm were more effective than 18 pulses with the same 

characteristics (n= 16,. s:'=p<0.01 Student’s t-test compared to the unelectroporated

group).
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Pulse Duration Effect

A low voltage long duration series of pulses (6 x 20ms, 400V/cm) was not particularly 

effective in increasing transfection efficiency with lOpg plasmid, when compared to high 

voltage short duration pulses (6 x lOOps, 1750V/cm), Figure 68.

12000

o
i-i

Q-

3

P
>-)

8000

4000

□ Without Electroporation

□ With Electroporation

Long duration

x6

Short duration

Figure 68. A series of high voltage, short duration pulses was found to be more 

efficacious than low voltage, longer duration pulses.
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Plasmid Dose Response Effect ivith Optimal Electroporation Parameters 

The electroporative effect was seen over a wide range of plasmid doses tested, between 

0.1 pg to 50pg. The electroporative effect was most effective at the higher doses of DNA 

used (Figure 69, :;'=p<0.05 Student’s t-test). Electroporation at a charge density of 

1750V/cm increased luciferase specific activity at the 50pg dose approximately 5-10 fold. 

With electroporation, lOpg of plasmid produced luciferase expression equivalent to that 

achieved with 50pg of naked plasmid without electroporation.
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Figure 69. The effect of increasing the plasmid load on the efficacy of electroporation. 

6 x lOOps, 1750 V/cm pulses were given with an interval of 125 ms (;:‘=p<0.05 

Student’s t-test, compared to the unelectroporated group).
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Normal Ummmded Skin

In the absence of a skin wound, the application of an elearoporative voltage to the skin 

after injection of luciferase plasmid led to a similar significant increase in the luciferase 

activity at 24 hours as seen in the unwounded skin (Figure 70, *=p<0.01 Student’s t-test).
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Figure 70. Luciferase activity in normal skin tissue, 24 hours after 50pg Luciferase 

plasmid injection with and without electroporation (6 x 1750 V/cm, lOOps pulses were 

used, !!'=p<0.01 Student’s t-test, compared to the unelectroporated group).
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Normal Skeletal Muscle

The effect of a similar electroporation protocol was also examined in skeletal muscle 

tissue. Several applied voltages were used with six lOOps pulses. There was a dose 

dependent increase in transfection efficiency in the skeletal muscle with increasing voltage 

applied (Figure 71, ::'=p<0.05 ANOVA). At the highest voltage, some tissue injury was 

evident, probably due to the lower impedance of muscle tissue compared to skin, so 

higher voltages were not used.
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Figure 71. Luciferase activity after injection with plasmid and increasing electroporation 

amplitude. 6 pulses of the indicated voltage were applied, each with duration of lOOps 

and an interval of 125ms (n=4,. ;:'=p<0.05 ANOVA compared to the unelectroporated

group).
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Using a longer pulse duration of 20ms rather than lOOps (a 200 fold increase), and a 

lower apphed voltage of 200V/cm, a much greater electroporative effect was seen than 

with the higher voltage short duration pulse in the previous experiment (Figure 72, 

*=p<0.05 t-test). The same 0.02mg/ml concentration of Luciferase plasmid was used.
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Figure 72. The effect of electroporation on skeletal muscle transfection. 6 pulses of 

20ms duration and 200 V/cm amplitude were applied (n=4,. s!'=p<0.05 Student’s t-test 

compared to the unelectroporated group).
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Effect on Cutaneous Wound Healing

Measurement of both the wound areas and wound breaking strength at day 7 in animals 

with and without the administration of the most effective electroporation settings (6 x 

lOOps, 1750V/cm) had no detrimental effect on these healing parameters. In fact there 

was a slight non-significant tendency for the electroporated wounds to have improved 

healing as evidenced by a smaller unepithelialised area and greater tensile strength (Figure 

73 and Figure 74).

Group n Wound Area (pixels ± SE)

Without Electroporation 10 1312 ±310

With Electroporation 10 1053 ±312

Table 24. Day 7 wound areas with and without electroporation.
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Figure 73. Day 7 wound areas in electroporated and unelectroporated wounds (n= 10, 

p=0.563 Students t-test compared to the unelectroporated group).
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Group n Wound Burst Strength (Newtons ± SE)

Without Electroporation 10 1.48 ±0.13

With Electroporation 10 1.74 + 0.23

Table 25. Day 7 wound burst strengths areas with and without electroporation.
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Figure 74. Day 7 wound breaking strengths in electroporated and unelectroporated 

wounds (n=10, p=0.332 Students t-test compared to the unelectroporated group).
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Conclusion

These experiments demonstrate that elearoporation can improve plasmid transfection 

efficiency in cutaneous wound tissue. This effect was maximal, over 10-fold, at the higher 

doses of plasmid administered to the wounds and at greater electroporation voltages. 

Using a series of high voltage, short duration pulses were found to be superior in efficacy 

to lower voltage, longer duration pulses in cutaneous tissue. This is in contrast to skeletal 

muscle tissue, where the low voltage electroporation parameters and dose of plasmid 

caused a 20-fold increase in transfection efficiency. The high voltage regimen was not as 

effective as the low voltage longer duration series of pulses in skeletal muscle.

It is interesting to compare the effects of electroporation in skin with its effects in other 

tissues. Muscle seems to be the ideal target for in vivo electroporation. It is suggested that 

the large size of striated muscle cells gives them properties that interact favourably with an 

electrical field. Increases of transfection efficiency of 20 fold with relatively low voltage 

electrical fields were achieved in striated muscle. These results in skin are modest in 

comparison.
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Live In Vivo Transgene Imaging

Introduction

In vivo imaging of gene expression has significant potential advantages over conventional 

zw ■who detection, where the transfected tissue must first be processed in some way prior to 

the assay of the reporter gene product. With in vtw imaging, animals do not need to 

undergo a biopsy or be sacrificed for each data point, which allows serial measurements to 

be made in a given animal. It therefore has considerable possible application in the 

clinical setting. The images obtained may also give a better indication of the location and 

duration of expression in addition to the level of expression(294).

Various forms of in vivo transgene expression have emerged in recent years including 

those based on magnetic resonance imaging-MRI(295, 296), positron emission 

tomography-PET(297), and optical imaging(294, 298). Each has advantages and 

disadvantages related to their spatial and temporal resolution and their sensitivity(295).

In Vi vo Luciferase Imaging

Advances in the sensitivity of optical imaging systems allow the measurement of the 

emitted fight from luciferase-catalysed reactions in five mammals. The in vivo assay of 

luciferase activity relies on the ability of photons emitted during the catalysis to pass 

through tissues. The measurement system consists of a fight tight box large enough to 

house the anaesthetised animal(s), a ciyogenically-cooled charged coupled device (CCD) 

camera, and computer equipment to both control the camera and acquire the images from 

it for processing. The system is designed to capture very low levels of fight emission such 

as that which occurs during the luciferase reaction. The skin is ideal for this type of 

measurement as there is minimal signal attenuation from overlying tissues (299).

Before imaging the luciferin substrate is administered systemically (usually 

intraperitoneaUy) in excess to saturate the any luciferase enzyme present - approximately 

150mg/kg bodyweight is sufficient(298). The animals’ cells themselves supply the other 

enzymatic requirements for the reaction including ATP, oxygen, and magnesium.

During an image capture sequence, a conventional photographic image is first taken for 

subsequent image orientation (Figure 75, left). The luminescent image is then captured 

over the next few minutes in a completely dark environment. The luminescent image is
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produced in false colour depending on the both the intensity and location of photon 

emission, a blue colour indicating lower photon emission through green to red for higher 

levels of emission (Figure 75, middle). The two images are then combined electronically 

(Figure 75, right). It can be clearly seen that in the example that the level of gene 

expression is much higher on the animal’s left side than it’s right. By measuring the 

saturation of each pixel and integrating the total signal within a defined area, it is possible 

to quantitate the expression level.

Figure 75. The photographic and luminescent components of an in vivo luciferase

image.
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Live In Vivo Assessment of Electroporation on 

Luciferase Gene Expression

Purpose

The previously described experiments demonstrated the effectiveness of electroporation 

on increasing the luciferase activity following a single injection of plasmid. These 

experiments required the sacrifice of each animal to measure the expression levels. No 

information regarding the extent or precise location of expression was obtained. Using 

the in vivo technique further information such as the extent of expression was acquired. In 
vivo luciferase activity was used to assess the gene expression in the skin of living mice 

after plasmid injection, with and without electroporation, over several time points to 

gauge the duration of expression.

Materials and Methods

BALB-c mice were anaesthetised with intraperitoneal Avertin and two 5mm excisional 

wounds created on their dorsum as before. lOOpg of luciferase plasmid was injected 

intradennally both anterior and posterior to each wound.

In Vrw Luciferase Imagng
At varying intervals after wounding and plasmid administration, the mice were imaged 

for luciferase activity. Animals were sedated with IP Avertin. D-luciferin substrate was 

administered intraperitoneally at a dose of 150mg/kg (10pL per gram bodyweight of a 

15mg/ml solution in water).

Sedated animals were placed on black card into the light free chamber below the cooled 

GOD camera (TVIS, Xenogen, Alameda, CA). To ensure adequate distribution to and 

clearance from the skin, and to determine the optimal time for cutaneous imaging, the 

luciferase activity after administration of luciferin, serial images of bioluminescence were 

obtained at several time points after the D-luciferin injection.

After a conventional light photograph was taken, luminescent images were acquired 

with exposure periods of between 30 seconds and 4 minutes. Data was transferred into a 

PC and examined using image analysis software (Living image 2.11, Xenogen, Alameda, 

CA). Equal sized regions of interest, adjacent to each wound, at the injection sites, were 

seleaed and the quantitative total activity for each site determined.
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Comparison with In Vitro Assay

To determine how the in vcuo data correlated with the in vitro assay previously used, some 

animals were assayed by both methods. In vivo images were taken at least 10 minutes after 

luciferin injection. After several hours to ensure adequate clearance of the substrate, 

animals were sacrificed and the areas of interest excised from the wounds. Skin samples 

were homogenised in 2ml lysis buffer (Pharmingen, San Diego, CA) containing a 

proteinase inhibitor cocktail (Sigma, St. Louis, MO), briefly centrifuged at 14,000RPM for 

30 seconds, and assayed for luciferase activity using an in vitro luciferase assay kit. Values 

for each injection site were compared.

Results

Timing of Image Acquisition

Photon emission was evident at the transfected wound sites within one minute of D- 

luciferin being injected into the peritoneal cavity, indicating that some substrate had 

already reached the skin. Photon emission increased rapidly, reaching a plateau between 

20 and 30 minutes, before slowly declining due to the metabolic elimination of luciferin by 

the luciferase transgene or some other endogenous means.

Minutes after injection

Figure 76. Time course of photon emission from the skin following the intraperitoneal

injection of D-Luciferin.
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Comparison ivitk In Vitro Assay

There was a positive correlation between the m vivo and in vitro assays for each injection 

site (Figure 77). A Pearson product correlation coefficient of 0.836 was obtained leading 

to and a p value of p< <0.0001 indicating good correlation between both methods. 

Reasons for the imperfect relationship are similar to the reasons for some of the variability 

in each system. These include spatial sampling error, sample size variation, and 

homogenisation differences for the m vitro assay, as well as differences in the timing of the 

in vivo imaging related to the luciferin administration, CCD camera temperature, and skin 

blood flow, among others for the mo images.
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Figure 77. Comparison of luciferase activities obtained using both in vivo and in vitro

methods.
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The Effect of Electroporation

At 24- Hours

Consistent with the in vitro assay, the application of 6 x 1750V/cm pulses of 100 ps each 

has a dramatic effect on the luciferase expression adjacent to the wound (Figure 78). The 

injection sites on the animal’s left 

were electroporated whereas the 

wound on the right was not. The 

in vivo images also indicate that 

the expression occurs over a 

much wider area than in the 

unelectroporated side.

I ■’.lectruporated Side

Figure 78. In vivo bioluminescent image of a mouse 

with and without electroporation.

When the data from all animals within the experiment was combined, an approximate 

10-fold increase was found between the electroporated and unelectroporated wounds 

(Figure 79, *=p<0.05 Mann-Whitney rank sum test).
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Figure 79. In vivo assessment of the difference between electroporated and 

unelectroporated wounds (n=8,. *=p<0.05 Mann-Whimey rank sum test).
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Time Course

Subsequent to the 24 hour in vivo luciferase activity measurement, each animal from the 

experiment was also imaged serially over a period of three weeks. The images from a 

single animal from the experiment are shown in Figure 80.

Day 1 Day 7 Day 14 Day 21

Figure 80. In vivo luciferase expression with and without electroporation on days 1, 7,

14, and 21 in the same mouse.
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When each of the animals from the experiment was also imaged serially and the data 

quantitated, it was found that the electroporative effect was maintained for several weeks 

(Figure 81, !|'=p<0.05 Mann-Whitney rank sum test).
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Figure 81. The ten-fold electroporative effect is maintained for at least three weeks after 

a single injection (n=8, *=p<0.05 Mann-Whitney rank sum test).

Conclusion

The in vivo images confirmed the findings seen in the previous experiments. 

Electroporation caused a large increase in the luciferase expression, and led to a wider area 

of skin to be transfected. Only the area directly related to the wounds showed any 

evidence of luciferase activity. This is relevant to the likelihood of side effects when a 

therapeutic gene is substituted for the reporter gene.

Surprisingly the in vivo experiments indicated a longer duration of expression of the 

transgene that had been seen in previous experiments. Some of this is probably related to 

the specific plasmid used, which unlike the P-galactosidase plasmid and the growth factor 

plasmids used in earlier experiments, had been modified commercially to remove CpG 

motifs, that may have had an effect on the duration of expression.

172



Summary

Transfection of wounds with DNA encoding growth factors has the potential to 

improve healing. However, current means of non-viral gene delivery are limited by their 

inefficiency. Repeated doses of large amounts of DNA, necessary to achieve reliable gene 

expression, are detrimental to healing. The ability of in vivo electroporation to enhance 

gene expression was assessed following wounding and luciferase plasmid administration; 

square wave electroporative pulses were applied to injection sites. Electroporative pulse 

parameters were varied over a wide range of voltage, duration, and number of pulses. 

Animals were sacrificed after at least 24 hours and the luciferase activity measured. 

Application of electric pulses consistently increased luciferase gene activity. The 

electroporative effect was most marked at higher plasmid concentrations where an 

approximate 10-fold increase was seen. High voltage, short duration pulses were found to 

be the most effective in increasing luciferase activity. High numbers of pulses tended to 

be less effective than smaller numbers. Electroporation in mice increases the efficiency of 

transgene expression within wounds and may have a role in gene therapy to enhance 

wound healing.

It is possible that the effect seen was at least partially due to factors other than the 

permeabilisation of the cellular membranes. Factors such as the recruitment of other cell 

types to the area possibly by the injurious effects of the elearical wave vannot be rules 

out. The pulses may also have caused the cells to increase the transcription or translation 

of the transgene by some other means.

The effect seen may be of considerable benefit in wound healing applications. Gene 

therapy has potential to treat a wide spectrum of both genetic and acquired diseases. The 

skin may be transfected in gene therapy applications for both systemic treatment, such as 

immunisation, as well as local therapy, including the enhancement of wound healing(129). 

Ex vivo gene therapy techniques have been used in the field of wound healing(161, 162), 

but in vko techniques have the advantage of being simpler and less time consuming 

making them more appropriate for potential clinical use(300).

Electroporation is a simple, safe, and efficacious means of improving transfection 

efficiency in skin wounds. The application of several high voltage, short duration, square 

wave elearical field pulses to wounded tissue can enhance gene expression over 10 fold. 

With this approach the dose of plasmid can therefore potentially be reduced 10 fold as
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compared to what has been required with naked plasmid. Although gene expression was 

still transient with electroporation, it lasted longer than in the un-electroporated controls. 

For wound healing applications, the transient nature of gene expression may not be 

necessarily disadvantageous given the definite end point of a healed wound. In 

combination with one or more appropriate transgene(s) encoding growth factors, 

electroporation has considerable potential in cutaneous wound healing applications.
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Chapter Eight

CONCLUSIONS

Summary

With the recent advances in molecular biology and recombinant DNA technology 

combined with an increased understanding of disease processes, there are increasing 

opportunities to modify physiological and pathological processes as novel forms of 

treatment. Chronic cutaneous wounds continue to be a major health problem and 

therefore remain an important therapeutic target.

To study this problem, appropriate wound healing models are needed. Although inutro 

studies provide valuable background information, they do not approach the complexity of 

living organisms, so good animal models are essential. The diabetic mouse excisional 

wound model was established to be a good choice as a model of the loss of substance 

wounds that are typical of a chronic wound. Animals reliably exhibited significantly 

reduced epithelialisation, wound contraction, and tensile strength after an excisional 

wound when compared to a normal animal, and may thus provide a window of 

opportunity in which to improve healing.

Since the systemic pathophysiology of this diabetic mouse has been extensively studied 

and characterised previously, including some of the possible reasons for their healing 

impaired state, a more focused approach to specific treatment possibilities is possible.

There may be some sources of inaccuracy using the excisional model, such as the 

variability of the position of the wound in relation to the skin strip. In addition, since the 

technique will inherently partially include measurements of the surrounding unwounded 

skin in addition to the wound, direct comparisons can only be made between wounds of 

animals of the same strain, age, and weight. This led to a discrepancy of measurements in 

the elderly mouse model, where although the wounds clearly healed more slowly, the 

breaking strength was higher in the older animals. Since the wound of the incisional 

model extended fully across the width of the strip, this is not an issue. However 

difference in accurate apposition of the sutured wounds has the potential to lead to large 

differences in healing and tensile strengths.
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Although measuring the width and thickness, and therefore cross sectional area of the 

skin strips may give further information about the breaking stress or the elastic modulus, 

this was not recorded for several reasons. The relatively thick layer of subcutaneous fat in 

the diabetic animals contributes little to the tensile strength of the skin and wound 

therefore lead to a large underestimate of the maximum stress tolerated by the skin. 

Simply measuring the width of the strip would also be possible although the timing of the 

measurement, whether m situ on the animal, following removal of the skin, or after loading 

onto the tensiometer would be important due to the elastic nature of the skin., This 

problem was circumvented though, by using a standardised 5mm template to fashion the 

strips.

The injection of naked DNA plasmid into murine cutaneous wounds was shown to lead 

to reliable expression of the encoded transgenes. Although expression levels were subjert 

to wide inter and intra subject variability, they were broadly dependant on the amount of 

DNA injected. Difficulty with injection as a means of DNA delivery mostly concern how 

to standardise the actual dose given, and the layer of skin into which it is delivered. To 

maximise the accuracy of amount, plasmid concentration was measured using the A260 

absorption, and volume measured using a small syringe, with a small needle to minimise 

the dead space after injection. By the nature of the experiments, some is likely to have 

been lost into the wound leading to an overestimate of the amount given. Care was taken 

to raise a bleb when injecting the DNA to confirm intradermal delivery of the plasmid, 

but as this was done macroscopically, no further information about the depth of injection 

was possible. Variability of injection depth could cause difference in transfection by 

exposing different cell types to the plasmid.

After the local intradermal injection of DNA, the in vivo imaging studies demonstrated 

that the gene expression is maximal and remains confined to the small area at the site of 

plasmid injection. This is essential in avoiding unwanted systemic side effects distant 

from the treated area. The P-galactosidase reporter gene suggested that dermal cells were 

primarily transfected after the intradermal delivery of plasmid and that gene expression 

was short-lived, consistent with other reports. Differences in the results between the 

luciferase and the P-galactosidase reporter gene experiments demonstrate the limitations 

of certain reporter genes. The zrc-afro luciferase gene assay could give no special indication 

of successfully transfected cells. Although the in vivo system gives more information of 

this type, it gives no indication of which cell types are transfeaed after intradermal
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plasmid delivery. The (3-galactosidase plasmid indicated the cell type transfected, but 

seems to underestimate the duration and possibly the extent of transfection. Some of 

these differences may be due to inherent differences between two different enzyme 

system, including rates of enzyme secretion, immunological reaction to the foreign 

product, and the sensitivity of detection. Other differences such as the plasmid backbone 

associated with each gene may also have played a role.

With a multiple injection regime, it was possible to demonstrate an improvement in 

wound healing with both the KGF-1 and VEGF encoding plasmids when compared to a 

similar non-expressing plasmid. The use of PDGF led to a tendency for an improvement 

in wound healing, but this failed to reach significance. It is possible that this lack of 

significance was due to insufficient animal numbers, but as these were preliminary 

experiments, the expected difference, necessary for power calculations was not available, 

so an arbitrary number was selected. The particular permutations of growth factor 

combinations tried produced no evidence of synergy. It is unlikely however that one or 

even one particular combination of growth factor genes would be optimal for all wounds, 

and ideal combinations of such would need to be worked out empirically, or be based on 

individually measured expression levels. Further combinations were not tried due to a 

limitation of animal numbers approved for experimentation.

The importance of using of several relevant controls deserves particular emphasis. 

Initial wound healing studies used a non-expressing plasmid vehicle as a single control so 

that the only treatment difference between the groups would be the presence of the 

growth factor gene. This choice, though minimising the numbers of animals required for 

each experiment, initially masked the detrimental effect that the DNA itself was producing 

on healing. The addition of the untreated wound and PBS treated control groups revealed 

a more complete and accurate picture.

One of the reasons to use gene therapy in the treatment of wounds is to overcome the 

difficulties with using of peptide growth factors to treat wounds. Ironically, the problems 

with the use of gene therapy were found to parallel the use of growth factors, and include 

effective delivery of the agent to the tissue and the transient duration of activity.

The large dose of plasmid required for adequate gene expression was found to have a 

detrimental effect on wound healing. Although there are several possible reasons for this, 

it is likely that a reduaion in the amount of DNA required would reduce any apparent 

toxicity. In decreasing the dose however, it would be important to maintain the same
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level of transgene expression in order to continue to see the benefits of growth factor 

expression when compared to the non-expressing plasmid control groups.

The observed toxicity of plasmid is compounded by the necessity of repeated dosing to 

maintain gene expression. Although the transient nature of non-viral gene therapy may be 

appropriate for wound healing studies, studies with the p-galactosidase reporter gene 

showed expression lasting only a couple of days suggested that multiple doses would be 

required to span the wound healing experimental period. Data from luciferase time 

course studies differed considerably from this, with expression lasting up to several weeks 

after a single injection. Some of this discrepancy may be explained by the large difference 

in the sensitivities of their respective reporter product assays. In addition, the gWIZ 

backbone from the particular luciferase plasmid used had been commercially modified to 

exclude the majority of CpG islands, and may therefore have reduced its antigenicity in 

animals, thought to be one major reason for gene silencing.

Several of the described experiments have highlighted the difficulties of applying 

effective in vitro techniques to an animal model. Both established and novel techniques to 

improve transfection were tested in vitro and in viw with opposite effects. There is a major 

lack of correlation between in viw and in vitro transfection physiology. This also makes it 

difficult to fully study and understand the in viw barriers to transfection. A novel nuclear 

shuttle peptide, which held much promise in vitro, also was markedly detrimental to skin 

gene expression. No improvement was found in using any these chemical agents in the 

tissue setting.

The use of in vivo electroporation to improve cutaneous gene expression of an injeaed 

plasmid was most encouraging. Specific electrical waveform parameters were required to 

achieve the optimal effect. Although the electroporative response in the skin was not as 

great as that seen in other tissues including skeletal muscle, as much as a 10 fold increase 

was seen under ideal circumstances. This could potentially allow a ten-fold reduction in 

plasmid dose with a resulting reduction in toxicity. Although it is likely that this effect is 

due to permeabilisation of the skin cell, several other possibilities may also exist to explain 

the increases. Only the effect of electroporation as measured rather than the mechanism 

of its action. The pulse may have other effects including alteration of local blood supply, 

recruitment of other cell types more susceptible to transfection, alteration of cell division 

and activity, cellular injury, or increased cell metabolic rate.
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In terms of the wound healing experiments, it is known than electrical stimulation of 

wounds can lead to an increase in healing rate(64). The parameters used in these 

experiments were optimized for transfection efficiency rather than wound healing, which 

may explain the modest effect on healing seen in these experiments.
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Future Directions

In Vi vo Transfection 

Plasmids
Currently most plasmids are produced in transformed bacteria. Smaller sequences may 

be amplified using PCR, but current techniques do not allow larger DNA molecules to be 

produced in this way, especially in large quantities. Bacterial production of DNA 

inevitably leads to the risk of contamination with endotoxin, and the bacterial methylation 

status of CpG motifs may also has an influence in the immunogenicity of exogenous 

DNA. The reduaion of the number of these motifs in plasmids can reduce the 

immunogenicity of bacterially derived DNA(301). There is also evidence that repeat 

DNA sequences seen in bacterial plasmids leads to gene silencing(155).

Epigenetics
Other gene promoters may be found to be highly upregulated and less subject to 

inactivation in wound healing tissue. Tissue specific, longer lasting, and controllable 

promoters, may allow increased control over an expressed gene. To avoid effects of long

term over-expression, gene expression may be controlled by the use of controllable 

promoter systems, such as the tetracycline controllable Tet-on, Tet-off systems(302). A 

supplemental agent perhaps given orally could activate or deactivate a particular gene only 

for as long as it was required - until the wound was closed. This would reduce the 

theoretical risk of inducing malignancies with prolonged use of mitogenic growth factor 

transgenes.

Efficiency
Of key importance in the broad field of gene therapy, including that for cutaneous 

wound healing, are further developments in the enhancement of in vko transfection 

efficiency to maximise the availability of gene products. This would allow a reduction in 

the amount of DNA required for therapeutic effect. Although virally mediated 

transfection may be highly effective, serious concerns about its safely and immunogenicity 

have led to renewed interest in other means of gene delivery. The development of 

stripped or stealth adenoviruses may help address these issues(145).

The two main issues continue to be the transfection efficiency and the duration of gene 

expression. Many useful in vitro transfection techniques are simply ineffective in the
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complex environment of living tissue. An improvement of several orders of magnitude 

for non-viral in mo transfection is needed to approach the levels seen in 'utm. Ideal 

conditions for in vitro transfection including a serum free extracellular space and a high 

proportion of actively dividing cells are not reproducible in tissue. For this reason, 

alternative techniques specifically tailored for in mo use are needed. One major potential 

advantage of gene therapy over conventional drug based therapies is the possibility of 

continuous prolonged production of a particular protein to avoid frequent dosing of labile 

agents with short half-lives. Although plasmid based gene therapy leads to a transient 

production of the protein, this may be of sufficient duration to have an effect on healing.

It is likely that several approaches will be required in combination to address the various 

barriers to in vivo transfection. A number of agents may need to be used together, each 

with a certain role, including cell surface receptor targeting, cell membrane internalisation, 

endosomal escape, and nuclear localisation for optimal plasmid delivery(303). With 

increasing understanding of the mechanisms of viral transfection, it is likely that specific 

viral components, rather than intact virus particles, may be employed.

Grmth Factors
It is likely that combinations of different growth factors would be superior to a single 

agent. Different mixtures of growth factors may be more effective in the various types of 

chronic wound. Several synergistic genes could be incorporated into a single plasmid 

molecule for delivery. Alternatively, more recently discovered upstream factors such as 

Hypoxia Inducible Factor-1 have the capacity to induce the production of several growth 

factors in a cascade fashion(304). The production of growth factors for wound healing 

should not have the immunological problems of introducing a foreign or missing gene 

product, which may shorten the duration of gene expression.

Ex Vivo Transfection - Cell Therapy

Ex vivo transfection techniques are currently limited by their inconvenience and labour 

intensity. To avoid having to harvest tissue from a particular subject, it would be 

advantageous to use allograft cells, so that a reservoir of pre-transfected cells could be 

maintained for immediate use. Although they have been shown to have some effect in 

wound healing, especially in the form of biological dressings, these cells are rapidly 

destroyed by the immune system. Encapsulating cells by either microscopic(305, 306) or 

macroscopic means(307) may be one method of avoiding the rejection problem of
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allograft cells, allowing them to continue to produce a particular therapeutic product 

without immunological sequelae.

Stem Cells

Another potential means of ensuring continuous delivery to tissues may be the use of 

stem cell mediated therapy. Often the best way of achieving this is to isolate stem cells 

from the tissue concerned. Embryonic stem cells are particularly unique in that they have 

the potential to develop into any cell tissue type endoderm, mesoderm, or ectoderm, given 

the right conditions. There is recent evidence that the tissue specific stem cells known to 

exist in various organs, may under some circumstance have the capacity to differentiate to 

alternative tissue phenotypes distant from their site of origin(308). This is possible with 

muscle(309) and skin tissue(310) among others. There has also been a large increase in 

the use of embryonic stem cells for research purposes over the last few years, including 

the controversial use of human stem cell lines derived from human foetuses.

In the field of wound healing, there are two strategies for the potential benefit of stem 

cells. The first may be that if injected at a wound site, the pluripotent cells may 

differentiate into cells to improve wound healing(311). Another possible use of the stem 

cells is as a form of ex van transfection strategy, to try to achieve an increased and longer 

lasting expression of a required gene product, such as a growth factor.

A combination of these and other novel strategies will ultimately lead to more effective 

therapies for the large numbers of chronic wounds that are currently refractory to 

treatment and lead to a decrease in their associated morbidity and mortality.

182



Appendix One

AVERTIN ANAETHESIA

Stock Solution

The Avertin stock solution was made up from 30 grams of 2,2,2-tribromoethanol 

dissolved in 15ml of tert-amyl alcohol (amylene hydrate). The solution was stirred for 12 

hours to ensure complete dissolution and stored in darkness at 4°C, to avoid the 

tribromoethanol degrading into toxic products. This stock solution is stable for 

approximately one year.

Working Solution

For the working solution, 0.5 ml of the stock solution was diluted into 39.5 ml 

phosphate buffered saline to make a 1.25% w/v solution (12.5 mg/ml). The 

intraperitoneal dose for a normal mouse is 0.24 mg per gram bodyweight or 

approximately 25pl per Ig bodyweight, titrated to the animals’ response.
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Appendix Two

P-GALACTOSIDASE STAINING

P-Galactosidase Staining Medium

Tube A (50ml tube)

1. 2ml distilled H20

2. 120(tl 10% NP40

3. 100)al 1% Na Deoxycholate

4. 40)-il 2mM MgCl,

5. 8ml 50mM Potassium Ferrocyanide

6. 8ml 50mM Potassium Ferricyauide

7. Cover tube with foil to prevent light penetrating and mix

TubeB (15 ML TUBE)

1. 2ml N, N Dimethylformamide

2. 40mg X-Gal (8 tablets of 5 mg each)

3. Cover tube with foil to prevent light penetrating and mix

4. When X-Gal is dissolved put Tube A into Tube B

P-Galactosidase Staining

The tissue was harvested and fixed in 3.7% formaldehyde for 1 hour on ice. Specimens 

were washed 3 times with PBS pH7.2 for 10 minutes. P-galactosidase staining solution 

was added to the specimen and agitated slowly at 4 degrees overnight. Specimens washed 

with PBS pH 7.2 x 3 for 10 minutes. Specimens were paraffin embedded, sectioned, and 

counterstained with nuclear fast red.
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Appendix Three

EXPERIMENTAL RAW DATA

Chapter 1 : Wound Healing Time Course

Animal
No.

Day
Harvested

Excisional Incisional Excisional Incisional Excisional
Wound Wound Wound Work Work
Tension Tension Area Done Done

1 7 0.47 1.06 3482 141.45 83.37
2 7 0.76 1.71 1180 336.29 205.58
3 7 0.81 1.56 2724 271.09 244.48
4 7 1.12 0.75 2569 97.92 437.84
5 7 1.51 0.68 675 137.48 396.67
6 7 0.79 1188 175 778.96
7 7 1.06 1.18 1927 147.2 355.55
8 7 0.93 0.51 726 115.51 375.34
9 7 1 0.94 1357 130.78 208.09
10 7 0.95 0.85 1423 85.28 259.47

Average
±SE 0.96 ± 0.09 1.001

0.12 1725 1 293 164 125 335 ± 60

11 12 1.81 2.17 419 156.7969 523.1607
12 12 1.68 2.9 0 371.4895 214.9767
13 12 1.7 3.04 557 443.4222 794.4374
14 12 2.08 3.38 234 860.2831 319.5876
15 12 2.6 1.43 355 267.7427 358.3947
16 12 1.78 3.04 330 435.978 250.7953
17 12 1.68 2.42 742 251.9317 512.0309
18 12 2.16 2.91 366 421.0919 299.4717
19 12 2.23 2.43 363 201.5009 380.8222
20 12 1.5 3.2 361 408.429 546.4127
21 12 1.42 1.56 411 237.7789 259.9643

Average
±SE 1.8810.11 2.591

0.20 376155 345 ± 58 393 ± 52

22 17 2.44 2.11 0 305.77 362.74
23 17 3.14 3.17 0 455.59 445.09
24 17 1.81 3.33 0 677.73 376.38
25 17 3.24 3.78 0 485.51 940.93
26 17 2.45 2.7 0 387.23 603.67
27 17 2.22 2.98 0 517.72 371.06
28 17 2.22 2.28 0 331.28 817.95

Average
±SE

2.5010.19 2.911
0.22

0 452 ± 53 560 ± 92
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Chapter 2 : Diabetic Incisional Wound Healing

Animal

No.
Group

Incisional

Wound Tension

(Left)

Incisional

Wound Tension

(Right)

1 Non-Diabetic 2.3 3.0
2 Non-Diabetic 4.1 4.2
3 Non-Diabetic 2.4 3.2
4 Non-Diabetic 1.4 2.7
5 Non-Diabetic 2.6 2.3
6 Non-Diabetic 3.2 2.2
7 Non-Diabetic 2.8 3.2
8 Non-Diabetic 3.1 4.2
9 Non-Diabetic 3.8 2
10 Non-Diabetic 3.1 3.2

Average ± 
SE 2.95 ± 0.17

11 Diabetic 1.6 1.3
12 Diabetic 1.5 2.0
13 Diabetic 1.3 1.3
14 Diabetic 1.1 2.0
15 Diabetic 1.4 1.0
16 Diabetic 1.3 1.7
17 Diabetic 1.6 1.3
18 Diabetic 1.6 1.5
19 Diabetic 1.7 1.8
20 Diabetic 1.3 1.3

Average ± 
SE

1.48 ± 0.06
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Chapter 2 : Diabetic Excisional Wound Healing

Animal

No.
Group

Excisional

Wound Area

(Left)

Excisional

Wound Area

(Right)

Excisional

Wound

Tension

(Left)

Excisional

Wound

Tension

(Right)

1 Non-
Diabetic 951 929 2.5 1.2

2 Non-
Diabetic 674 516 1.8 1.3

3 Non-
Diabetic 445 702 1.2 2

4 Non-
Diabetic 821 634 1.6 1.6

5 Non-
Diabetic 1218 891 2.4 2.3

6 Non-
Diabetic 843 872 1.5 2.4

7 Non-
Diabetic 5129 644 1.5 2.7

8 Non-
Diabetic 364 774 2.3 2.4

9 Non-
Diabetic 605 630 1.4 1.7

10 Non-
Diabetic 3279 283 3.6 1.9

Average
±SE 1060 ± 254 1.9710.13

11 Diabetic 7762 7761 1.5 1.3
12 Diabetic 11428 7753 1.6 1.9
13 Diabetic 3146 3082 0.6 1.7
14 Diabetic 5142 6377 0.6 0.4
15 Diabetic 9804 6082 0.2 0.4
16 Diabetic 3304 8355 0.7 2
17 Diabetic 8513 1979 0.9 1.3
18 Diabetic 1599 8807 1.5 1.3
19 Diabetic 5753 5488 0.3 1
20 Diabetic 6001 2625 0.9 1.7

Average
±SE 6038 ± 617 1.09 ± 0.14
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Chapter 2 : Elderly Mouse Wound Healing

Animal

No.
Group

Excisional

Wound Area

(Left)

Excisional

Wound Area

(Right)

Excisional

Wound

Tension

(Left)

Excisional

Wound Tension

(Right)

1 Young 447 707 1.4 1
2 Young 491 620 0.9 1.6
3 Young 449 242 2.2 1
4 Young 808 593 1.4 0.7
5 Young 588 971 1.2 1.3
6 Young 635 421 1.4 1.1
7 Young 398 311 1.9 0.7
8 Young 847 906 1.8 1
9 Young 454 746 1.2 1.1
10 Young 851 1075 2.2 1.4

Average
±SE 628 ± 51.4 1.33 ± 0.21

11 Elderly 3921 2474 4.9 3.7
12 Elderly 225 2056 Died Died
13 Elderly 2165 1634 2.5 2.2
14 Elderly 3753 2202 1.5 1.8
15 Elderly 1151 1195 1.9 2.6
16 Elderly 3614 3424 2.9 1.4
17 Elderly 682 1743 3.9 5.8
18 Elderly 2451 702 3 1.8
19 Elderly 1005 628 1.9 4.4
20 Elderly 834 721 2.8 2.5

Average
±SE 1829 ±258.1 2.86 ± 0.60
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Chapter 3 : Cutaneous Luciferase Expression at 24 Hrs

Sample
No. 0 O.lpg lOpg lOOpg

1 0 28.91 20869.86 1422.03 6.75
2 0 483.72 13657.10 32486.49 28592.23
3 0 17.72 3168.83 1817.68 19669.62
4 0 1.81 36360.96 30159.45 1389.25
5 0 0.42 165.67 381.49 139303.76
6 0 4.86 38560.56 3307.48 139717.23
7 0 10593.44 31098.69 20398.00
8 0 8547.88 30805.74 32503.45

Average
±SE 0±0 90 ±68 16491± 5090 16435 ± 5569 47698 ± 20444

Chapter 3 : Cutaneous Luciferase Expression at 48 hrs

Sample
No. 0 O.lpg Ipg lOpg lOOpg

1 0 3.61 2591.96 34809.44 112627.08
2 0 223.13 4946.37 4619.98 14795.04
3 0 350.28 6626.99 1597.26 111754.71
4 0 63.93 3511.15 16727.83 23287.99
5 0 12.43 117853.45 138574.08
6 0 512.02 26531.86 39171.89
7 0 47.81 16013.00 127511.08
8 0 11.87 2456.48 66409.26

Average
±SE o±o 153 ± 67 4419 ± 623 27576 ± 13554 79266 ± 17462

Chapter 3 : Luciferase Time Course Days 1-7

Sample
No.

Day 1 Day 2 Day 3 Day 7

1 5561.77 238789.61 25352.78 93717.55
2 47452.19 90344.38 136025.85 65342.45
3 64642.81 33783.17 43211.81 166536.55
4 49097.79 48694.49 249053.43 151968.04
5 64669.32 167171.70 443257.17 143132.06
6 148001.22 31086.39 171750.09 60817.14
7 83401.97 13210.11 235205.71 102337.67
8 36335.50 87544.66 103971.38 218397.93

Average
±SE 62395±14693 88828127491 175979147697 125281119214
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Chapter 4 : KGF-1 25^ig

Animal

No.
Group

Peak Tension

Right

Peak Tension

Left

1 Control 25 |ig 0.745 1.475
2 Control 25 |ig 1.355 0.715
3 Control 25 jig 1.63 1.745
4 Control 25 jig 0.54 0.955
5 Control 25 jig 0.59 1.055
6 Control 25 jig 1.33 0.69
7 Control 25 jig 1.175 1.535
8 Control 25 jig 0.985 1.665
9 Control 25 jig 1.14 1.38
10 Control 25 jig 1.9 0.84
11 Control 25 jig 1.415 0.845
12 Control 25 jig 0.865 0.95

Average
±SE 1.U8 ± U.l

13 KGF-1 25 jig 1.535 1.11
14 KGF-1 25 jig 1.985 1.175
15 KGF-1 25 jig 1.09 0.835
16 KGF-1 25 jig 1.24 1.775
17 KGF-1 25 pg 0.62 0.53
18 KGF-1 25 jig 1.215 1.36
19 KGF-1 25 jig 1.445 1.99
20 KGF-1 25 jig 1.885 1.595
21 KGF-1 25 jig 0.81 1.945
22 KGF-1 25 jig 0.74 1.585
23 KGF-1 25 jig 1.195 0.97
24 KGF-1 25 jig Died

Average
±SE 1.30 ±0.1
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Chapter 4 : KGF-1 100|aG

Animal no. Group

Excisional

Wound Tension

(Left)

Excisional

Wound Tension

(Right)

1 Control 100 pg 1.15 1.05
2 Control 100 pg 1.08 1.385
3 Control 100 pg 1.2 1.33
4 Control 100 pg 1.01 0.855
5 Control 100 pg 1.11 0.865
6 Control 100 pg 1.06 1.055
7 Control 100 pg 1.505 0.775
8 Control 100 pg 1.455 1.49
9 Control 100 pg 1.56 1.87
10 Control 100 pg 0.775 1.16
11 Control 100 pg 1.095 1.205

Average
±SE

1.18 ±0.06

12 KGF-1 100 pg 1.825 2.22
13 KGF-1 100 pg 1.375 1.63
14 KGF-1 100 pg 0.51 0.615
15 KGF-1 100 pg 1.36 2.12
16 KGF-1 100 pg 1.3 2.23
17 KGF-1 100 pg 1.74 2
18 KGF-1 100 pg 0.82 0.77
19 KGF-1 100 pg 1.52 1.63
20 KGF-1 100 pg 2.005 3.32
21 KGF-1 100 pg 1.61 1.25
22 KGF-1 100 pg 1.545 1.715

Average
±SE

1.58 ±0.14
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Chapter 4 : Plasmid Combinations KGF-1, PDGF, and

VEGF

Animal
No. Group

Excisional
Wound

Area
(Left)

Excisional
Wound

Area
(Right)__

Excisional
Wound
Tension

(Left)

Excisional
Wound
Tension
(Right)

1 Control Plasmid 6822 6591 1.2 1.1
2 Control Plasmid 1239 6053 0.9 1
3 Control Plasmid 5027 4691 0.7 1.3
4 Control Plasmid Died day 1
5 Control Plasmid 7374 3851 1.1 1.7
6 Control Plasmid 7143 5616 2 1.4
7 Control Plasmid Died day 1
8 Control Plasmid 3794 5700 0.9 1.4
9 Control Plasmid 6079 5720 0.9 1
10 Control Plasmid 2509 7784 1 1.5
11 Control Plasmid 8362 805 1.5 1.6
12 Control Plasmid 5404 9559 1.3 0.7

Average
5506 +501 1.21 + 0.08±SE

13 Serial 7780 3659 1.6 1.4
14 Serial 5718 1279 1.3 1.2
15 Serial 2415 6359 1.5 1.7
16 Serial 5885 3763 0.3 0.6
17 Serial 1307 1948 1 1.7
18 Serial 2944 0 Lost 1.4
19 Serial 5051 5692 1.3 0.6
20 Serial 2890 5619 0.7 1.9
21 Serial 4552 7209 0.9 0.9
22 Serial 3102 7836 1.3 1.4
23 Serial Died day 4
24 Serial 451 0 2 1

Average
3885 + 524 1.22 + 0.10

±SE
25 Concurrent 3082 2289 1.5 2.6
26 Concurrent 444 2498 1.2 2.4
27 Concurrent 7510 6336 0.3 1.3
28 Concurrent 1888 1747 2.1 1.3
29 Concurrent 1416 33 1.3 1.5
30 Concurrent 2925 0 0.9 2
31 Concurrent 5489 4582 0.6 1
32 Concurrent 2573 4740 0.9 1.6
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33 Concurrent 3470 1351 2.1 1.5
34 Concurrent 3890 0 1.4 1.8
35 Concurrent 6478 5640 1.1 1.4
36 Concurrent 460 312 1.9 2.1

Average
±SE

2881 ± 464 1.49 ±0.11

37 KGF 1760 2287 1.5 2.3
38 KGF Died day 1
39 KGF 1483 3896 1.7 1.4
40 KGF 1732 1650 2.8 2.2
41 KGF Died day 1
42 KGF 3052 1709 1.4 1.1
43 KGF Died day 7
44 KGF 2489 4049 2.4 2.1
45 KGF Died day 1
46 KGF Died day 4
47 KGF 1670 4826 1.4 1.7
48 KGF 3464 3996 1.7 1.4

Average
±SE

2719 ± 304 1.79 ±0.13
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Chapter 4 : Multiple Injection Protocol

Excisional Excisional Excisional Excisional
Animal Group Wound Wound Wound Wound

No. Area Area Tension Tension
(Left) (Right) (Left) ... (Right)

1 No Injection 8716 7161 2.5 2.1
2 No Injection 1423 973 0.3 2.4
3 No Injection 1661 1854 1.3 1.3
4 No Injection 246 1956 0.1 Lost
5 No Injection 1952 1066 2.3 2.5
6 No Injection 3549 2911 0.3 0.1
7 No Injection 4706 230 1.6 1.7
8 No Injection 295 2915 2 2.1
9 No Injection 6338 0 0.8 1.6
10 No Injection 932 1505 0.7 1.2
11 No Injection 2181 2786 1.1 1.3
12 No Injection 3308 1571 2.1 1.4

Average
±SE 2510 ±457 1.43 ±0.16

13 P.B.S. 2401 0 2.1 1.9
14 P.B.S. 3149 948 1.1 1.7
15 P.B.S. 117 2731 1.6 2.3
16 P.B.S. 1446 1734 0.8 1.6
17 P.B.S. 6172 5850 1.2 0.9
18 P.B.S. Died day 7
19 P.B.S. 2463 2723 1.4 1.3
20 P.B.S. 3519 5561 1.8 1.9
21 P.B.S. 4386 5872 1.3 1.9
22 P.B.S. 7127 7735 0.9 0.9
23 P.B.S. 897 5518 1.3 1.8
24 P.B.S. 1538 8342 1.6 2

Average
±SE 3647 ±537 1.51 ±0.09

25 Control Plasmid 6822 6591 1.2 1.1
26 Control Plasmid 1239 6053 0.9 1
27 Control Plasmid 5027 4691 0.7 1.3
28 Control Plasmid Died day 1
29 Control Plasmid 7374 3851 1.1 1.7
30 Control Plasmid 7143 5616 2 1.4
31 Control Plasmid Died day 1
32 Control Plasmid 3794 5700 0.9 1.4
33 Control Plasmid 6079 5720 0.9 1
34 Control Plasmid 2509 7784 1 1.5
35 Control Plasmid 8362 805 1.5 1.6
36 Control Plasmid 5404 9559 1.3 0.7

Average ± SE 5506 ±501 1.21 ±0.08
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Chapter 5 : Lipofectamine - In Vitro

Sample
No.

No
Plasmid

Plasmid
Only 2

Amt
Lipofectamine

4................ 6

1 -0.028 -0.028 -0.061 0.613 9.590
2 0.049 -0.031 0.009 0.705 9.753
3 -0.016 0.016 0.005 0.519 13.703
4 0.025 0.020 0.006 0.553 14.729
5 -0.011 0.059 0.099 0.488 12.387
6 -0.019 -0.165 0.187 0.390 11.666

Average 0.000 -0.022 0.041 0.545 11.971
SD 0.030 0.078 0.088 0.108 2.072

Chapter 5 : DMRIE-C - In Vitro

Sample
No.

No
Plasmid

Plasmid
Only 2

AmtDMRIE
4 6 12

1 0.009 -0.006 0.055 0.259 0.488 0.182
2 0.002 -0.005 0.052 0.249 0.466 0.175
3 -0.001 -0.005 0.064 0.208 0.330 0.210
4 -0.003 -0.001 0.064 0.208 0.338 0.212
5 -0.001 -0.007 0.051 0.310 0.399 0.305
6 -0.006 -0.009 0.050 0.313 0.384 0.306

Average 0.000 -0.006 0.056 0.258 0.401 0.232
SD 0.005 0.003 0.006 0.047 0.065 0.059

Chapter 5 : Polyethylenimine - In Vitro

Sample
No.

No
Plasmid

Plasmid
Only 5:1

Amt PEI 
7.5:1 10:1 20:1

1 0.030 0.016 37.373 22.741 14.429 6.019
2 0.013 0.009 37.155 23.106 13.772 5.318
3 0.001 -0.007 36.325 22.301 13.656 5.266
4 0.011 -0.013 37.198 22.014 13.919 5.321
5 -0.002 -0.016 34.345 22.394 11.872 5.555
6 -0.052 -0.064 31.975 21.160 11.789 5.341

Average 0.000 -0.013 35.729 22.286 13.239 5.470
SD 0.028 0.028 2.157 0.668 1.123 0.287
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Chapter 5 : Lipofectamine - Serum - In Vitro

Sample
No.

No
Plasmid

Plasmid
Lipofectamine 1%

Amt Serum
5% 10%

1 -0.023 3.201 0.148 0.004 -0.005
2 0.002 3.229 0.185 0.034 -0.041
3 0.041 1.286 0.182 0.036 0.033
4 0.036 1.388 0.180 0.074 0.064
5 0.013 4.641 0.413 0.048 0.002
6 -0.069 4.591 0.337 -0.004 -0.038

Average 0.000 3.056 0.241 0.032 0.002
SD 0.041 1.472 0.108 0.029 0.041

Chapter 5 : DMRIE-C - Serum - In Vitro

Sample
No.

No
Plasmid

Plasmid
DMRIE 1%

Amt Serum
5% 10%

1 0.001 0.076 0.016 -0.006 -0.001
2 0.000 0.097 0.019 0.003 0.000
3 0.001 0.101 0.022 0.001 -0.002
4 0.003 0.103 0.020 0.000 0.000
5 -0.002 0.098 0.006 -0.002 -0.001
6 -0.003 0.096 0.006 -0.004 -0.001

Average 0.000 0.095 0.015 -0.001 -0.001
SD 0.002 0.010 0.007 0.003 0.001

Chapter 5 : Polyethylenimine - Serum - In Vitro

Sample
No.

No
Plasmid

Plasmid
PEI 1%

Amt Serum
5% 10%

1 0.02 30.74 12.53 0.13 0.10
2 -0.01 33.31 12.90 0.14 0.12
3 0.03 31.25 15.36 0.17 0.20
4 0.02 32.65 15.39 0.16 0.13
5 -0.01 29.16 5.88 0.15 0.10
6 -0.04 27.12 5.46 0.12 0.13

Average 0.00 30.70 11.26 0.14 0.13
SD 0.02 2.28 4.49 0.02 0.04

196



Chapter 5 : Lipofectamine - In Vivo

Sample
No.

No
Plasmid

Plasmid
Only

Amt
2Q Lipofectamine ^

40
1 0 6672.3 5.9 0.0 0.1
2 0 713.4 0.3 0.0 0.0
3 0 17478.3 0.1 0.0 0.0
4 0 1782.2 0.0 0.0 0.0
5 12910.6 o o o o 0.0
6 6531.1 0.0 0.0 0.0
7 6380.5 0.0 0.0 0.0
8 1911.9 0.0 0.0 0.0

Average 0.0 6797.5 0.8 0.0 0.0
SE 0.0 2060.5 o o o 0.0

Chapter 5 : DMRIE-C - In Vivo

Sample No Plasmid Plasmid
No. Plasmid Only DMRIE

1 0 11565.35303 250.3484698
2 0 27234.74946 9817.56079
3 0 29497.4074 19464.75182
4 0.349343469 7485.774163 734.866023
5 30110.53867 6518.080145
6 69173.33909 271.8603659
7 4225.479882 12924.6316
8 69500.39052 12010.93836

Average 0.087335867 31099.12903 7749.129697
SE 0.087335867 9067.33793 2497.64066

Chapter 5 : POLYETHYLENIMINE - IN VlVO

Sample Plasmid Amt PEI
No. Only 5:1 7.5:1 10:1

1 7575.3 9.2 0.2 0.9
2 4685.2 0.1 0.0 0.0
3 7952.4 0.0 0.0 0.0
4 1519.2 17.6 0.0 0.0
5 9368.2 0.4 0.0 0.8
6 3716.3 0.0 0.0 0.0
7 655.8 0.0 0.0 0.0
8 7993.7 0.0 0.0 0.0

Average 5433.3 3.4 0.0 0.2
SE 1154.4 2.3 0.0 0.1
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Chapter 6 : M9 only

Sample
No.

No
Plasmid

Plasmid
Only 10:1

M9 to Plasmid 
Ratio
50:1 100:1

1 -0.025 -0.012 -0.013 0.015 -0.012
2 -0.003 0.011 0.008 0.036 0.002
3 0.000 -0.001 0.003 0.002 0.000
4 0.007 0.001 0.009 0.010 0.004
5 0.017 -0.003 -0.010 -0.006 -0.010
6 0.003 -0.013 -0.028 -0.012 -0.021

Average 0.000 -0.003 -0.005 0.007 -0.006
SD 0.014 0.009 0.014 0.017 0.010

Chapter 6 : Lipofectamine and 50:1 M9

Sample
No.

No
Plasmid

Plasmid
Only 2

Amt Lipofectamine
4 6

1 -0.155 -0.019 0.514 -0.336 26.916
2 0.271 0.093 0.362 10.143 27.248
3 0.032 0.091 0.425 9.808 46.239
4 -0.038 0.143 0.501 9.371 50.247
5 0.005 0.032 0.796 13.966 50.760
6 -0.114 0.092 0.610 16.415 47.363

Av 0.000 0.072 0.535 9.895 41.462
SD 0.150 0.057 0.153 5.729 11.268
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Chapter 6 : 2|uL/ml Lipofectamine and M9

Sample
No. No Plasmid Plasmid Only

10:1

M9 to Plasmid 
Ratio
50:1 100:1

1 -0.008 0.038 0.065 2.618 0.449
2 0.048 0.023 0.134 2.511 0.637
3 0.046 0.028 0.250 2.708 0.477
4 -0.062 0.011 0.193 2.953 0.530
5 -0.115 -0.027 0.439 1.178 0.378
6 0.092 -0.007 0.114 1.088 0.512
7 -0.062 0.092 0.106 2.336 1.413
8 -0.024 0.330 0.098 2.283 1.538
9 0.010 0.062 0.158 1.692 1.764
10 0.010 0.143 0.158 1.738 1.806
11 0.013 0.078 0.076 0.476 0.832
12 0.053 0.045 -0.024 0.312 0.563

Average 0.000 0.068 0.147 1.824 0.908
SD 0.058 0.094 0.114 0.890 0.553

Chapter 6 : Lipofectamine and M9

Sample
No. No Plasmid Plasmid Only

10:1

M9 to Plasmid 
Ratio
50:1 100:1

1 -0.312 -0.364 28.720 37.984 14.813
2 -0.292 -0.147 29.605 38.544 15.054
3 0.459 -0.297 31.643 34.239 23.903
4 0.401 -0.358 34.110 35.679 26.979
5 -0.134 -0.347 36.820 35.896 29.322
6 -0.121 -0.441 38.779 33.697 34.744
7 -0.015 2.561 10.921 28.386 14.929
8 -0.025 2.426 9.641 29.038 15.441
9 -0.002 1.040 9.046 37.725 25.765
10 -0.004 1.157 9.092 40.680 27.918
11 0.068 1.587 11.025 28.499 14.198
12 -0.021 1.623 11.192 30.146 13.535

Average 0.000 0.703 21.716 34.209 21.383
SD 0.232 1.159 12.395 4.289 7.474
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Chapter 6 : M9 - Bioporter

Sample pjasm^
No.

Plasmid
Only

Plasmid
&

Bioporter

M9 to Plasmid
Ratio

10:1 50:1 100:1
1 -0.040 -0.034 0.238 32.633 14.092 9.587
2 0.009 -0.039 0.283 31.931 13.196 7.943
3 0.055 -0.002 8.503 45.917 18.603 18.464
4 0.001 -0.005 8.525 47.161 18.616 18.170
5 0.042 -0.005 2.039 29.567 24.272 12.836
6 -0.067 -0.015 1.729 29.624 23.144 12.588

Average 0.000 -0.016 3.553 36.139 18.654 13.265
SD 0.047 0.016 3.912 8.157 4.524 4.326

Chapter 6 : M9 - Luciferase

Sample
No. No Plasmid Plasmid Only

10:1

M9 to Plasmid 
Ratio
50:1 100:1

1 0 743.8 286175.8 4341222.6 2903150.6
2 0 1731.7 247568.6 4405256.1 2921408.7
3 0 2848.3 270554.1 4045162.1 2873103.1

Average 0 1774.6 268099.5 4263880.3 2899220.8
SD 0 1052.9 19420.3 192102.3 24391.4

Chapter 6 : Lipofectamine - M9 - Serum - In vitro

Sample
No.

No
Plasmid

Plasmid
Lipo 1%

Amt Serum
5% 10%

1 -7.397 17.049 3.133 -4.359 -6.186
2 0.287 16.285 11.134 1.582 -0.864
3 1.326 44.065 9.748 1.123 0.655
4 2.332 43.149 9.787 2.269 2.426
5 1.532 38.637 13.911 -0.260 1.539
6 1.920 36.473 13.232 0.849 2.032

Average 0.000 32.610 10.157 0.201 -0.066
SD 3.688 12.666 3.851 2.386 3.219
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Chapter 6 : GFP 24 Hours

Sample
No.

No
Plasmid

Plasmid
Only 10:1

M9 to Plasmid Ratio 
50:1 100:1 j

1 0 11 26 28 50
2 0 15 20 40 38
3 0 7 23 36 38
4 0 15 17 32 42
5 0 7 10 25 49
6 0 16 20 37 43
7 0 13 23 34 34
8 0 12 24 32 43
9 0 21 22 45 41
10 0 11 19 35 31
11 0 8 33 47 37
12 0 6 33 32 49
13 0 10 18 24 37
14 0 7 30 39 43
15 0 20 24 24 34
16 0 11 18 33 40
17 0 14 24 36 35
18 0 12 16 38 36
19 0 16 27 29 43
20 0 13 25 38 40

Average 0 12.3 22.6 34.2 40.2
SD 0 4.2 5.7 6.3 5.2
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Chapter 6 : GFP 48 Hours

Sample No Plasmid M9 to Plasmid Ratio
No. Plasmid Only 10:1 50:1 100:1 j

1 0 5 14 16 15
2 0 1 20 14 16
3 0 6 14 16 15
4 0 5 16 12 12
5 0 6 11 11 13
6 0 7 10 17 20
7 0 5 17 13 16
8 0 5 9 17 21
9 0 7 10 11 16
10 0 6 11 22 13
11 0 5 5 12 17
12 0 7 7 16 15
13 0 3 7 9 17
14 0 7 10 12 29
15 0 6 7 11 22
16 0 5 14 13 12
17 0 9 13 17 12
18 0 10 12 16 24
19 0 7 11 19 17
20 0 5 10 19 20

Average 0 5.9 11.4 14.7 17.1
SD 0 1.9 3.7 3.4 4.4

Chapter 6 : FBS AND M9

Sample No Plasmid & FBS added
No. Plasmid 50:1 M9 1% 5 % 10% J

1 -7.397 17.049 3.133 -4.359 -6.186
2 0.287 16.285 11.134 1.582 -0.864
3 1.326 44.065 9.748 1.123 0.655
4 2.332 43.149 9.787 2.269 2.426
5 1.532 38.637 13.911 -0.260 1.539
6 1.920 36.473 13.232 0.849 2.032

Average 0.000 32.610 10.157 0.201 -0.066
SD 3.688 12.666 3.851 2.386 3.219
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Chapter 7 : Voltage Dose Response

0.1 |aG

Sample
No.

0.0 1200.0 1800.0 2250.0

1 3.5 890.3 405.0 226.3
2 8.3 550.3 80.7 450.9
3 403.2 104.2 84.6 59.3
4 33.7 30.7 81.9 786.3
5 46.2 6.6 1071.4 284.0
6 36.2 226.7 114.2 63.7
7 140.7 47.5 27.1 381.0
8 16.6 232.9 31.2 64.5

Average 86.1 261.1 237.0 289.5
SE 47.8 109.3 126.6 88.6

1\jlG

Sample
No.1 1 ■ _______ ___ ___

0.0 400.0 800.0 1200.0 1800.0

1 1494.9 4151.2 297.7 5081.7
2 1156.2 2792.5 1791.3 1310.6 6088.5
3 411.0 1071.5 325.8 447.3 2282.3
4 2949.4 163.7 235.4 235.0 2044.1
5 867.2 5118.5 4771.3 1352.6 341.5
6 990.3 1094.7 821.1 990.6 1858.8
7 139.7 350.3 200.8 2985.5 5655.1
8 67.2 227.6 2451.2 1470.8 2001.0

Average 1009.5 1545.6 1843.5 1136.3 3169.1
SE 328.5 642.6 639.5 316.8 749.9
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SO^iG

Sample
No.

0.0 400.0 800.0 1200.0 1800.0

1 67.3 613.3 497.3 172.3 631.9
2 1000.1 321.8 788.3 2605.8 5470.7
3 99.8 80.5 12170.6 2653.9 4851.6
4 120.5 25.9 4822.0 186.5 3483.7
5 78.5 455.2 1534.5 112.5 1226.2
6 743.0 940.1 998.4 246.9 2270.9
7 1610.0 6127.1 17393.4 2040.4
8 612.0 1231.1 3489.7 2422.2 11891.3

Average 388.7 659.7 3803.5 3224.2 3983.3
SE 137.2 198.4 1398.9 2066.8 1276.8
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Chapter 7 : Number of Electroporative Pulses

6 Pulses

Sample No. With Electroporation
1 7.5
2 61.8 787.4
3 314.3 1708.6
4 175.6 2489.4
5 20.1 1827.0
6 13.9 600.4
7 920.0 3899.4
8 1631.5 506.1
9 61.8 18.4
10 7.3 601.0
11 369.1 140.0
12 230.8 160.7
13 270.1 524.9
14 15.6 1086.9
15 394.0 257.9
16 775.0 28.5

Average 329.3 975.8
SE 110.5 280.7

18 Pulses

Sample No. Without Electroporation With Electroporation
1 104.8 1365.5
2 146.6 460.4
3 1007.7 966.8
4 145.4 738.5
5 2508.4 512.1
6 449.0 582.0
7 80.5 1340.5
8 39.9 1988.9
9 1246.1 16.5
10 173.4 1238.1
11 47.0 550.7
12 106.8 535.8
13 1668.5 222.6
14 961.4 99.4
15 102.9 303.9
16 41.0 269.3

Average 551.8 699.4
SE 182.7 135.9
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Chapter 7 : Electroporation Pulse Amplitude

400V/CM, 100(aS

Sample
No,

Without
Electroporation

With
Electroporation

1 5454.4 9446.3
2 242.7 4081.0
3 89.8 3026.7
4 76.9 1024.9
5 19062.0 5938.7
6 1152.6 9824.4
7 833.1 6599.3
8 491.1 3277.3

Average 3425.3 5402.3
SE 2320.7 1107.6

1750V/CM, 20ms

Sample
No, ,________ ____

Without
Electroporation

With
Electroporation

1 15845.6 5712.3
2 3605.8 1965.6
3 594.1 784.0
4 381.1 264.4
5 6612.1 13138.5
6 397.6 8530.2
7 276.9 23947.2
8 1727.5 26859.2
9 5388.8 20842.1
10 9065.8 7995.8
11 897.0 4763.9
12 821.9 5629.9

Average 3801.2 10036.1
SE 1193.8 2288.2
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Chapter 7 : Plasmid Dose Response

.l(iG

Sample No. Without
Electroporation

With
Electroporation

1 814.0
2 796.1
3 508.6
4 508.5
5 579.4 777.2
6 197.5 127.2
7 27.0 333.8
8 333.4 34.7
9 89.1 1119.9
10 32.3 413.0
11 885.2 279.7
12 21.9 200.6
13 538.5 1156.1
14 91.7 649.8
15 68.9 740.7
16 12.2 346.1

Average 239.8 550.4
SE 71.2 83.4
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I.OjiG

Sample No. Without
Electroporation

With
Electroporation

1 1689.8 5744.7
2 14761.1 3294.0
3 5245.0 6722.6
4 5273.6 1379.9
5 3312.0 7830.8
6 2535.7 4236.4
7 3868.1 3798.1
8 2487.9 3646.6
9 63.3 6169.7
10 1418.1 7010.9
11 4260.7 2446.4
12 482.8 884.0
13 3813.8 8067.3
14 2148.9 2034.4
15 2630.0 9870.5
16 1643.1 9889.5

Average 3477.1 5189.1
SE 842.5 723.3

10(iG

Sample No. Without
Electroporation

With
Electroporation

1 15845.6 5712.3
2 3605.8 1965.6
3 594.1 784.0
4 381.1 264.4
5 6612.1 13138.5
6 397.6 8530.2
7 276.9 23947.2
8 1727.5 26859.2
9 5388.8 20842.1
10 9065.8 7995.8
11 897.0 4763.9
12 821.9 5629.9

Average 3801.2 10036.1
SE 1143.0 2190.8
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50|iG

Sample
No.

Without
Electroporation

With
Electroporation

1 25500.3 45415.0
2 7098.3 73041.4
3 9057.1 35221.7
4 22637.3 62823.7
5 5184.0 40710.7
6 3620.1 36118.3
7 2868.8 65465.8
8 5390.0 19381.5

Average 10169.5 47272.3
SE 3119.8 6451.6
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Chapter 7 : Duration of Expression

DayI

2093.4
1349.04050.0
1181.3
4767.7
2280.11564.0
6069.94723.7
2139.81535.0
3182.0
2882.91946.1Average

Day 3

1632.11356.0

1356.5
3553.9
2431.8

1379.4Average

Day 7

1218.4

1563.4

Average

Sample No, Without
Electroporation

With
Electroporation

Sample No, Without
Electroporation

With
Electroporation

Sample No, Without
Electroporation

With
Electroporation
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Day 14

Sample No. Without
Electroporation

With
Electroporation

1 0.0 0.0
2 0.0 39.4
3 5.5 10.2
4 0.0 77.7
5 0.0 33.0
6 0.0 58.2
7 0.0 17.1
8 24.5 15.0

Average 3.7 31.3
SE 3.0 9.3
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Chapter 7 : Unwounded Skin

Sample No. Without
Electroporation

With
Electroporation

1 4749.8 42201.6
2 13459.7 47600.7
3 1028.2 45755.8
4 4743.3 38145.5

Average 5995.3 43425.9
SE 1319.0 1043.2

Chapter 7 : Skeletal Muscle 

Electroporation Amplitude

Sample
L No.

0.0 400.0 800.0 1200.0 1800.0

1 0.0 2676.7 510.4 787.4 8942.3
2 0.0 484.2 2231.5 2654.2 3528.9
3 0.0 977.0 755.6 5420.0 9334.9
4 0.0 1102.7 717.3 1051.8 3076.2
5 640.3
6 66.9
7 238.0
8 143.8

Average 0.0 791.2 1053.7 2478.4 6220.6
SE 0.0 300.4 280.2 752.2 1194.4

Low Voltage 200V/cm, 20ms

Sample No. Without
Electroporation

With
Electroporation

1 5528.7 82172.0
2 17481.2 23903.8
3 717.9 294298.8
4 2023.5 87882.6

Average 6437.8 122064.3
SE 2700.2 41862.9
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Chapter 7 : Effect on Wound Healing

Animal
No. Group

Excisional 
Wound Area 

(Left)

Excisional 
Wound Area 

(Right)

Excisional
Wound
Tension

(Left)

Excisional
Wound
Tension
(Right)

1 Without
Electroporation 1292 1080 1.29 1.87

2 Without
Electroporation 2968 0 1.16 1.89

3 Without
Electroporation 469 1312 1.45 1.02

4 Without
Electroporation 2766 215 0.89 1.99

5 Without
Electroporation 1500 1515 1.9 1.36

Average
±SE 1312 ±310 1.48 ±0.13

6 With
Electroporation 2620 0 1.01 3.14

7 With
Electroporation 437 1385 1.19 2.7

8 With
Elearoporation 1483 1321 1.12 1.82

9 With
Electroporation 0 761 1.98 2.06

10 With
Elearoporation 0 2518 1.37 1.07

Average
±SE

1053 ±312 1.75 ± 0.23
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