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Abstract
Background: The limits of flaps used in reconstructive plastic surgery depend on their
blood supplies. Flap failure or partial necrosis is inevitable if these limits are exceeded.
VEGF is a potent angiogenic cytokine that has been the subject of much investigation
concerning its ability to stimulate the growth of vascular networks. It has been shown to
improve circulation to ischaemic limbs and ischaemic myocardium. There have also been
some recent positive findings in plastic surgery research. Researchers have used both
recombinant protein and plasmid DNA coding for the cytokine.
Hypothesis: That VEGF gene or cytokine therapy could be used to enhance the
survival o f a pedicled skin flap in which there was an ischaemic random extension.
M ethods: Four fibroblast cell lines were prepared expressing each o f VEGF A,^ ,
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VEGFBjg, and VEGFB,^ and a control plasmid, GFP (green fluorescent protein). These
were administered intra-operatively to rat abdominal island skin flaps, along with saline
controls. At seven days, the flaps were assessed for percentage o f flap survival and
angiographic and histological evidence o f angiogenesis.
Other therapeutic agents tested on this model were VEGFBj^^ plasmid DNA delivered to
the flap using a gene gun and VEGFA,„, VEGFBj^ and bFGF cytokines. The results
were assessed in the same way.
Results: The survival of flaps treated with VEGFA,^ - and VEGFBj^^-expressing cells
5

was significantly better than those treated with saline (p=<0.05). Angiograms did not
show any significant differences between treatment and controls. Assessment of
histological specimens showed qualitative differences between VEGFB,g^-treated flaps
and controls.
The gene gun-dehvered VEGFB plasmid and the cytokines did not augment survival of
the skin flaps.
C onclusion: Ischaemic skin flap survival can be enhanced by administration o f cells
secreting VEGF. Angiogenesis is likely to be the mechanism o f this effect. This
technique may lead to further advances in flap design.
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1 INTRODUCTION AND LITERATURE REVIEW
1.1 A Problem in Plastic and Reconstructive Surgery
The role of plastic and reconstructive surgeiy in the surgical arena is to provide soft
tissue for the reconstruction o f defects caused by trauma, bums, tumour resections and
congenital anomalies. This soft tissue may be provided by a variety of options ranging
from grafting to local and free flaps. All these options are subject to the limitations
imposed by the vascularity o f the bed that the graft or flap must sit on and in the case of
the flaps, the extent o f the arterial supply.
The concept that an area of muscle and skin had an anatomically defined blood supply
with definite limits was explored by Taylor and Palmer (1987). This work was advanced
by more detailed studies such as that by Moon and Taylor (1988), in which the clinical
implications of the vascular anatomy o f the rectus abdominis flap based on the superior
epigastric system were explored. They stated that the lateral border of the rectus sheath
on the contralateral side to the pedicle is the border o f the reliably captured territory of
the superior epigastric vessels (zone 3). To go beyond this border is to risk flap loss. In
1995, Watterson et al published a 10-year series o f these flaps, and reported a 10% fat
necrosis and 5% partial loss associated with smoking, obesity, abdominal scarring and a
history o f irradiation. The skin flap which is based on the deep inferior epigastric artery,
is used to provide a thinner flap than that of the free TRAM. Fifteen cases were
reported by Kostakoglu and Kecik (1998) using the technique described by Taylor,
Corlett and Boyd (1983). They reported a tip necrosis rate o f 13%.
Further examples o f flap necrosis in reconstructive surgery include a report by Kroll
(1994) regarding secondary flap necrosis after TRAM flap breast reconstruction. He
found an abdominoplasty flap necrosis rate o f 14.5% with a much higher incidence in
smokers. Mastectomy flap edge necrosis occurred in 16.5% of those having immediate
reconstructions. A study o f abdominoplasties by Floros and Davis (1991) found a
4.5% incidence of skin necrosis, also with a greater proportion in smokers.
Taylor and Wei investigated the angiosomes of the leg in 1998, augmenting the
knowledge o f the vessels of this area and aiding flap design. They consolidated the
information that had led to the description of the fasciocutaneous flaps of the lower leg
using their anatomical studies. Erdmann, Court-Brown and Quaba (1997) published a
series o f 61 distally-based island flaps based on fasciocutaneous perforators. They
report a major complication rate o f 7.6%, with complete loss of the flap. They also
found a 10% partial flap necrosis involving the tip. Also in 1998, Khouri et al reported
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on a multicentre prospective study o f free flap outcomes. The study collected data from
23 members of the International Microvascular Research Group. They found an overall
rate of complete flap loss o f 4.1% and o f partial flap loss of just less than 3%. These
studies provide examples o f the failure rates experienced in flaps used currently.
However, there are occasions when no good autologous flap is available for a particular
reconstructive problem. In head and neck or hand reconstruction, thin flaps that consist
o f skin and a pedicle o f vessels running in the subcutaneous layer may be required No
such flap exists normally in the human anatomy. Therefore, Erol (1976), and Hirase et al
(1988 and 1989) devised experimental models to prefabricate a thin skin flap based on a
useful pedicle, implanting vascular pedicles and allowing neovascularisation to occur
before raising the flap on the pedicle.
Morrison et al (1990) further explored the concept by investigating the timing of
neovascularisation o f the skin flap from an implanted pedicle, finding that

8

weeks delay

was necessary before the flap could be raised. They concluded with the observation that
“this period could be shortened considerably by the local application of vasogenic
growth factors.”
Therefore, a review of the literature was performed to determine the mechanisms of
neovascularisation or angiogenesis. Also explored was the literature relating to
experiments already performed in the field o f therapeutic angiogenesis.

1.2 Pharmacological Methods of Improving Flap Survival
Before the intricate mechanisms that control angiogenesis had been discovered, plastic
surgery researcher spent over

2 0

years attempting to augment flap survival using

pharmacological means. The premise for the experiments of this era was that the
anatomically predetermined vascular architecture of skin and muscle should be able to
support a greater flap size than was observed. The reasons that the vasculature did not
support larger flaps were thought to include inappropriate vasoconstriction, shunting of
blood away from the distal capillary networks through proximal arteriovenous shunts,
and lack o f deformability o f erythrocytes. Each o f these deficiencies has been
investigated and therapies to correct the problem attempted. The earlier results were
reviewed by Pang et al in 1989, including a selection of mostly negative results obtained
in their laboratory. Most o f the quoted reports used random pattern skin flaps on the
dorsum o f the rat or the pig. The rat is a cheaper and more convenient model to use,
while the pig is thought to have skin more akin to that o f the human as it is less mobile
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and has no panniculus camosus, the muscle layer in rat skin.
One of the first methods o f treatment was hyperbaric oxygen. The theory was that
hypoxia was responsible for flap tip death and that application of oxygen at supraatmospheric pressure would improve oxygenation of the ischaemic part of the flap.
Some authors found it successful in augmenting skin flap viability (McFarlane and
Wermuth, 1966, Tan et al, 1984), while others did not (Kemahan et al, 1965). More
recently, research into reperfusion injury (the phenomenon seen in free flaps accounting
for some o f the instances of partial flap necrosis) has implicated oxygen free radicals as a
cause o f this. It is possible that hyperbaric oxygen therapy may increase levels of free
radicals and therefore have an adverse rather than beneficial effect of flap survival.
Jurell et al (1976) studied the effects of various antiadrenergic drugs on flap survival.
They found that reserpine (depletes catecholamine in nerve terminals) and guanethidine
(reduces catecholamine release) enhanced flap survival. In 1983, they investigated the
effect that these drugs and others (propanolol and phentolamine) had on levels of
noradrenaline, ATP, and cAMP in flap tissue. Reserpine and guanethidine were
associated with reduced tissue levels of noradrenaline and cAMP and high levels of
ATP. Propanolol (beta-blocker) reduced levels of cAMP, suggesting an action reducing
beta-mediated metabolic stimulation. Phentolamine (alpha-blocker) depressed lactate
levels, implying reduced glycolytic metabolism was secondary to increased blood flow.
Unfortunately, Kerrigan and Daniel (1982) looked at reserpine and phenoxybenzamine
(alpha-blocker) and found no effect o f skin flap survival. Pang et al (1989) also had no
success with phenoxybenzamine and phentolamine to augment flap survival. They
found that systemic hypotension supervened when higher doses were used, which
affected arterial perfusion o f the skin. Attempts to reproduce the positive effect seen
with propanolol have also been unsuccessful. Wray and Young (1984) used propanolol
and found no benefit in flap survival. They also used isoxsuprine, a direct vasodilator,
and observed a similar lack of benefit. Another direct vasodilator, nitroglyerin was
successfully tried by Rohrich et al (1984), but unsuccessfully by Nichter et al (1985).
Several groups have achieved success in increasing flap survival using members of the
calcium channel blocker group o f drugs. These drugs reduce smooth muscle contractility
and are thought to enhance flap perfusion by reducing smooth muscle tone in afferent
vessels. Stark et al (1989) used nimodipine, Hira et al (1990) used nifedipine, as did Pal
et al (1991). Carpenter et al (1993) used verapamil. They all found enhanced flap
survival. Kawabata et al (1991) noted that diltiazem, another of the group, also
stimulated prostacyclin release, which has additional vasodilatory properties. The only
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dissenters were Pang et al (1989) and Nichter et al (1988), who were unsuccessful using
nitrendipine and verapamil, respectively. Thus, this group of therapeutic agents holds
some promise for the transition to human trials, especially as the drugs are already
approved for clinical use.
The haemorrheological drugs, another group of agents, has not achieved the same level of
success. Anticoagulants have attracted much attention from researchers in this area and
are currently used by many surgeons to prevent thrombosis following microvascular
anastamosis. Rothkopf et al (1993) and Salemark et al (1995) demonstrated
improvements in anastamotic patency following administration of Dextran 40. Ritter et
al (1998) found the same with heparin. These anticoagulants however have no effect on
flap survival if there is no microvascular anastamosis. The medicinal leech is also widely
used in selected circumstances to enhance flap survival. They secrete an anticoagulant,
and their role is to relieve venous congestion. This method of treatment has been
reported to be successful by Batchelor et al (1984) in a clinical case and Lee et al (1992)
in a rat experimental model. Unfortunately, leeches have no primary effect on the inflow
of blood into a flap and will not attach to ischaemic tissue.
Pentoxiphylline, which has the properties o f improving red blood cell deformability as
well as decreasing fibrinogen levels, has also been tried. This should reduce the viscosity
of blood and improve circulation to distant portions of a flap. This theory has been
translated into practise by Roth et al (1988) and Monteiro (1986), who both reported
increased flap survival. Hodgson et al represent the dissenting voices, reporting their
failure to demonstrate successful therapy in 1987.
The eicosanoids (arachidonic acid metabolites) and the analogue, Iloprost, have been
relatively successful in improving survival. Prostacyclin is a vasodilator and inhibitor of
platelet aggregation and thus a useful agent in this setting. It was used successfully by
Emerson and Sykes (1981), but both Reus et al (1984) and Pang et al (1989) cautioned
regarding its use. Both latter groups found that systemic hypotension adversely affected
flap outcome once a threshold dose was reached. Furthermore, Pang et al found that the
blood flow to the distant part o f the flap was not augmented when PGL or PGEi were
infused intra-arterially. Despite this, Gateley et al (1996) used prostacyclin infusion to
salvage two free flaps that were expected to necrose. Similarly, Iloprost has had
experimental success (Senderoff et al, 1994), and one clinical anecdotal report (Renaud,
1996).
The use of corticosteroids was similarly inconclusive. Mendelson and Woods (1978)
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and Mes (1980) conducted a series o f experiments on pig and rabbit flaps respectively.
They each found significant improvements when certain conditions were met. They
concluded that prednisolone acted as a vasodilator and should be given preoperatively
and continued for several days post-operatively. Nakatsuka et al (1985) confounded
these conclusions by using methylprednisolone in a selection of models, finding no
evidence o f increased flap survival and no improvement in capillary blood flow in the
skin.
This brief review o f the major classes of agent that have been used in this area of
research illustrates that the efforts to use them to enhance flap survival have been largely
unsuccessful. Existing vascular networks appear to be refractory to attempts to
encourage such networks to effectively supply a greater flap area than is routinely
observed. This, and the advent of cytokine research, led researchers to consider the
possibility

of

cytokine

administration

to

stimulate

supra-physiological

neovascularisation and augment flap survival.

1.3 Vasculogenesis and Angiogenesis
The term "vasculogenesis" refers to the process by which new blood vessels are created
in the embiyo by the association of angioblasts (Sadler TW, Langman’s Medical
Embryology 1995). It occurs at the beginning of the third week of embryological
development Blood islands are formed by the confluence of angioblasts. The
peripherally located blast cells form the endothelial cells whereas the centrally located
cells form the blood cells. Blood islands fuse when the endothelial cell buds approach
each other and small vessels are rapidly formed.
The physiological creation o f a new vascular network in adult life is a rare event except
in the uterus o f a female of reproductive age. Then it occurs in a tightly regulated fashion
during the formation o f the placenta (Mellilo et al, 1997).
Angiogenesis is the process through which new blood vessels develop from pre-existing
vessels such as capillaries and post-capillary venules (McNamara et al, 1998). This
occurs by the formation o f capillaries in response to an angiogenic stimulus. The
extracellular matrix is dissolved, and the endothelial cells migrate in the direction
stipulated by the stimulus and adhere to surrounding cellular structures. They multiply
and form tubes (Lewis et al, 1997). This is a tightly regulated process with pro- and
anti-angiogenic factors, and it rarely occurs in the healthy adult. However, it does occur
in the process of wound healing and in a number of pathological conditions, including
14

ischaemia, inflammation, wound healing, tumour growth, neovascular conditions in the
eye, rheumatoid arthritis, psoriasis and chronic wounds (McNamara et al, 1998).

1.4 Wound Healing and Angiogenesis
The important points in the process o f wound healing are considered with specific
reference to the regulators of angiogenesis. In their review. Singer and Clark (1999)
describe wound healing as having three phases: inflammation, tissue formation and tissue
remodelling. The first two phases are more relevant to processes of angiogenesis. In the
first stage, formation o f thrombus acts as a provisional extracellular matrix and
coagulation factors and platelet factors attract inflammatory leukocytes to the zone of
injury. The macrophages secrete platelet-derived growth factor (PDGF) and vascular
endothelial growth factor (VEGF), which initiate the formation of granulation tissue.
PDGF is also a strong chemo-attractant and mitogen for fibroblasts, which have a vital
role in tissue repair. These cells produce the stroma for a permanent extracellular matrix
to support the ingress o f vascular tissue. The formation of granulation tissue occurs in
parallel with the process o f re-epithelialisation o f the wound surface. PDGF has been
used in a clinical setting to improve the heahng of chronic pressure sores (Robson,
Phillips, Thomason et al, 1992) and diabetic ulcers (Steed, 1995).
Once the extracellular matrix is reconstituted, endothelial cells migrate into the wound.
This process is regulated by a large number of different growth factors including the
VEGF, angiopoeitin and fibroblast growth factor (FGF) families, and an ephrin
(Yancopoulos et al, 2000). Activated epidermal cells secrete large quantities of VEGF
(Brown, Yeo et al, 1992), contributing to the increased permeability of the vessels in the
wound and to angiogenesis. However Nissen et al (1998) found the primary sources of
VEGF in the healing wound to be fibroblasts and macrophages. They also found that
basic fibroblast growth factor (bFGF) appears to be more important in the first two
days while VEGF becomes the more predominant factor thereafter. This finding was
supported by Corral et al (1999) who found that VEGF expression was greater than
basic FGF in healing wounds, particularly those that were ischaemic. Addition of VEGF
to healing wounds did not significantly affect granulation tissue formation. However, the
application o f bFGF to chronic pressure sores did seem to improve the rate of wound
healing (Robson, Phillips, Lawrence et al, 1992).
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1.5 Angiogenic Cytokines
1.5.1 Vascular Endothelial Growth Factor A (VEGFA)
1.5.1.1 VEGFA Discovery
In 1989, Ferrara and Henzel isolated VEGFA from bovine pituitary folliculostellate
cells. They characterised it as a cationic, heat- and acid-stable, heparin-binding
glycoprotein with a molecular weight o f approximately 45kDa. It is dimeric, consisting
o f 2 identical 23kDa units. They found it was able to stimulate the proliferation of
vascular endothelial cells at concentrations of ~25pg to l-I.2ng/ml. They also found
that, unlike FGF, it had no effect on lens epithelial cells, fibroblasts, or kératinocytes.
Leung et al (1989) sequenced the human gene and found a 26 amino acid preceding the
NHz-terminal o f the protein that they identified as a secretory signal sequence. They
also predicted multiple forms comprising 121,165 and 189 amino acids. These forms are
generated by alternative splicing o f the messenger RNA; if the VEGFA^j is considered
the base protein, then further mRNA strands coding for exons are translated for each
increment in protein size (see diagram 1.5.1.1).
The existence o f these three forms was confirmed by analysis o f mRNA from vascular
smooth muscle cells (Tischer et al, 1991). A fourth form was identified containing 206
amino acids (Houck et al, 1991). VEGFA^g, is the predominant form produced by a
variety o f normal and transformed cells. The VEGFA

,2 1

and V E G F A ,form s are also

detected in cells expressing the VEGFA gene but the VEGFAg^ is rare and so far only
found in a cDNA library from human foetal liver (Houck et al, 1991).

1.5.1.2 VEGFA Localisation
Searching for the mRNA has approximated the tissue distribution of VEGFA. It has
been found in brain, kidney and pituitary gland (Ferrara et al, 1991) and ovary (Phillips
et al, 1990, Ravindranath et al, 1992) of several mammalian species. In the ovary, it has
been found predominantly in the developing corpus luteum, underlining its involvement
in angiogenesis (Phillips et al, 1990).
Further investigation o f VEGFA mRNA has demonstrated that VEGFA is expressed
early in development. It is found in the giant cells o f the trophoblast in the first few
days following implantation (Breier et al, 1992, Jakeman et al, 1993), suggesting a role in
induction o f vascular growth in the decidua, placenta and vascular membranes. Later in
foetal development o f mouse and rat embryos, VEGFA mRNA is associated with the
heart, kidney, vertebral column, and along the spinal cord and brain (Breier et al, 1992,
16

Jakeman et al, 1993). In the human foetus (16-22 weeks), it is detectable in virtually all
tissues and most abundant in lung, kidney and spleen (Shiner et al, 1994). The latter
found that the localisation o f VEGFA to myocytes and epithelial cells was consistent
with the paracrine theory o f VEGFA action and that the foetal distribution was similar
to the adult distribution, consistent with a role in vessel maintenance.
Other studies have implied that VEGFA may be necessary for the maintenance of
normal quiescent vasculature in adults. Monacci et al (1993) found VEGFA expression
in microvessels in the rat lung, kidney, liver and brain, and Brown et al (1992) found it in
the human kidney. In the neonatal rodent retina, Alon (1995) showed that regression of
retinal capillaries, caused by high oxygen concentrations, was preceded by a shut-off in
VEGF production by nearby neuroglial cells. Administration of VEGFA could rescue
the apoptosis o f endothelial cells caused by this hyperoxia. As well as providing
evidence for the role o f this cytokine in “vascular survival,” it also offered an insight into
the pathology o f retinopathy o f prematurity.
Two groups independently developed VEGFA knockout mice (Carmeliet et al, 1996,
Ferrara et al, 1996). They found that heterozygous mice, lacking one o f the VEGFA
alleles, died in utero at

1 1 - 1 2

days and had significant heart and major vessel anomalies.

Kishimoto et al (2000) generated transgenic mice in which expression o f the gene for
green fluorescent protein was driven by the human VEGFA promoter sequence. This
was done to investigate the pathophysiological expression of VEGFA, and they found
GFP fluorescence in the brain and lungs, supporting the findings of Breier et al regarding
VEGFA localisation.

1.5.1.3 VEGFA Biological Properties
VEGFA is able to induce an angiogenic effect on chick chorioallantoic membrane,
demonstrating its ability to trigger the entire sequence of events leading to new blood
vessel formation (Leung et al, 1989). Compared to the shorter forms (VEGFA^^^ and
VEGFA^g;), the longer forms (VEGFAj^ and VEGFA^^) are mostly cell-associated and
therefore media conditioned by cells expressing these two forms produces httle
mitogenic effect on endothelial cells in culture (Houck et al, 1991). These longer forms
bind heparin strongly and therefore can be solublised in the presence of heparin or
heparinase.
VEGFA is also known as vascular permeability factor based on its ability to induce
vascular leakage firom guinea pig skin (Houck et al, 1991). This vascular permeability
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allows the extravasation of plasma through the fenestrations, and it is postulated that
the resulting fibrin gel is a substrate for endothelial growth (Dvorak et al, 1987). Roberts
and Palade (1995) found that administration of VEGFA to capillaries and small venules
induced the formation of fenestrations in the vessel wall. This occurred within ten
minutes, even in tissues such as skin that do not usually have fenestrated epithelium.
More directly related to the problems o f therapeutic angiogenesis, Couffinhal et al
(1998) recently looked at the pathophysiology of the mouse lower limb when it was
rendered ischaemic by excision of a femoral arteiy segment They found that the density
of capillaries increases fourfold over 35 days following the excision as seen on slides
stained for endothelial cells. Immunostaining and immunoprepitation demonstrated a rise
in endogenous VEGFA production, which was detectable fi*om about day 2 rising to a
maximum at 7-14 days. In situ hybridisation of VEGFA mRNA confirmed these
findings. The elevated level of VEGFA expression returned to the normal, barely
detectable, level by approximately 21 days. They also found that the gradual, normal
return of the distal blood flow to the ischaemic limb could be significantly retarded by an
injection o f VEGFA-neutralising antibody every 3 days for the first 14 days.
Couffinhal et al (1999) also used a mouse model to demonstrate that disordered lipid
metabolism would adversely affect the restoration of blood flow to the distal part of an
ischaemic limb. Immunostaining showed reduction in VEGFA expression compared to
controls. This adverse effect could be reversed through the introduction of exogenous
VEGFA by transfection with murine VEGFA gene carried in an adenoviral vector. Using
athymic nude mice, they also demonstrated that VEGFA contributed by T cells was
critical for the timely development o f collateral vessel growth in the setting of tissue
ischaemia.
Specific to plastic surgery, Lantieri et al (1998) used immunostaining to observe the
expression o f VEGFA in skin that had been stretched over a tissue expander in a small
series of patients.

They compared the skin with non-expanded skin and found an

increased number o f cells that fixed the VEGFA antibody in the expanded skin. They
hypothesised that tissue expansion causes ischaemia and that VEGFA is produced in
response.

1.5.1.4 Regulation of VEGFA Production
Hypoxia is a major stimulator o f VEGFA gene expression. In vitro studies by Shweiki et
al (1992), Brogi et al (1994), Minchenko et al (1994) and Detmar et al (1997) ail
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demonstrated upregulation of VEGFA expression by culturing cells in hypoxic
conditions. Their findings are consistent with the paracrine concept of VEGFA function.
Namiki et al (1995) found that hypoxia could induce vascular endothelial cells (the usual
targets of VEGF) to produce the cytokine when cultured in hypoxic conditions.
Unstimulated, the cells produced no VEGF, but when in hypoxic conditions, VEGFA
mRNA was detected, demonstrating the potential for an autocrine pathway of VEGF
production. An in vivo study of mRNA levels in porcine ischaemic myocardium (Banai
et al 1994) showed marked increase in VEGFA mRNA, suggesting an important role for
VEGF in revascularisation following cardiac ischaemia.
A number o f cytokines stimulate upregulation o f VEGFA production. These include
bFGF (Brogi et al, 1994), FGF 4 (Deroanne et al, 1997), PDGF BB (Finkenzeller et al,
1992), epidermal growth factor (EGF) (Tsai et al, 1995), tumour necrosis factor alpha
(Ryuto et al, 1996), transforming growth factor beta (TGFfi) (Pertovaara, 1994) and
interleukins 1 (Li et al, 1995) and

6

(Cohen, 1996).

Nitric oxide (NO) seems to have a very significant role in VEGF expression. Van der Zee
R et al (1997) showed that administration o f VEGFA to rabbit vessel segments and to
human endothelial cells produced a dose dependent rise in NO levels. Tsurumi,
Murohara et al (1997) demonstrated the probable course of events in the physiological
situation.

Following endothelial injury, there was upregulation of VEGF in medial

smooth muscle cells o f the arterial wall to stimulate repair of the endothelium. Once the
endothelium is restored, it produces NO which interferes with binding of transcription
factor activating protein-1 to the VEGF promoter site, down regulating VEGF to basal
levels.
Murohara T et al (1998) continued this investigation using mice with a targeted
disruption o f the nitric oxide synthase (NOS) gene. They demonstrated that the
angiogenic response to operatively induced hind limb ischaemia was reduced in mice
lacking the NOS gene. This effect was not reversed by administering VEGFA, which
suggests that NO acts downstream from VEGFA. Bouloumié A et al (1999)
demonstrated that VEGFA upregulated NOS expression in human endothelial cells, an
effect that was abolished by tyrosine kinase inhibitors.
Chin et al (1997) found that VEGF mRNA levels in cultured cells were higher in cells
treated with a NO-producing enzyme, indicating that NO stimulated VEGF expression.
They also showed that the half-life o f VEGFA mRNA was increased. Unfortunately,
this study contradicts the findings of others but demonstrates the complexities of the
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regulatory process.

1.5.1.5 Vascular Endothelial Growth Factor B (VEGFB)
VEGFB was found in 1996 in a mouse embryo cDNA library (Olofsson, Pajusola,
Kaipanen et al, 1996). It consists of 188 amino acids, but this is reduced to a functional
protein o f 167 amino acids once the signal sequence is cleaved It has approximately
45% identity with VEGFA. It has been localised to human heart, skeletal muscle and
pancreas and has been found to stimulate endothelial cells in culture to a similar extent as
VEGFA. VEGFB and VEGFA are co-expressed in these tissues and the two species are
known to form heterodimers.
A second isoform was described by Olofsson, Pajusola, von Euler et al (1996)
comprising 186 amino acids once the signal sequence is cleaved . The additional amino
acids are inserted towards the -COOH end o f the protein, in a fashion similar to that
producing the various VEGF isoforms. This changes the reading frame of the final part
o f the DNA sequence, and hence there are no similarities in the amino acids at the
COOH end (see diagram 1.5.1.5). The 167 amino acid form has a highly basic COOH
terminal, which means that it will tend to bind more strongly to cellular or pericellular
heparan sulphate proteoglycans. The longer form without this highly basic area should
be secreted more easily.
Less is known about the physiological role o f VEGFB than VEGFA. In culture, human
lung fibroblasts did not alter their expression o f VEGFB

despite stimulation with

hypoxia, EGF, PDGF or TGFfi. By comparison, VEGFA was significantly upregulated
by these stimuli (Enholm et al, 1997). Enholm et al suggest that the expression of
VEGFB mRNA may be maximally upregulated by explantation of the cells into tissue
culture. This finding was confirmed by Yonekura et al (1999) using microvascular
endothelial cells. They also found that in normoxic conditions, VEGFB and -C were
produced at a much higher level than VEGFA, leading to the conclusion that VEGFB
was involved in the regulation of angiogenesis, and down-regulation of the VEGFA
mitogenic action.
Recently developed VEGFB knockout mice have developed to be grossly normal and
fertile, but their hearts are reduced in size, suggesting that VEGFB may have a role in
myocardial vascularisation (Bellomo et al, 2000).
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1.5.1.6 Vascular Endothelial Growth Factor C (VEGFC)
VEGFC was found by screening conditioned media from human tumour cell cultures and
looking for stimulation o f the Flt-4 receptor, one of the endothelial cell-specific receptor
tyrosine kinases (Joukov et al, 1996). The ligand was isolated from prostatic
adenocarcinoma cell cultures, and its amino acid composition was found to correspond
well to the composition of the others in the VEGF family. VEGFC was demonstrated to
stimulate endothelial cell migration, but the expression pattern of the receptor suggests
that it may function in the formation o f the venous and lymphatic vascular systems
during embiyogenesis. In the adult, it may be involved in the maintenance of the
lymphatic endothelium. However, it has been found to stimulate endothelial cell mitosis
in tissue culture and to stimulate in vivo angiogenesis in the rabbit ischaemic hind limb
model (Witzenbichler et al, 1998) and the limbic vessels of the mouse cornea (Cao et al,
1998).

1.5.1.7 Vascular Endothelial Growth Factor D (VEGFD)
Orlandini et al described this member o f the VEGF family in 1996. They found it in a
population of fibroblasts and noted that it was a dimeric protein that had a mitogenic
effect on fibroblasts. The same group then looked at the localisation in mouse embryos
and found VEGFD in the heart, kidney, liver and vertebral column among other
structures (Avantaggiato et al, 1998). They tested the angiogenic properties of VEGFD
and found it to stimulate capillary growth in the rabbit corneas and to stimulate
endothelial cell growth in culture (Marconcini et al, 1999).

1.5.1.8 Vascular Endothelial Growth Factor E (VEGFE)
The gene for this form was found in the genome o f the O rf virus (Lyttle et al, 1994).
They found this gene, with 25% sequence homology to VEGFA, which coded for a
14.7kDa protein in one variant and 16kDa in another. It is a dimeric protein with no
affinity for heparin. Meyer et al (1999) found that the protein stimulated endothelial cell
sprouting in vitro and angiogenesis in the rabbit cornea. It had almost equal activity to
VEGF. Their results also indicated that VEGFE acts via VEGFR-2 and does not bind to
VEGFR-1.

1.5.1.9 VEGF Receptors
There are two main receptors for VEGF, VEGFR-1 and VEGFR-2, which were initially
21

discovered on endothelial cells by binding/cross-linking studies (Vaisman et al, 1990,
Plouet and Moukadiri, 1990). De Vries et al (1992) characterised the first as an fms-Vik&
tyrosine kinase receptor by screening a cDNA library and finding that it had almost
identical homology to a ^W -like tyrosine kinase receptor already identified. Expression
o f the resulting protein in COS cells bound *“I-labelled VEGFA in a competitive fashion.
Human endothelial cells were confirmed to express this receptor.
Terman et al (1992) sequenced the gene for a second tyrosine kinase receptor (KDR),
which they had previously identified from an endothelial cell cDNA library, and
demonstrated in a similar way, that it was a receptor for VEGFA (VEGFR-2). Jakeman
et al (1992) confirmed, using adult rat tissues, that receptors for VEGF are mainly to be
found on endothelial cells. The same group (Jakeman et al, 1993) showed that the
receptors were expressed early in vascular development, suggesting a role in
vasculogenesis. Millauer et al (1993) demonstrated high affinity binding of VEGF to this
receptor and showed it to be expressed in the blood island stage of embryonic
development.
The effect o f VEGF binding to these two receptors is different. Activation of VEGFR-2
results in a mitogenic response from endothelial cells, which is not seen when VEGFR-1
is activated (Waltenberger et al, 1994). The effect of VEGFR-1 in the process of
angiogenesis has yet to be clarified, but it may have a negative role either as a decoy
receptor or by suppressing signalling through VEGFR-2 (Yancopoulos et al, 2000).
This difference in angiogenic effect may be due to differences in the effect o f activation
of the two receptors on NO levels. VEGFR-2 activation by VEGF causes an increase in
NOS activity that does not occur when VEGFR-1 is activated (Kroll et al, 1999).
Recently, Dunk and Ahmed (2001) demonstrated that VEGFR-1 negatively regulates
VEGFR-2 mediated proliferation o f a epithelial cancer cell line. This effect of VEGFR-1
activation was mediated by NO. The researchers hypothesised that high levels of NO
acted in an inhibitory manner, in contrast to the demonstrated positive effect of NO on
endothelial cell proliferation when present in lower concentrations.
Eventually, activation of these cell surface receptors results in the production of
proteases that break down the basement membrane and allow blood vessel development.
These include plasminogen activators (Pepper et al, 1991), interstitial collagenase
(Unemori et al, 1992) and gelatinase (Lamoreaux et al, 1998). The latter authors also
demonstrated inhibition o f the expression of tissue inhibitors of metalloproteases, which
would increase local levels o f collagenase.
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The distribution o f the receptors has been used to provide clues as to their role in
vasculogenesis and angiogenesis. VEGFR-2 is expressed in embryonic development from
the early stages of vasculogenesis, particularly around the heart, lungs and meninges. In
the adult, its expression decreased drastically, where in the adult rat brain, expression
was restricted to the choroid plexus (Millauer et al, 1993). VEGFR-1 has been found
expressed in both proliferating and quiescent endothelial cells (Peters et al, 1993),
suggesting a role for this receptor in the maintenance of endothelial cells.
A further receptor called Flt-4 (VEGFR-3) was identified in 1992 by Aprelikova et al.
Its physiological role has yet to be defined, but it is known to bind VEGFC (Joukov et
al, 1996), which has a role in lymphangiogenesis (Kukk et al, 1996).
The VEGF cytokine-receptor interactions are summarised in diagram 1.5.1.9.
Heparin-binding forms of VEGF can bind to cell-surface and extracellular heparansulphate proteoglycans. By doing so, they release angiogenic factors, such as basic FGF,
that are stored on heparan sulphates of the extracellular matrix (Jonca et al, 1997). This
is a significant finding as it suggests an explanation for the observed synergism in
angiogenic action between VEGF and bFGF (Asahara et al, 1995).
Monocytes are the other cell type that have had the presence of VEGF receptors
demonstrated (Shen et al, 1993). They exhibit lower level affinity for the ligand than
those on endothelial cells do. The effect on the monocytes is to promote migration
(Clauss, 1990).

i.5.2 Fibroblast Growth Factor 2 (basic FGF)
Basic FGF (bFGF) is a member of the FGF family that comprises nine forms. It was
first identified as a 146 amino acid protein isolated from the pituitary (Bohlen et al,
1984), but it was later discovered that the full translation o f the cDNA yielded a protein
of ISkDa and 155 amino acids (Abraham et al, 1986). There are other longer isoforms,
which are predominantly localised in the nucleus (Bikfalvi et al, 1997). Unlike VEGF,
the nucleotide sequence of bFGF lacks a signal sequence (Abraham et al, 1986), and the
exact mechanism by which it is secreted is unknown. This lack of information means
any gene therapy approach to therapeutic angiogenesis may be hampered from lack of
understanding o f the secretion mechanism. No gene therapy approach to therapeutic
angiogenesis has been published using bFGF in its native form.
Basic FGF is produced by a wide range o f cell types, including capillary endothelial
cells, and it has functions in many areas o f physiology and pathology. It has a role in
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angiogenesis, including tumour angiogenesis, both as a mitogen for endothelial cells and
smooth muscle cells (Bikfalvi et al, 1997). There are receptors and functions for basic
FGF in the nervous system, skin, reproductive system, eye, skeleton and digestive
system, and it is mitogenic for haematopoietic cell populations (Bikfalvi et al, 1997).
The fact that there are so many target areas for bFGF means that any attempt to
increase the concentration of bFGF locally to achieve a therapeutic goal is likely to have
a wide range o f potential side effects in these other target systems. This makes it less
attractive as a substance for investigation. Nevertheless, several experiments have been
performed using it as the therapeutic agent.

1.5.3 Fibroblast Growth Factor-1 (Acidic FGF)
Acidic FGF (aFGF) was characterised by Gimenez-Gallego et al (1985). It is similar to
bFGF in that it too is a heparin-binding endothelial cell mitogen and lacks a signal
sequence. It is a 16kDa protein. It is produced in a range of physiological situations,
including wound healing, and it is mitogenic for smooth muscle cells and fibroblasts and
endothelial cells (Gospodarowicz et al, 1987). Unlike bFGF, it does not have a
synergistic effect with VEGF on endothelial cell proliferation.

1.5.4 Other Cytokines
Other cytokines, whose major function is not angiogenic, have been shown to have
angiogenic effects in vitro. They are reviewed in McNamara et al (1998). PDGF is found
in platelets and is released during the clotting cascade. It is mitogenic for smooth muscle
cells as well as for endothelial cells. It need not bind to a cell surface receptor to exert its
effect, and the exact mechanism for its action is not known. TGFfi is produced by
macrophages and activated platelets. It is chemotactic for macrophages and has
demonstrated indirect angiogenic activity in vivo. Its primaiy role appears to be in
collagen production and remodelling o f vascular networks in wound healing. There are
several proteins, such as EGF, tumour necrosis factor, some of the interleukin family,
and others, that include pro-angiogenic properties in their portfolio of actions. They
have generally been found by investigation of tumour growth and are therefore less
suitable for therapeutic purposes.
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1.6 Therapeutic Angiogenesis Using Cvtokines
1.6.1 Laboratory-Based Research
The next stage in the investigation o f vascular endothelial growth factors was to consider
their actions in living systems. In their characterisation o f VEGF, Leung et al (1989)
demonstrated a marked angiogenic response in chick chorioallantoic membrane. Connolly
et al (1989) and Gao et al (1998) used rodent corneas to demonstrate in vivo
angiogenesis with VEGFA and VEGFC respectively. The question of whether the
angiogenic effect of the cytokines would produce a therapeutic effect in more exacting
animal models was next to be addressed. Isner’s group (Takeshita et al, 1994) used the
rabbit ischaemic hind limb model, in which the hind hmb is rendered ischaemic by
removal of a femoral artery segment They injected VEGFAj„ into the ipsilateral internal
iliac artery and demonstrated significant improvement in perfusion of the treated group
compared to controls. The parameters assessed were the calf blood pressure,
comparison of angiograms, capillary density and capillary/muscle fibre ratio.
The same group followed this up with studies injecting VEGFA into the muscle of the
ischaemic limb in single doses ranging fi-om

2 0 0 - 1 0 0 0

micrograms and observed a similar

and dose-dependent effect (Takeshita, Pu et al, 1994). To confirm the physiological
effects o f their intervention, they performed studies to look at blood flow in ischaemic
versus normal limbs and VEGFA-treated versus untreated limbs using a Doppler guide
wire (Bauters et al, 1994). They found that by day 30, the flow at rest, maximum flow
and maximum flow velocity were all significantly higher in those ischaemic limbs treated
with VEGFA than those treated with saline.
Pu et al (1993) also used the rabbit ischaemic hind limb model to demonstrate the
angiogenic effect of acidic FGF. They considered similar determinants of outcome and
found that 10 daily intramuscular doses o f acidic FGF increased the number of vessels
supplying the ischaemic limbs.
Baffour et al (1992) used 2 different doses of bFGF compared vsith control in the
ischaemic limb model. Given daily into the muscle, they too found an increase in
vascularity in the treated limbs.
Cytokines have also been tried in models o f myocardial ischaemia. A study investigating
the effect of basic FGF on the myocardium involved injecting doses o f bFGF into the
coronary circulation of canine hearts that had been rendered ischaemic. The growth
factor increased the vascularity of the myocardium adjacent to the infarcted area and
reduced the size o f the infarcts (Yangisawa-Miwa A et al, 1992). A similar study was
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performed in pigs using VEGFA (Hariawala MD et al, 1996). They demonstrated
increased vascularity in the treated group, but suffered the loss of half their treatment
group due to post-dose hypotension. They then investigated this in normal animals and
found the hypotension to be mediated by epithelium-derived relaxing factor.
These experiments were all performed on models of established and relatively stable
ischaemia. In the model of hind limb ischaemia, the femoral artery of the rabbits was
excised 10 days before the leg was treated with the VEGF or control. This situation does
not directly compare with the problems faced in plastic surgery in which the tissue may
be critically ischaemic and necrosis is imminent if the blood supply is not quickly
enhanced.

1.6.2 Clinical Research
Selke et al (1998) used bFGF in a group of

8

patients undergoing coronary by-pass

surgery. The growth factor was contained in heparin-alginate slow-release microcapsules
and was implanted into unrevascularised and vascularised territories. They had no
complications related to the implants, and both the revascularised and the
unrevascularised territory showed improved perfusion on follow-up scanning. The
purpose of this study was simply to demonstrate the safety o f the technique and
comparison was made with negative controls.

1.6.3 Research in Plastic Surgery
Several groups have apphed the lessons learnt in vascular surgery and cardiology with
cytokines to plastic and reconstructive surgery. A selection of flap and graft models has
been used to investigate the potential therapeutic benefit o f these angiogenic agents.
Padubidri and Brown (1996) used a rat ventral skin flap based on a single superficial
inferior epigastric pedicle. They injected 5pg VEGFA into the femoral artery, having
clamped it above and below the SIEA branch. After 7 days, they assessed surviving area
of the flaps, the blood flow in the flaps using a percutaneous Doppler probe, and
capillary density in the flaps. They found that the treated flaps had a greater surviving
area (71.9% versus 53.7%), blood flow and capillary density compared with the
controls. The vascularity of the histological sections was assessed in a general fashion
and not with reference to vessel numbers or density.
Kryger et al (1999) used a rat gracilis muscle flap to look at the effect of VEGFAj^ on
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reperfusion injury in flaps. They rendered the flap temporarily ischaemic (3.75 hours)
and then injected 50 micrograms of VEGF intra-arterially before allowing reperfusion of
the flap. Observing the flaps at 72 hours, they found more VEGF-treated flaps survived
than those treated with heparin or saline, although the study did not appear to be
blinded.
A group from the US Navy (Bach et al, 1999) tried to improve random skin flap
survival on the backs of pigs by treating them with a combination o f basic FGF and
"activated" macrophages. The macrophages were activated by culturing them in media
containing PDGF and TGFfi. This was an attempt to simulate the conditions of a
wound, in which macrophages are activated to produce the angiogenic factor FGF. The
experiment was unsuccessful, but it was not clear exactly how the flaps were treated.
The dose o f basic FGF used was relatively low at 2ng/ml final concentration, and they
did not assay the media in which the macrophages were cultured to look for an increase
in bFGF production.
The angiogenic effect of bFGF has been applied to composite grafts as well as flaps.
Hom et al (1998) used bFGF and endothelial cell growth factor (a neural extract derived
from bovine hypothalamus capable of stimulating neovascularisation) to try to improve
graft survival in a rabbit ear skin-cartilage composite graft model. Although the
intervention had no effect on survival, it did increase the vascularity of the flaps on
angiographic assessment.
Uhl et al (1994) used a mouse ear model of an ischaemic flap. They injected bFGF or
control in the area o f the planned flap

6

and 18 days prior to flap elevation. After the

flap was raised, they assessed flap viability daily for 5 days using injections of
fluorescein-labelled Dextran and fluorescence microscopy. The area perfused in the
2.7pg bFGF treated flaps was significantly greater than in controls if treated 18 days
before raising the flap. No difference was found if a shorter delay time or smaller dose
was used.
Cytokines in the physiological situation are thought to have a relatively short half-life.
In order to ameliorate this loss o f growth factor from the experimental locale and extend
the useful therapeutic life o f the treatment cytokine in the animal, cytokines have been
adsorbed onto Dextran beads. Eppley BL et al (1992) mixed liquefied fat transplants
from the rat inguinal region with Dextran beads pre-treated with bFGF. The fat was then
injected into the lateral facial region. At

6

months, the fat grafts were excised and

weighed, and the histological characteristics o f the flaps assessed. There was a
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significant difference in the survival o f the fat as assessed by the weight of the fat
excised in grafts that had been exposed to bFGF combined with the microbeads,
compared to fat treated only with bFGF. The grafts treated with bFGF in microbeads
had a more extensive collagen ingrowth, perhaps accounting for some of the difference in
weight.
In 1988, Hom et al raised island flaps on the auricles of rabbits and applied angiogenic
cytokines either topically or in a Gelfoam sponge. The cytokines were endothelial cell
growth supplement (ECGS), a neural extract derived from bovine hypothalamus, and
endothelial cell growth factor (ECGF), an acidic polypeptide derived firom bovine neural
tissue. On day 3, they divided the pedicle and on day 10, they assessed the surviving
flap area. They found no difference in flap survival when the agents were applied
topically, but found a

1 0 0

% increase in viable flap area when the agents were introduced

in a Gelfoam sponge. Using angiography, they found that the vascularity on the films
accurately predicted the flap survival, with greater vascularity in the treated compared
to untreated groups. The agents used were both derived from bovine neural tissue and
therefore not suitable for extrapolation to human situations.
A number of authors have investigated the effect of cytokines on the survival of random
flaps on the rat dorsum with variable results. The flap is a long thin flap based either
cranially or caudally and is designed to be to too long to support the skin at the distal
tip, producing skin necrosis by 7 days. Hayward et al (1991) injected lOOpg bFGF or
saline under a planned flap and raised the flap after 10 days delay. Fourteen days
following flap elevation, they assessed the surviving flap area and Doppler blood flow
to the flap. They found no difference in blood flow or in flap survival between treatment
and controls. They examined the tip of the flaps histologically at the time of raising it.
They found a marked fibroblast proliferation but no increase in capillary numbers. They
speculate that the lack of angiogenesis was due to the short half-life o f the cytokine, or
the lack o f co-factors essential for the angiogenic response in the flap at the time of
injection o f bFGF.
Khouri et al (1991) performed an experiment similar to that above except they used only
Ipg of bFGF in the dorsal rat flap and raised the flap immediately. At 7 days, they
found a significant improvement in flap survival and a corresponding increase in
vascularity on histological examination. These findings support the speculation of
Hayward et al that an acute ischaemic stimulus is necessary for angiogenesis to occur.
Im et al (1992) repeated this experiment, injecting bFGF into the flaps 30 minutes prior
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to raising them. At 14 days, they found that SOU bFGF enhanced flap survival
compared with saline controls but 16U did not. Heparin did not influence flap survival.
Ishiguro et al (1994) instilled 20|ig bFGF under the dorsal flap just after wound closure
and added a group that had a further injection at 48 hours. Their flaps survived better
than controls, but they demonstrated no significant difference between

1

and

2

injections. Histologically, the central portion o f treated flaps (not close to the margin of
necrosis) showed abundant fibroblasts and more capillaries when assessed in a general
fashion
Rashid et al (1999) showed that Ipg bFGF, soaked into Gelfoam, improved flap
survival at 5 days. Combining bFGF with sucrose octasulphate further enhanced the
efficacy of the treatment. They also found a more extensive vascular network in this
combined treatment group compared to controls in their microangiography.
VEGF has been applied to this model only once. Kryger et al (2000) investigated the
effect o f the mode of administration o f the cytokine in attempting to improve flap
survival. They injected 50pg intravenously as a single dose at the time of raising the
flap, and in another group supplemented this dose with a further two doses at 24 and 48
hours. They injected 1pg into the flap subdermally or 1.5pg into the recipient bed of the
flap and finally applied 1.5pg topically to the fascial layer of the recipient bed. They
assessed the flaps at day 5 for surviving flap area and for histological evidence of
angiogenesis. All treatments performed significantly better than controls, but no
significant difference could be found between any o f the treatments. Microscopically,
they found exaggerated amounts o f granulation tissue and neovascularisation in the
treated flaps, which were not matched in the control flaps. Unlike the assessment o f flap
survival, this evaluation was not blinded.
Subcutaneous and intra-arterial ECGF has been used in a rat model of a TRAM flap by
Pu et al (1999). The flap is based on one deep inferior epigastric pedicle with a large
abdominal skin paddle, which has ischaemic portions at both lateral margins. They
significantly enhanced the survival of the skin paddle in the treatment groups, and a
bhnded observer found a larger number o f small vessels in the subcutaneous tissue.
Two groups have considered stimulating angiogenesis to speed the process o f flap
préfabrication. Hickey et al (1998) considered a model in a rabbit lower limb in )^ ic h
the femoral artery and vein were ligated distally and transposed laterally into a
subcutaneous pocket. The pedicle was left for a variable length of time before the flap of
skin over the implanted pedicle was raised on the pedicle. Some of the flaps were treated
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with bFGF in a slow release vehicle. They found that the bFGF improved skin flap
survival when the flap was raised only a week after pedicle implantation but if left for

2

or more weeks no difference was seen. Unfortunately, the longer periods of delay (2 and
4 weeks) did not result in complete survival of the flaps.
Bayati et al (1998) investigated the effect of hyperbaric oxygen and bFGF on the
survival o f a prefabricated flap. A portion o f semimembranosus muscle was implanted
underneath lower abdominal wall skin, with a saphenous vascular pedicle intact to
supply it. The skin was then raised with the pedicled muscle after one week’s delay.
The rats were treated with either an infusion of bFGF or hyperbaric oxygen therapy or
both. The survival o f the flaps was improved in all three treatment groups compared to
controls. Doppler blood flow was higher in the combination treatment group but not in
the others, and the number o f vessels per high power field correlated with the results of
the flap survival.
It can be seen from this summary that, although some authors report equivocal findings
in certain areas of their investigation, the administration of cytokines to flaps in animal
models does seem to offer promise in enhancing flap survival. Certainly if improvement
in flap survival is the most important marker of success, then almost all of these studies
were successful. However, it should be noted that, with the exception of the reports of
Kryger et al 1999 and 2000, the papers cited have been isolated reports. They do not
appear to have been followed up with further investigation to build on the initial success
with the technique.

1.7 Therapeutic Angiogenesis Using Genes
1.7.1 Laboratory-Based Research
Although successes have been reported using cytokines to produce angiogenesis in
animal models, the prospect of introducing genes into the relevant ischaemic tissue to
generate angiogenic factors is appealing. It has two significant advantages. The first is
that it should provide a sustained delivery of the gene product rather than the single shot
effect provided by cytokine administration (Lewis et al, 1997).
The DNA is delivered in the form of a circle, based on the plasmids that thrive in
bacterial cytoplasm. The plasmid contains a number o f discrete sequences including the
gene o f interest. It will contain a promoter region, which switches on expression of the
gene by the cell’s normal protein production mechanisms. Translation o f the gene then
continues for hours or days.
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Secondly, DNA is significantly cheaper to produce than recombinant proteins. Protein
production in a laboratory is a complex process, whereas the production of large
quantities o f plasmid DNA is very straightforward. The plasmid is replicated as the
bacteria multiply, and the plasmid is then extracted from the broth.
The secretion signal at the 5' end o f the VEGF sequence provided optimism that if cells
in the relevant area of the animal model were transfected, then there would be a useful
secretion o f VEGF protein (Losordo et al, 1999). To verify the importance of this,
Isner’s group added a secretion signal to the nucleotide base sequence of acidic FGF and
demonstrated enhanced angiogenesis in the rabbit ischaemic hind limb model, compared
to the physiological version which lacks the secretion signal (Tabata et al, 1997).
To investigate transfection efficiency in an animal model, Losordo et al (1994) isolated a
segment o f rabbit ear artery, and the endothelium was exposed to the gene for human
growth

hormone

carried

in

a

liposomal

transfection

agent.

Although

immunohistochemistry showed that only the occasional vascular smooth muscle cell had
been transfected, they detected physiologically significant levels of growth hormone.
They also found that the time course o f gene expression following successful
transfection was limited to

2

0

days.

To determine the time course o f protein expression in the early stage of transfection,
Takeshita, Losordo et al (1994) used an arterial organ culture model and looked at human
growth hormone production. They transfected the arterial segment with a plasmid
containing the gene for that protein with the cationic lipofection agent Lipofectin. They
found significant levels o f growth hormone at 24 hours, which were sustained for about
1 0

days in that model.

There are several methods by which the genes have been introduced into animal models.
The simplest is the direct injection o f naked plasmid DNA coding for the cytokine of
interest. A variety of animal models have been employed to explore this approach. The
ischaemic rabbit hind limb model has also been used in this scenario. The plasmids used
are constructs, including the base sequence of the gene of interest (VEGF unless
otherwise stated) and a promoter region (usually a cytomegalovirus promoter, as this is
known to work well in mammalian cell systems). Takeshita et al (1993) investigated the
effect of intra-arterial transfer of naked plasmid DNA via a hydrogel coating on the
surface o f an angioplasty balloon. They found a significant enhancement in angiogenesis
in the treated limbs compared to controls.
Tsurumi et al utilised the observation that skeletal muscle takes up and expresses foreign
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DNA in plasmid form. They used 500pg o f plasmid DNA injected intramuscularly to
stimulate angiogenesis immediately following (Tsurumi, Kearney et al, 1997), and 10
days following (Tsurumi et al, 1996) femoral artery excision in the same model. This
approach avoided the need to access the femoral artery supplying the limb and
introduced the growth factor gene to the area of the limb most affected by ischaemia.
This experiment was repeated by Takeshita et al (1996) in a rat ischaemic hind limb
model and the results confirmed. Tsurumi et al (1997) also demonstrated that there was
expression o f plasmid-derived VEGF by using RT-PCR. The VEGF coded for in the
injected plasmid was the human VEGFA

isoform, and the primers used bound

specifically to a non-conserved part o f the mRNA. Furthermore, the experiment
demonstrated in vivo an improvement in transfection efficiency when the plasmid DNA
was introduced into ischaemic muscle. This finding confirmed that of Takeshita et al
(1996), who used injection o f plasmid containing the gene for the enzyme luciferase to
demonstrate that the presence o f ischaemia has a very positive effect on the transfection
efficiency.
The results o f this group have been repeated by another group (Gowdak et al, 2000),
who also used the ischaemic rabbit hind limb model. They compared a range of plasmid
DNA quantities and found the maximal, and indeed only significant effect was obtained
when lOOOpg was injected intramuscularly. They claimed also that the addition of a
cationic lipid reagent, used for in vitro transfections, had accelerated the angiogenic
response and the restoration o f blood flow to the limb. However, they used historical
controls to determine this and did not compare the two treatments directly.

L7.2 Clinical Research
The information gleaned from these experiments was then applied to clinical studies.
Isner et al (1996) utilised intra-arterial transfer of plasmid DNA coding for VEGF to
stimulate angiogenesis in an ischaemic limb. The lady had been referred for treatment of
a gangrenous toe secondary to critical ischaemia of her leg. Surgical reconstruction was
not possible and so VEGF gene therapy was attempted. The 2000pg plasmid DNA was
applied to a hydrogel coating on an angioplasty balloon, which was introduced into the
distal popliteal artery and inflated. This put the DNA in contact with the arterial wall
for about 5 minutes. At 4 and 12 weeks, digital subtraction and magnetic resonance
angiography demonstrated an increase in blood flow. Three spider angiomata were found
in the distal limb supporting the assumption of an angiogenic process. The foot was
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unfortunately not saved.
This case report was followed by a series (Baumgartner et al, 1998) in which the
plasmid DNA was administered intramuscularly to achieve the same effect in a group of
patients. They injected 4000pg o f the same VEGF plasmid into the muscle of ischaemic
legs of 9 patients and demonstrated a significant increase in the ankle-brachial pressure
index. They showed a qualitative improvement in vascularity on angiography and
expression o f the injected plasmid by detecting a small transient rise in plasma VEGF.
Losordo et al (1998) injected 125pg of VEGFA .g, plasmid into the ischaemic
myocardium o f 5 patients with angina. All 5 experienced a reduction in the severity of
their angina in the period 10-30 days following the injection. Support for the
presumptive angiogenic effect was provided by SPECT-sestamibi perfusion studies and
coronary angiography before and after the injections.
The plasmid DNA for VEGF has even been used to treat

6

patients with

thromboangiitis obliterans (Buerger’s disease) affecting seven lower limbs (Isner et al,
1998). After satisfying diagnostic criteria, 2000pg plasmid DNA was injected
intramuscularly into the ischaemic limb in four SOOpg aliquots. They demonstrated
improvements in ABPI in 4 o f the 7 patients and some improvements in angiographic
appearances. Healing o f ischaemic ulcers and resolution of rest pain occurred in 3
patients, and

2

patients with forefoot gangrene needed below knee amputations.

The only adverse effects in these clinical reports were the spider angiomata mentioned
earlier and some mild ankle oedema. Retinal neovascularisation or growth of an occult
neoplasm have been sought by the researchers and not found.

1.7.3 Research in Plastic Surgery
In an exhaustive search of the Medline, no publications were found reporting the use of
naked plasmid to stimulate angiogenesis and thereby enhance skin flap or graft survival.

1.7.4 Research Using Viral Vectors
The other major interest in the area o f gene therapy is the use of viral vectors to
transfect the tissue requiring therapeutic angiogenesis. The viral genome is modified to
include the sequence of the gene of interest, which is expressed when the virus infects a
cell. The viral genome is also modified to prevent replication of the vector in the target
cells. Both aims are achieved by inserting the gene of interest into the E l region of the
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viral genome that codes for viral replication (Stephan and Nabel, 1997). The virus is
propagated in a cell line that has been genetically modified to express the deleted E l
gene.
The advantages o f using viral vectors include their abihty to infect a range of cell types
and their efficiency of transfection. These vectors have been in use in laboratories for
forty years and are used for vaccines, so they should be safe for use in patients (Melillo
et al, 1997).
Unfortunately, viral vectors have a number of limitations. A foreign protein coat renders
the vectors liable to attack from the immune system of the host, resulting in an
inflammatory reaction. Generation of antibodies to viral protein may hamper a second
administration. Problems have also been encountered in targeting the virus to the cell
type o f interest, for instance vascular endothelial cells, but some success has been
achieved in overcoming this. Once in the host cell, the viral DNA translocates to the cell
nucleus but is not incorporated in to the cell genome. This ensures that the viral DNA is
not replicated when the cell divides and so limits the duration of expression of the gene
of interest. For therapeutic angiogenesis applications, this limitation of gene expression
is probably an asset (Melillo et al,1997).
Practical application o f the viral vectors for in vivo gene therapy applications has been
less extensive for the reasons outlined above. However, Mühlhauser et al (1995)
constructed an adenovirus vector containing the VEGF gene sequence that was
demonstrated to transfect human endothelial cells and stimulate angiogenesis in mouse
subcutaneous tissue. Magovem et al (1996) injected AdCMV.VEGF adenovirus vector
to canine myocardium and demonstrated expression o f VEGF from the muscle. They
found negligible levels of reporter gene expression in the myocardium after intracoronary injection. Mack, Patel et al (1998) used a porcine model of myocardial
ischaemia to test the therapeutic effect o f an adenovirus. Ad. VEGF , ^. They found that
2

direct myocardial injection of the virus 3 weeks after constriction of the circumflex
artery improved myocardial perfusion and function compared to controls. They also
demonstrated the therapeutic efficacy o f the Ad-VEGF^^i adenovirus in the setting of
peripheral limb ischaemia using the rabbit ischaemic hind limb model (Mack, Magovem
et al, 1998). Additionally, they tested the safety of this viral vector by injecting it into
pigs and mice (Patel et al, 1999). They found little or no inflammation o f the
myocardium in the pigs and no other signs of ill effect. The mice treated with 1000 times
the therapeutic dose o f the virus suffered hepatic inflammation and necrosis and a degree
of anaemia, and 2 o f the group o f 10 died before the completion of the experiment. With
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lower doses, the mice remained healthy.
In plastic and reconstructive surgery, one group (Taub et al, 1998, [1]), have
administered VEGF in an adenoviral vector combined with a lipofection agent,
Lipofectamine, to a unilateral rat ventral skin flap. They administered the virus intraarterially at the time that the flap was raised and 4 days later ligated the pedicle. They
measured the surviving area at 7 days after that and found that the treated flaps had a
greater viable area than controls. They demonstrated no differences in the blood flow
into the flap at the time o f dividing the pedicle or in the number of vessels in the flaps.
They also tried to reduce the time between raising the flap and dividing the pedicle to 3
days, but did not achieve any improvement in survival compared to controls (Taub et al,
1998, [2]).

1.8 Ex Vivo Gene Therapy
An alternative method o f sustained delivery o f a protein to a target tissue is to introduce
cells that are already producing the protein. This is done by inserting plasmid DNA or a
viral vector into cultivated cells. The advantages of this approach include the fact that
the cells can be tested prior to introduction into the animal or patient to ensure an
appropriate level o f protein expression. The variability in transfection efficiency is thus
avoided. In addition, the delay in protein expression that is inevitable when DNA is
introduced into the organism may be avoided as cells are already secreting the protein at
the time of implantation.
The introduction o f plasmid DNA into the cells ex vivo can be performed in the same
ways as are possible with in vivo transfection. A much greater measure of quality
control can be exerted when the transfection is occurring in vitro. Using cationic
lipofection agents such as Lipofectin, transfection efficiencies o f 5-10% can be obtained.
Using viruses, efficiencies of 85% are realistic.
To study the feasibility o f this approach, Wilson et al (1989) seeded Dacron grafts with
genetically modified endothelial cells and implanted them as interposition grafts in
canine carotids. The cells had been harvested fi’om the external jugular, expanded in
culture and infected with a retroviral vector containing the lacZ gene. At 5 weeks the
grafts were harvested, and they were found to contain 25-50% genetically modified
endothelial cells as measured by the detection of functional

6

-galactosidase. Another

group performed similar experiments using endothelial cells (Nabel et al, 1989) and
vascular smooth muscle cells (Plautz et al, 1991) harvested from swine jugular vein. The
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cells were retrovirally infected with the same lacZ gene and then inserted into the
femoral arteries o f the swine. This was achieved by mechanical denudation of the artery
followed by incubation o f the artery segment with the genetically modified cells. The
arteries were harvested at 5 weeks, and cells were found in the wall expressing functional
B-galactosidase.
These studies demonstrate that genetically modified cells can be introduced into
organisms and will express a protein o f interest.
Another group have explored the possibilities of ex vivo gene therapy with VEGF. They
used a retrovirus coding containing the gene for murine VEGF to transfect mouse
myoblasts ex vivo. They injected the myoblasts to deliver the cytokine to mouse
myocardium (Lee et al, 2000), skin and peritoneum (Springer et al, 2000) and to nonischaemic muscle (Springer et al, 1998). In each case, they found exuberant growth of
vascular structures leading to lesions similar to haemangiomas in some cases. No
attempts to invoke a therapeutic response have been reported.
Mann et al (1999) tested the ex vivo transfection technique in a human trial. They used a
group o f patients undergoing lower limb bypass surgery in whom they were trying to
prevent neointimal hyperplasia and graft atherosclerosis. Intra-operatively, they used a
pressure transfection technique to introduce DNA into vein graft endothelium ex vivo.
The DNA was a double-stranded decoy oligodeoxynucleotide that would block a
transcription factor by providing it with a sham binding site. They successfully
demonstrated that the gene was introduced into the endothelial cells of the graft and that
there was some expression o f the gene. No detrimental effect was found in the patient
group, and some reduction in graft failure was noted.
No reports could be found of ex vivo gene therapy being used in a model relevant to
plastic and reconstructive surgery.

1.9 Biolistic gene delivery
This method o f DNA delivery was first reported by Klein et al (1987). They used a gun
powder charge to accelerate tungsten particles into plant cells. DNA was delivered to
the plant cells and evidence of gene expression detected.
Williams et al (1991) used an alternative and more acceptable projection method, helium
gas, which replaced the gun powder that had been previously used. They found that
skin and liver could be transfected in vivo, without injury, and that
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% of cells in

the bombarded area expressed the foreign gene. Wolff et al (1990) found that a similar
percentage o f the cells in the injection area were expressing the lacZ gene when they
injected a 1000 times greater quantity o f DNA. They also found that muscle was 100 or
more times more efficient at absorbing and expressing plasmid DNA than skin. In 1990,
Yang et al demonstrated that the biolistic method could be used to transfect a variety of
cell types in culture and tissue types in vivo including skin, muscle, and liver.
Tang et al (1992) were the first to use biolistically-delivered DNA to demonstrate the
possibilities o f using it to vaccinate an animal model. The expressed protein served as
the antigen to stimulate an immune response. This application of the technology has
been the most widely investigated, with a number of reports of successful vaccinations
using plasmid DNA and the gene gun. These have been reviewed by Donnelly et al
(1997).
Barry and Johnston (1997) reported experiments they performed to compare the
efficiency o f transfection o f intramuscular, intradermal and biolistic gene delivery. They
measured the level of the luciferase reporter gene expression in the injected tissues. They
found that on average, intradermal or intramuscular injection required

1 0 0

times as much

DNA to produce an equivalent amount o f reporter gene expression as produced by the
gene gun. They hypothesised that the reason for this was that the intramuscular or
intradermal delivery places the plasmid extracellularly whereas the gene gun places it
intracellularly. The extracellular DNA will be degraded by nucleases reducing the load of
available DNA.
O f more relevance to gene therapy and therapeutic angiogenesis are the studies
demonstrating the use of the gene gun to deliver cytokine genes and demonstrate
expression. Berm et al (1996) used biolistic gene delivery to inject skin just prior to
wounding on the ventral surface of the rat with a plasmid coding for TGF . They found
6

that the TGFfi was expressed in the wounds for 5 days and that there was a positive
effect on the tensile strength of the wounds as they healed. The optimal effect was
achieved when the DNA was delivered 24 hours prior to wounding.
Andree et al (1994) used the gene gun to administer the gene for EGF to wounds in pigs.
They found that the EGF concentration in the wound fluid rose dramatically (190 fold)
after 24 hours, and this gradually tailed off over 5 days. There was no corresponding rise
in the control wounds. The wounds re-epithelialised 20% more quickly in the treatment
group.
Recently, the gene gun has been used to deliver therapeutic proteins with a durable
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systemic effect Using mice, Klinman et al (1999) injected a plasmid encoding murine
eiythropoietin and found a rise in haematocrit, which lasted approximately one month.
Grafting the injected skin onto other mice verified the source of the erythropoietin as the
treated skin.
There have been no reports o f DNA delivered by biolistic DNA delivery being used to
stimulate angiogenesis.

1.10 Adverse Effects of VEGF Gene Therapy
Although a powerful agent in therapeutic angiogenesis, VEGF has been found to play a
role in a number o f pathological conditions. Thus the main concern is the potential for
pathological angiogenesis and in particular, the stimulation of undetected malignancies
and retinal neovascularisation.
To date, there have been no reports of neoplasia associated with VEGF therapy. Clinical
trials using VEGF have excluded patients with known malignant disease (Henry, 1999),
but any report will cast grave doubt on the future of this therapeutic approach.
Ocular neovascularisation characterises diabetic retinopathy, neovascular glaucoma and
many other blinding conditions. In a primate model of retinal ischaemia-associated
neovascularisation, VEGF mRNA levels are greatly increased in the ischaemic retina and
intra-ocular VEGF levels are correlated with neovascularisation (Miller et al, 1994). The
same group later demonstrated that inhibition of VEGF in the ischaemic retina, by
administration

of anti-VEGF

antibodies

could

prevent

the

development

of

neovascularisation (Adamis et al, 1996). Findings such as these have encouraged
ophthalmologists to investigate ways o f inhibiting the action of VEGF in the eye
(reviewed by Schlingemann et al, 1997). Ophthalmologists have also expressed concern
that therapeutic angiogenesis may precipitate pathological angiogenesis in the eye
(McKibbin and O’Neill, 1999). The clinical trials of therapeutic angiogenesis have
monitored the eyes o f patients enrolled and have reported no adverse effects.
In the trials o f VEGF gene therapy in ischaemic limbs, about half of the patients treated
experienced transient oedema o f the treated limb and to a lesser extent of the untreated
limb (Baumgartner et al, 1998). This had its onset 1-3 weeks after the treatment and
settled spontaneously. It was interpreted as an indication o f VEGF expression, as
VEGF causes vascular permeability as well as angiogenesis. Another observation in the
first patient reported (Isner et al, 1996) was the appearance of spider naevi on the
treated limb about a week after treatment. These resolved spontaneously.
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Lee et al (2000) reported finding vascular tumours in the myocardium of mice treated
with VEGF gene therapy. They injected murine myoblasts that had been transfected
with a retrovirus containing the gene for VEGF into immunodeficient mice myocardium.
All mice thus treated exhibited a failure to thrive within two weeks and almost half had
died. They found vascular tumours resembling haemangiomas in the myocardium of the
remaining living mice. The results were similar when the myoblasts were injected into
skeletal muscle (Springer et al, 1998). This finding and other features of VEGF biology
were reviewed by Carmeliet (2000), who concluded that, although VEGF therapy was
an attractive goal, a number o f important questions remained. A range of other
angiogenic factors is needed for the production o f mature and durable vessels. Over
expression o f VEGF by therapy may lead to an imbalance of these signals and an
overproduction o f endothelial cells that fail to become vessels. There are also questions
regarding which isoform would be the most effective. The more soluble factors such as
VEGFAjgj will tend to have more systemic side-effects whereas the less soluble ones
such as VEGFA,^ may have more reliably local effects.
Gene delivery using adenoviral vectors has been problematic because of immune
reactions to the vector. This was highlighted by the death of a patient in gene therapy
trial at the University of Pennsylvania in 1999. The patient was 18 years old and was
being treated for ornithine decarboxylase deficiency. It appears that he died as a result of
hepatotoxicity secondary to what appears to have been a very high viral load (Teramoto
et al,

2

0

0

0

), and the adenovirus was administered into the hepatic artery rather than

intravenously as the protocol stipulated (The Lancet, editorial, 2000).
From this summary o f the reports o f adverse effects, it can be seen that therapeutic
angiogenesis with gene therapy has a number of potential problems. These problems
must be addressed in research to prevent harm to patients when the technology is
applied in clinical situation.

1.11 Green Fluorescent Protein fGFP)
GFP was discovered by Shimomura et al (1962) in the Pacific Northwest jellyfish,
Aequorea victoria. The protein became useful to researchers when Prasher et al (1992)
cloned and sequenced the gene and when Chalfie et al (1994) and Inouye and Tsuji
(1994) demonstrated that expression o f the gene in other organisms generated
fluorescence. Chalfie et al noted that, as no co-factor was necessary for expression of the
fluorescence, GFP expression could be used to monitor gene expression and protein
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localisation in living organisms. Work was done to characterise the protein’s structure
and stability in various conditions o f temperature, pH and other variables (reviewed by
Tsien, 1998). Also defined was the emission spectrum. Since then, work has been done
to improve the qualities o f the proteins to make them more useful for laboratory
applications. Mutations o f the protein have produced proteins that retain simple
excitation and emission spectra similar to that of fluorescein, but with a brighter and
more visible green. An example of such a mutant is EGFP (Enhanced Green Fluorescent
Protein, Clontech Laboratories Inc., Palo Alto, California, USA).
The GFP has been used as a tag to reflect levels of gene expression. The gene is inserted
downstream of the endogenous gene promoter and the fluorescence is seen when the
gene is expressed. This has worked well in the case of VEGF. GFP was inserted
downstream o f the VEGF promoter, and a transgenic strain of mice was created
(Fukumura et al, 1998). They were used to demonstrate the pattern o f VEGF expression
in wound healing and also in tumour growth. It appeared that the stromal fibroblasts
play an important role in VEGF production for tumour-related angiogenesis as well as
the tumour cells themselves. Kishimoto et al (2000) have also generated a strain of
transgenic mice with the VEGF promoter driving GFP expression. Their studies of
wound healing localise most VEGF expression to the epidermal kératinocytes, as
suggested by other authors (and not fibroblasts as suggested by Fukumura et al).
Unfortunately, success in this model is not always achieved. Endogenous gene
promoters may not be powerful enough to drive GFP expression to the extent that it
becomes visible. The threshold for visibility is approximately 100,000-1,000,000 copies
o f the protein per cell (Tsien, 1998). This fact contributes to the main criticism of GFP,
that of being less bright than other labelling systems. This is due to the fact that it lacks
the amplification element. Unlike luciferase, for example, it is not an enzyme that
catalyses an indefinite number of substrate molecules. Each GFP molecule represents
one fluorophore of light.
The most successful application o f GFP has been as a fusion tag to monitor the location
of proteins. The ideal result o f the fusions is a protein that retains its normal functions
and locations but also fluoresces. A summary of the situations in which GFP has been
used as a tag was published in 1995 (Cubitt et al), but the list is now more extensive.
Generally, fusions between the caiboxy terminal o f the gene of interest and the amino
terminal of GFP need no special flexible peptide link (Cubitt et al, 1995).
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1.12 Overview of Intended Research
The information reviewed above led to the hypothesis that it would be possible to
stimulate angiogenesis in flaps that are used in reconstructive plastic surgery. This might
be possible using gene therapy or recombinant cytokines, and a series of experiments
were devised to evaluate these possibilities.
The genes for VEGFA ^^ , VEGFB^g, and VEGFB,^ were obtained in expression vectors,
5

as was an expression vector containing the gene for EGFP. The initial aim was to insert
the VEGF genes into the GFP expression vector such that the two proteins would be
produced as a fusion protein. Labelling VEGF thus would enable easy identification of
cells in culture that were expressing VEGF (i.e. were transfected). In vivo, the label
could also be used to identify expression o f the administered DNA when gene therapy
approaches were attempted.
The work was to be divided between two researchers, and the areas to be investigated in
this thesis were the use o f ex vivo gene therapy, an in vivo approach using biolistic
DNA delivery, and comparison o f these with the injection of recombinant cytokines to
stimulate angiogenesis. The ex vivo approach was to transfect stably a population of
Sprague-Dawley rat fibroblasts with each o f the three plasmids containing the fusion
gene and an EGFP control and to inject these into experimental animals to stimulate
angiogenesis. The other researcher was to investigate the injection of naked plasmid
DNA into experimental animals to the same end.
The animal model chosen was the rat abdominal skin flap described by Finseth and
Cutting (1977). It was a large flap, 9cm x 9cm, from the xiphistemum to the pubis. The
skin of this area is supplied by four vascular pedicles, superficial inferior epigastric
vessels and superficial superior epigastric vessels bilaterally. Finseth and Cutting
demonstrated that dividing all but one o f the superficial inferior pedicles resulted in an
island flap on the ipsilateral side, with a random extension on the contralateral side.
They found that in their control group, after a week, there was a consistent pattern of
death in the comer o f the flap furthest from the supplying pedicle. This area of
ischaemic necrosis was to act as the physiological measure of angiogenesis for the
intended research. For this, a flap identical to that described by Finseth and Cutting was
to be used, except that its dimensions were to be

8

cm x

8

cm. This was because a

previous researcher in the department had used the flap with these dimensions and
found a comparable area of death in the ischaemic comer of the flap (Raine C,
unpublished data).
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other outcome measures to be examined were the angiographic appearance of the skin
flap and the histological appearance o f the skin at the end of the week. The angiograms
were performed by cannulating the supplying epigastric vessel and injecting contrast.
The microscopic appearance o f the flaps was assessed with particular reference to
differences in the vascularity o f the skin between treatment and controls. From these
experiments, it was hoped to demonstrate the effect o f the various treatment modalities
on the survival o f the skin flaps.
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Figure 1.5.1.1

Schematic diagram demonstrating alternative exon splicing to

generate different isoforms of VEGFA containing different numbers of amino acids.
Exons are the boxes and introns the lines (Ferrara et al, 1992).
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Schematic diagram demonstrating alternative exon splicing to

generate different isoforms of VEGFB containing different numbers of amino acids.
Exons are the boxes and introns the lines. The grey box is smaller in VEGFB
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, as

the stop codon for that form occurs within the exon (adapted from Olofsson,
Pajusola, von Euler et al, 1996).
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Figure 1.5.1.9 Binding interactions between the VEGF species and the receptors (after
Yancopoulos et al, 2000).
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2 PLASMID PREPARATION
2.1 Materials
Escherichia coll JM109 competent cells (genotype endAl, recAl, gyrA96, thi, hsdR ll,
(V ,n\+ ), relAl, supE44, lambda(-, ((lac-proAB\ [F', traD36, proAB, /a d ^ (M 1 5 ]),
subcloning vector pGEM-T, restriction enzymes EcoRl and BamHl, marker DNA’s
Lambda DNA/EcoRl+Hindlll and phiX174, the set o f individual dNTP's, Wizard* Plus
SV Minipreps DNA purification system, boric acid and T7 promoter primer, T4 ligase
and buffer for the ligations were obtained from Promega, Madison, Wisconsin, USA.
The pEGFP-N2 expression vector and Kanamycin selection antibiotic were obtained
from Clontech Laboratories Inc., Palo Alto, California, USA.
The pcDNA3.1(-) vectors containing the genes for VEGFA, V E G F B , a n d VEGFB,,g
were kindly donated by Am rad Pharm aceutical Research and Development,
Burnley, Victoria, Australia.
Custom primers and Tris base were obtained from Life Technologies, Palo Alto, Calif,
USA. Sterile 15ml and 50ml centrifuge tubes and T25 and T75 tissue culture flasks were
obtained from TPP, via Life Technologies.
Taq polymerase, lOx PCR buffer, MgCl^, GenElute PCR DNA purification kit, sodium
acetate for ethanol precipitation and 0.5M EDTA solution were from Sigma-Aldrich,
Castle Hill, New South Wales, Australia.
Isopropanol for the QIAquick Gel Extraction kit, ethanol for concentration of plasmid
DNA, acetic acid for adjusting the pH o f 3M sodium acetate for ethanol precipitation
and glycerol for freezing transformed bacteria were from A nalar (Merck Pty Ltd),
Kilsyth, Victoria, Australia.
The QIAquick Gel Extraction kit was from Q iagen, Clifton Hill, Victoria, Australia.
The polyacrylamide gel apparatus was from Biorad Laboratories Pty Ltd, Regents
Park, New South Wales, Australia.
Plastic cryogenic vials for freezing cells were obtained from Iwaki, via Crown Scientific,
Moorebank, New South Wales, Australia.
Plastic microcentrifuge tubes were from obtained Eppendorf, Hamburg, Germany.
The mineral oil used to cover the top o f the PCR reactions was from Perkin Elm er,
Gladesville, New South Wales, Australia.
The 0.22pm filters for filter sterilisation were obtained from M illipore A ustralia Pty,
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North Ryde, New South Wales, Australia.
Agar plates were obtained from Becton Dickinson Labw are, Franklin Lakes, New
Jersey, USA.
The Polaroid camera and film were from Polaroid (UK) Ltd, St Albans, Hertfordshire,
England.
Scalpel blades for cutting out segments o f agarose gel were obtained from Swan-M orton
Ltd, Sheffield, England.
Ethidium bromide was obtained from AMRESCO, Solon, Ohio, USA.
All water used for the reactions was reverse osmosis (distilled) water unless otherwise
stated.

2.2 Methods
Summary o f aims:
a) Modify plasmid containing green fluorescent protein gene to add one of VEGFA,
VEGFB

or VEGFB^^ genes.

b) Verify the presence o f the VEGF gene by checking nucleotide base sequence of
three new plasmids, pVEGFA-GFP, pVEGFB^^^-GFP or pVEGFB,^-GFP.

2.2,1 Introduction
The first part o f the work was to prepare the plasmids that would be used in the gene
therapy experiments, pVEGFAj^j-GFP, pVEGFB,^,-GFP, and pVEGFB^gg-GFP. To do
this, working stocks o f the three VEGF plasmids and the Enhanced Green Fluorescent
Protein plasmid (pEGFP) were prepared. This involved transforming competent E. coli
cells by inserting each o f the four plasmids into four separate lots of bacteria. The
bacteria were cultured in liquid culture broth and the plasmid DNA extracted. The DNA
was concentrated and quantified Aliquots o f bacterial cells containing each of the four
plasmids were frozen to provide stocks o f transformed bacteria.
The VEGF genes were supplied in the expression vector, pcDNA. In the next stage, the
VEGF genes were removed from pcDNA and amplified using the polymerase chain
reaction (PCR). This stage involved designing primers that mutated the ends of the
VEGF genes in the plasmids. Then, using multiple cycles of PCR, many copies of the
VEGF genes with mutated ends were produced. The mutations in the ends of the VEGF
46

genes facilitated their insertion into the pEGFP plasmid. These VEGF genes were
purified from the other reaction components, concentrated and quantified.
The next stages were to linearise, purify, and concentrate the pEGFP plasmid and then
insert the VEGF genes into it. This produced three plasmids pVEGFAj^ -GFP,
5

pVEGFB jg^-GFP, and pVEGFB ^^-GFP. The plasmids containing these fusion genes
were inserted into more E. coh bacteria and stocks created. Verification of these fusion
genes was performed by cutting the inserts out again fi-om aliquots of the plasmids and
electrophoresing them on a gel.
In addition, the sequences o f the nucleotide bases in the area of VEGF gene insertion
were checked
This sequence of events is summarised in diagram 2.2.1 at the end of the chapter.

2,2,2 Preparation o f Agar Plates and Liquid Culture Medium
Liquid culture medium was used to culture E. coli bacteria containing the plasmid DNA
of interest. From these bacterial broth, the DNA was extracted and purified. Two types
of media were used in this work, Luria-Bertani medium and SOC medium.
Luria-Bertani (LB) medium was prepared by adding lOg bacto-tryptone, 5g bacto-yeast
and lOg sodium chloride to a beaker containing a magnetic stir bar. To this was added 1
litre of reverse osmosis (RO) water. The mixture stirred until the salt was dissolved.
This medium was transferred to a clean sterile glass bottle and autoclaved.
For SOC medium, 950ml RO water, 20g bacto-tryptone, 5g bacto-yeast and 0.5g
sodium chloride were added to a beaker and the mixture was then stirred to dissolve the
solids. To this was added 10ml o f 250mM solution o f potassium chloride (KCl). This
solution was prepared by dissolving 1.86g o f KCl in 100ml of RO water. The solution
was made up to 1 litre and autoclaved on a liquid cycle.
Before the medium was used, 5ml o f a sterile solution o f 2M magnesium chloride
(MgCl^) were added. This solution was prepared by dissolving 19g MgClj in 90 ml of
water and making the volume up to 100 ml. The solution was then autoclaved to sterilise
it.
To complete the SOC medium, just before use, 20ml o f a sterile IM solution of glucose
was added. This solution was made by dissolving 18g o f glucose in 90ml water, and once
dissolved, making the volume up to 100ml. This solution was then sterilised by filtering
through a 0.2pm filter.
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Agar plates were used to culture bacteria following transformation. To make agar plates,
15g bacto-agar per litre o f medium was added to both of the media just prior to
autoclaving. The agar was dissolved in the medium by the heat of the autoclave. The agar
was stored in sterile bottles and heated in a microwave oven prior to use to soften
enough to pour. After heating, the agar was allowed to cool to around 50®C before the
selecting antibiotic was added.
Plates were prepared with either 50pg/ml ampicillin or 30pg/ml kanamycin. These were
the concentrations recommended for selection of the bacteria containing pcDNA
(Invitrogen data sheet) and pEGFP (Clontech data sheet) plasmids respectively. Cooling
was necessary to prevent damage to the antibiotic. The combination of agar and
antibiotic were stirred and approximately 20ml poured into each 90mm plate. The plates
were inverted to dry in a fume hood before storing inverted at 4®C.

2.2.3 Transformation o f E. coli Competent Cells with pcDNA3.1(-)
Vectors Containing VEGF Genes and pEGFP-N2 Plasmid
This was achieved using the standard transformation protocol provided by Promega.
The JM109 competent cells were thawed from -80°C in an ice bath for 5 minutes.
Aliquots of lOOpl were pipetted into a sterile pre-chilled microcentrifuge tube and 25ng
of pcDNA3.1(-) added to each, mixing gently with the pipette tip. The tubes were
placed on ice for 10 minutes, heat shocked in a water bath at 42®C for 45 seconds and
then placed back in the ice for a further 2 minutes. The transformed bacteria were
transferred to a 15ml sterile tube containing 900pi of SOC medium, and the tubes were
incubated at 37®C for 1 hour shaking at 225rpm in an orbital shaker. 200pi of each
transformation mix were spread on to SOC agar plates prepared

with50pg/ml of

ampicillin and incubated, inverted, for about 16 hours at 37°C.
The transformation o f the pEGFP-N2 plasmid was performed inan identical manner,
but the agar plates were prepared with 30pg/ml of Kanamycin.

2.2.4 Preparation o f Plasmids
Preparation o f plasmid DNA was to provide stocks o f the pcDNA-VEGF and pEGFPN2 plasmids for use in the cloning reactions. For these, the Promega Wizard* Plus SV
Minipreps DNA purification system was used.
A single colony was taken from each o f the transformation plates using a small wire
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loop and used to inoculate 5-10ml of SOC or LB culture medium in a 50ml sterile tube.
The culture medium had been prepared with the appropriate amount of the selection
antibiotic. The tubes were incubated for 12-16 hours at 37°C shaking at 225rpm in an
orbital shaker.
For preparation of the VEGF plasmids, 3ml of bacterial cell culture were used. Each was
centrifuged for 5 minutes at 10,000rpm to produce a pellet of cells, and the supernatant
was pipetted off. The cells were resuspended in 250pl of the cell resuspension solution
(50mM Tris-HCl (pH 7.5), lOmM EDTA, lOOpg/ml RNase A). They were then lysed
by adding 250pl of the cell lysis solution (0.2M NaOH, 1% SDS) and inverted four
times as recommended. 10pi Alkaline Protease solution was added to inactivate
endonucleases

and then 350pl

of neutralisation

solution

(4.09M

guanidine

hydrochloride, 0.759M potassium acetate, 2.12M glacial acetic acid) to neutralise the
alkaline lysis. The tube was centrifuged at 14,000rpm for 10 minutes to separate the
bacterial lysate from the DNA in solution.
The supernatant containing the plasmid DNA was carefully pipetted off and transferred
to spin columns provided in the kit. This was centrifuged at 14,000rpm for 1 minute to
trap plasmid DNA in the filter in the column. The DNA was then washed with column
wash solution (60% ethanol, 60mM potassium acetate, lOmM Tris-HCl). First 750pl
was added and the column spun for 1 minute and then 250pi was added and the column
spun for 2 minutes. The plasmid DNA was then eluted from the column into a sterile
microcentrifuge tube with 100 pi of nuclease-free water and stored at -20®C.

2.2,5 Restriction Digest of Plasmid DNA
In order to establish the size and to estimate the concentration of the DNA, it was
necessary to linearise the plasmid DNA using a restriction endonuclease. Different
enzymes have different nucleotide sequences that they recognise and cut. The base
sequences recognised by two restriction enzymes, EcoRl and BamHl, are shown in
diagrams in section 2.2.9.
A typical reaction was set up as follows:
] Ox Buffer

2.0pl

Bovine Serum Albumen (BSA)

0.2^1

DNA

6.0gl

Enzyme (e.g. E coR l)

0.5^1

Sterile MilliQ w ater to 20gl

11.3pl

IT'

The volume of the DNA depended on the concentration of the DNA to be cut. The
volume o f the enzyme used was dependent on the quantity of DNA to be cut and the
recommended minimum o f enzyme was 1 unit per microgram of DNA. A typical
plasmid Miniprep would yield l-2pg o f DNA per millilitre of liquid medium used. The
reaction volume was made up to 20pl with water and then incubated for 2-4 hours at
37°C in a water bath.

2.2.6 Gel Electrophoresis o f Plasmid DNA
A 0.8% agarose gel was prepared using 0.32g of DNA grade agarose and 40ml of Ix
TBE, diluted from a stock of 5x TBE. This was prepared by dissolving 54g of Tris base
and 27.5g o f boric acid in 900ml o f RO water, adding 20ml of 0.5M EDTA, correcting
the pH o f the solution to 8.0 and adding RO water to make 1 litre. The mixture was
heated in a microwave oven to dissolve the agarose and then cooled. At about 50°C, Ipl
of ethidium bromide was added to the agarose gel solution. This acted as a stain to
enable the DNA to be visible in the gel. The agarose/TBE solution was poured into the
gel tray, which was previously prepared with tape to block the ends of the tray and a
comb to produce the wells. Once the agarose was set, the tray was placed in the
electrophoresis bath (Biorad) and covered with 1 x TBE.
Typically, the wells were loaded with Ipl o f marker DNA in the first lane. For the
VEGF and GFP plasmids, the marker was Lambda DNA/EcoRl+Hind III. This marker
has a double band comprising bands o f 5,148 and 4,973 bases, which corresponded well
with the molecular weights o f the pEGFP-N2 plasmid (MW 4.7 kilobases) and the
pcDNA-VEGF genes (around 6 kilobases). The marker was diluted with 4pl o f water
and Ipl o f loading dye. Usually, 8pi of the plasmid digest solution of the three VEGF
plasmids and the GFP plasmid were loaded. The linearised plasmids were loaded with
3 pi of dye. The loading dye served to hold the DNA solution in the wells (as it was
denser than the buffer) and to provide visible evidence o f the electrophoresis. It
contained three coloured dyes that travelled down the gel at a rate corresponding to that
o f three known DNA sizes.
To produce the electrophoretic separation of the bands, a DC voltage of 80V was
applied across the gel for 1-2 hours. DNA is negatively charged and so moved from the
negative to the positive electrode. The DNA bands were visualised by transillumination
of the gel with an ultraviolet light source (wavelength 350nm). The gel was
photographed using a Polaroid camera. The size of the linear sample DNA fragment was
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estimated by comparison with the known sizes o f the DNA fragments in the marker.
The amount o f sample DNA in the gel was estimated by comparison of the sample band
intensity with that o f the marker bands whose mass was known.

2.2.7 Establishing Glycerol Stocks
Once the agarose gel electrophoresis had demonstrated that the bacteria contained the
plasmid o f interest, 0.85ml o f the remainder o f the overnight bacterial culture were
combined with 0.15ml of autoclaved glycerol in a labelled cryogenic vial. The vial was
then immersed in ethanol and dry ice to snap freeze the bacteria. The tube was then
stored at -80®C.
To use the frozen bacteria for cultures, a sterile needle was scraped across the top of the
frozen medium and the bacteria adherent to the needle used to inoculate an agar plate
prepared with the appropriate selection antibiotic.

2.2.8 Polymerase Chain Reaction
This part o f the work was necessary to fulfil several objectives. The three VEGF genes
of interest were amplified for the cloning reactions to follow. The genes were isolated
from their pcDNA3.1(-) plasmid by amplifying the VEGF genes using primers that
bound to the plasmid on either side o f the genes. Transcription of the plasmid DNA
sequences started with the primer sequences and progressed 5' to 3' from there. Thus,
after two cycles of denaturing, annealing and extension, much of the DNA comprised
only the segments between the primers and the primers themselves. With further cycles
of PCR, the number of copies of the segment of interest increased exponentially,
producing multiple copies o f the VEGF sequence without the pcDNA plasmid
backbone.
PCR amplification was also used to generate mutations in the sequence of bases at the
beginning and end of each o f the three VEGF genes. The mutations were needed to
introduce restriction enzyme binding sites at the ends of the genes, which were
compatible with pEGFP restriction enzyme sites. These restriction enzyme site
mutations had to be in-frame with the pEGFP multiple cloning site codons in order for
the green fluorescent protein to be translated as a fusion protein with VEGF.
Mutation was also needed in order to remove the stop codon at the end of each of the
VEGF genes. This is a normal feature o f any transcribed gene, but for transcription of
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the VEGF to continue through to GFP without stopping, it had to be removed.
The mutations were produced by designing primers that contained the sequence needed
in each case. This meant that the primers did not quite correspond to the
complementary sequence on the plasmids. However, enough bases were complementary
to ensure accurate binding. Thus, the segments of DNA produced by the cycles of PCR
started with the required sequence o f bases.

2.2.9 Primer Design
Primers were designed for each gene 5' and 3' end. Approximately 20 bases from the
VEGF gene were included in the primer. This was done to provide specificity of primer
binding to the pcDNA plasmid. The mutations were introduced to remove the stop
codons at the 3' end, and finally restriction enzyme binding sites were designed in-frame
with the GFP multiple cloning site. At the 5' end, an EcoRl site was chosen (the
VEGFA already had this site and it was in-ffame), and at the 3' end, a BamHl site was
produced in each case.
For the VEGF A,„ 5' primer, the T7 promoter primer was used.

The VEGFA,g5 terminal sequence was:
5' GA TGT GAG AAG CCG AGG CGG TGA GGA TCC 3’
The TGA was a stop codon.
BamHl cut as shown below:

d G A T C O
C C T A G|G

Therefore, to delete the stop codon and introduce a BamHl site, the template would be:
5’ GA TGT GAG AAG GGG AGG GGG ATC CGA TGG 3’
The complementary DNA would be:
3' GT AGA GTG TTG GGG TGG GGG TAG GGT AGG 5’
Therefore, primer ordered was:
5’ GGA TGG GAT GGT GGG GTT GTG AGA TG 3'
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The VEGFBjg, 5' end sequence was as follows:
5' GCC ACC ATG AGC CCI CTG CTC CGC CG 3’
The ATG represented the starting methionine codon.
Restriction enzyme EcoRl cut as follows:
G a Ia X T C
C X T A |A G

To introduce an EcoRl enzyme site, the bases preceding this AXG codon were changed
as follows:
5’ AT ATA GAA TTC ATG AGC CCT CTG CTC CGC CG 3'
The first five bases are not important, as they were to be cleaved following PCR, and
this was the sequence of the primer ordered. The bases underlined represented the
EcoRl restriction site.

The VEGFBjg^ 3' end was as follows:
5’ GG TGC CGG AAG CTG CGA AGG XGA GCG GCC 3'
As before, the XGA was the stop codon, \^ ich needed to be changed, together with the
bases following to produce a BamH 1 enzyme site. The template therefore was designed
as follows:
5‘ GG TGC CGG AAG CTG CGA AGG AXG CCG GCC 3'
The underlined bases represented the BamHl enzyme site. The complimentary
sequence was:
3' CC ACG GCC TTC GAC GCT TCC TAG GGC CGG 5'
Therefore, the primer ordered was:
5' GGC CGG GAX CCT TCG CAG CTT CCG GCA CC 3'

The VEGFBjgg 5' end is identical to VEGFB,^^ for the first 418 bases so the same primer
was used for both the VEGFB gene 5' ends.
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The V E G F B ,3' end was as follows:
5' CC GTT GCC AAG GGC GGG GCT TAG CGT TTA AAC 3'
The underlined TAG represents the stop codon. To remove this and add a BamHl
enzyme site, the final bases of the template were changed to:
5' CC GTT GCC AAG GGC GGG GCT AGG ATC CTA AAC 3'
Again, the underlined bases represent the new BamHl enzyme site. The complimentary
base sequence is as follows:
y GG CAA CGG TTC CCG CCC CGA TGG TAG GAT TTG 5'
Therefore, the primer ordered was:
5' GTT TAG GAT GGT AGC CCC GCC CTT GGC AAC GG 3'

2.2.10 Preparing Reagents
The dry primers were diluted in sterile MilliQ water to a concentration of
lOpmoles/litre. The T7 promoter primer was used at the dilution supplied
(1.52pmoles/litre).
The stock solution of dNTPs was prepared from a set of individual DNAs. Each was
supplied at lOOmM concentration, and these were combined to give an individual
concentration of 25mM and then diluted by ten to give a stock concentration of 2.5mM.
The lOx PCR buffer and the magnesium chloride solution were used at the concentration
at which they were supplied and were simply divided into small aliquots ready for use.
Template VEGF plasmid DNA prepared by Miniprep was concentrated by ethanol
precipitation.

2.2.11 Ethanol Precipitation
For this manipulation, the volume of DNA solution was estimated, and to this was
added one-tenth volume of 3M sodium acetate. This was prepared by adding 40.8Ig of
sodium acetate.3H20 to 100ml of distilled water and the pH adjusted to 5.2 with acetic
acid. The resulting volume was calculated, and to this, two volumes of 100% ethanol
were added. This solution was then left over night at -20°C to allow the DNA to
precipitate.
The solution was then centrifuged at 14 OOOrpm at 4°C for 30 minutes. The ethanol was
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pipetted off and replaced with 500pl 70% ethanol. This was vortexed briefly to
resuspend the DNA and spun again in the same conditions for a further 15 minutes. The
supernatant was again removed and the DNA dried completely at room temperature
before resuspending the DNA in lOpl of autoclaved MilliQ water. One microlitre of the
resulting concentrated DNA solution was run on an agarose gel to check for quality and
concentration. Using this estimate of the concentration, the template DNA was diluted
to a concentration o f 5ng/pl.

2.2.12 Performing PCR
The first set of three reactions was formulated as follows:

Reagent

lOx PCR buffer

Stock
Concentration

Final Concentration Volume per Reaction

lOx

Ix

5pl

Primer 1

lOpM

0.5pM

2.5pl

Primer 2

lOpM

0.5pM

2.5pl

Template DNA

5ng/pl

O .lng/pl

Ipl

4dNTP mix

2.5mM

0.2mM

4pl

Magnesium chloride

25mM

2.5mM

5pl

Taq polymerase

0,5-1.Opl

5units/pl

29-29.5pl

MilliQ w ater to 50pl

Two drops of mineral oil were added to the top of the tubes were added to prevent
evaporation during the reaction. The cycling parameters were 2 minutes at 94°C initially,
then denaturing for 1 minute at 94®C, annealing for 1 minute at 55°C and extending for 2
minutes at 72°C for 30 cycles. The final phase was 5 minutes at 72® to complete the
annealing.
Following successful first reactions, the three reactions were optimised by varying
several of the reaction parameters. The concentration of the magnesium chloride was
reduced to 2mM. The cycling times were reduced to a denaturing time of 30 seconds,
annealing time of 30 seconds at 58®C, and extension time of 1 minute for 35 cycles. The
final phase was increased to 10 minutes.
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2.2,13 Viewing PCR Product
The size of the polymerase chain reaction products of VEGFA, VEGFB

and

VEGFB,gg were 697, 584 and 644 base pairs, respectively. DNA fragments were
visualised on a 6% polyacrylamide gel using the polyacrylamide gel assembly (Biorad).
The glass plates were assembled into the clamp and fixed into the holder. The
constituents of the gel were added to a 15ml tube in the following order to make 7.5ml
gel volume:
40% bisacrylamide
5x TBE
MilliQ water

1.25pl
1.5pl
4.67pl

10% amonium persulphate

75pl

TEMED

7.5pl

The 10% ammonium persulphate solution was made up by combining Ig of crystalline
ammonium persulphate with MilliQ water to make up the volume to 10ml. The gel was
poured between the plates and the comb inserted, taking care to exclude any air bubbles.
Once the gel was set, the comb was removed, the wells flushed out with TBE and the
plates and gel were placed in the bath. The bath was filled with TBE, and the samples
loaded. The samples comprised 15pl of the 50pl PCR volume and 3pl of loading dye.
The DNA marker used was phiX174/HindIII, which has a band at 603 bases, making it
suitable for comparing with the PCR products. Ipl marker was combined with Ipl
loading dye and 3pi water before loading. The electrophoresis voltage used was 100
volts for a period of 40-60 minutes. Once the marker bands were satisfactorily
separated, the gel was removed from the glass plates and transferred to a shallow tray.
20ml TBE and 1pi ethidium bromide were added to the gel and left for 1 minute to stain
the DNA in the gel before viewing on an ultraviolet transilluminator. As before, the gel
appearance was recorded using a Polaroid camera (Figure 2.2.13).

2,2,14 Purification of Polymerase Chain Reaction Products
The next stage was to purify the amplified DNA sequences to prepare the VEGF genes
for ligation. The GenElute PCR DNA purification kit was used to purify the amplified
DNA from the other components of the reaction.
To each completed reaction was added 0.5ml of “binding” buffer from the kit. A spin
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column was placed on top o f a microcentrifuge tube and the sample added to the
column. The tube was centrifuged in a bench top centrifuge at maximum speed for 30 to
60 seconds. The eluant containing template DNA, dNTPs, magnesium chloride and
primers was discarded. The PCR product, which remained bound to the filter, was
washed twice with 0.5ml of the ethanol-containing wash buffer and then added to the
spin column, which was spun for 30 to 60 seconds at maximum speed, with the eluant
discarded each time. The column was spun again for 2 minutes to diy the ethanol from
the column. The column was then transferred to a clean, labelled microcentrifuge tube,
and 50pl o f sterile MilliQ water was added to the column. This was incubated for 5
minutes and then spun for 60 seconds to elute the DNA into the tube.
An alternative method of purification was also used for the purification of later PCR
reactions. This was simply to proceed with the protocol for ethanol precipitation once
the presence o f the PCR product was established. The sodium acetate and 100% ethanol
were added directly to the completed PCR tube.

2.2.15 Ligation o f PCR Products into pGem-T Sub-Cloning Vector
The purified PCR product was a solution o f linear double-stranded DNA. The sequence
of the DNA comprised the genes o f interest and the inserted restriction enzyme sites for
EcoRl and BamHl. The stop codon at the end o f the VEGF sequence had been removed
to allow transcription to proceed straight through the VEGF and GFP genes. This would
occur once the VEGF gene was inserted into the pEGFP-N2 expression vector, which
was the ultimate aim.
However, attempts to create heterologous "sticky ends" by performing double digests
on the PCR products and ligating this into the pEGFP-N2 expression vector were
unsuccessful. This was thought to be due to the inefficiency on the enzymes at cutting
the DNA fragments at restriction sites so close to the ends of the DNA strand.
Therefore, the alternative strategy employed was to use the subcloning vector pGEMT. This took advantage of the fact that the enzyme taq polymerase leaves "A"
overhangs on the PCR products. The vector pGEM (Promega) is a plasmid that is
supplied in a linear form and has "T" overhangs at the 3' terminal end. This provides
reciprocal bases at each end of the PCR product and the subcloning vector to facilitate
ligation. It is supplied with a small segment of DNA that can be used as a positive
control insert to verify the efficiency o f the ligation reaction. The method involved
ligating the three VEGF genes into the pGEM vector and, cutting them from this,
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purifying them again and ligating them into the pEGFP plasmid. The benefit of this
method was that the restriction enzymes, EcoRl and BamHl, would then be cutting the
VEGF inserts from much longer strands of DNA, which is normally very efficient.
The molar ratio of linear vector to PCR product insert chosen for the ligation reaction
was 1:1. The mass of the vector was 3 kilobases (kb) and that of the PCR product was
0.6 kb. Therefore, the ratio of the masses of vector and insert was 5:1. In order to ensure
a final 1:1 molar ratio, five times the mass of vector would be needed. To produce this,
the pGEM vector was added at a final concentration five times that of the PCR product.
That is, lOOng/pl for the vector and 20ng/pl for the PCR product. The ligation reaction
was set up in microcentrifuge tubes according to the following protocol:

1:1 Ligation

Positive Control

Negative Control

T4 ligase

Igl

Igl

Igl

I Ox ligation buffer

Igl

Igl

Igl

PGEM-T (lOOng/gl)

Igl

Igl

Igl

VEGFA (50ng/gl)

O.Sgl

VEGFB167(100 ng/^il)

0.2gl

VEGFB 186 (10 ng/gl)

2gl

Control insert
MilliQ water to lOgl

6.5gl

6.8|il

5gl

-

-

-

-

-

-

2gl

-

5gl

7gl

The reaction was run at room temperature for 4 hours before the entire ligation reaction
was used to transform competent E. coli bacteria. This was done using the standard
transformation protocol described earlier. The transformation produced good growth of
bacteria on all plates except the negative control, suggesting a successful ligation.
To determine which of the colonies contained the VEGF insert in the pGEM vector,
plasmid was purified from a selection of the colonies and subjected to a double digest.
From each plate, 5 colonies were inoculated into over night cultures of 5ml of LB
medium containing 50pg/ml of ampicillin. Ampicillin is the antibiotic to which the
pGEM plasmid confers resistance. Plasmid DNA was extracted from 5ml of each of
these broths using the Miniprep plasmid preparation kit. 8pl of the lOOpl final DNA
solution volume was double digested with the restriction enzymes EcoRl and BamHl.
An aliquot of the resultant digest was electrophoresed on an agarose gel to determine
which of the five clones contained the VEGF insert.
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For VEGFA, all five clones contained the insert. For V E G F B ,clon es 1-3 and 5
contained the insert, and for V E G F B ,only clone 2 was positive.
The next stage was to prepare a quantity of the VEGF insert sequences for insertion
into the pEGFP vector. This was done by concentration of the plasmids and performing
bulk double digests. The inserts were then separated from the enzymes, buffer, BSA and
the vector by loading the whole digest volumes onto agarose gels and subjecting them to
electrophoresis. This separated the bands of DNA, and the insert DNA could then be
cut out of the gel and purified.
Two of the positive plasmid preparations from VEGFA and VEGFB

and the single

positive “prep” of the V E G F B ,w ere selected to provide this stock of insert. The
remainder of the plasmid prep from the determination above was concentrated using the
standard ethanol precipitation protocol. The plasmid was resuspended in 20pl. Half of
this (lOpl) was then double-digested for 2-4 hours using the following reaction
constituents. Each of the enzymes has a different buffer that produces optimal digesting
of the DNA, so a Multicore buffer was used. According to the manufacturer, Promega,
this produced 75% efficiency of both enzymes was found to be adequate:

DNA

lOul

1Ox buffer

2 m1

lO xB SA

2\i\

EcoRl

2pl

BamHl

2^1

MilliQ water to 20pl

2^1

Once the reaction incubation was complete, the whole reaction volume was loaded onto
a 1% TAE agarose gel. 50x TAE stock was prepared by adding 242g Tris base, 57.1ml
glacial acetic acid, and 100ml 0.5M EDTA to water in a clean measuring cylinder,
making a total volume of 1 litre. This was then used instead of TBE in the preparation
of the agarose gel and for the running buffer.
In order to load this large volume, two adjacent teeth were taped together with autoclave
tape to produce a much larger well when the gel was set. The DNA was subject to
electrophoresis at 80V for 1-2 hours and the DNA bands visualised as usual by
ultraviolet transillumination. Care was taken to expose the DNA to the ultraviolet light
for as short a time as was practical. This was because light of that frequency can degrade
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DNA.
Using a new scalpel blade, the five areas of the gel containing the VEGF inserts were cut
out with the smallest possible cuff o f “empty” gel around them. The gel pieces were
transferred to sterile microcentrifuge tubes in preparation for the next stage of the
purification process.
The DNA was extracted fi-om the gel using the QIAquick gel extraction kit. Each piece
o f gel was weighed, and three volumes o f the buffer QG were added to each tube (if the
gel piece weighed lOOmg, then 300pl of the buffer was added) to dissolve the gel. They
were incubated in a water bath at 50°C for 10 minutes until the gel had dissolved. The
tubes were vortexed every 2-3 minutes during this incubation to aid the dissolution
process. Next, one gel volume o f isopropanol (lOOpl for lOOmg) was added and mixed
by inverting the tubes. The samples were transferred to the spin columns supplied,
labelling each column. The columns and their collection tubes were centrifuged for 1
minute at 14,000rpm in the tabletop centrifuge to bind the plasmid DNA to the matrix
in the columns. The flow-throughs were discarded, a further 0.5ml of the buffer QG
added to the colunms, and they were spun again for a further minute. This was to
remove all traces o f the agarose. The flow-throughs were again discarded. To wash the
DNA, 0.75ml o f buffer PE was delivered to the colunms (ethanol had already been
added to the buffer as directed by the kit). After 5 minutes standing, the columns were
spun for a further minute. The flow-through was discarded, and the columns spun
empty to dry them. The columns were transferred from the collection tubes to sterile
microcentrifuge tubes, 50pl of sterile MilliQ water added to the colunms, and the DNA
eluted from the matrix o f the colunms, with a final spin after a minute’s standing. Five
microlitres of the 50pl in each tube was electrophoresed in a 2% agarose gel to verify
the presence o f the DNA and to estimate the concentration of each insert (Figure
2.2.15). The insert concentrations were estimated at 4ng/pl for VEGFA, 8ng/pl for
VEGFBig, and lOng/pl for VEGFE^g.
There were now five tubes containing a known concentration of the double-stranded
DNA sequence coding for each VEGFs; two for VEGFA, two for VEGFBj^^, and one for
VEGFB,gg. At the start of each segment o f DNA was half of an EcoRl restriction
enzyme site and at the 3’ end was half of a BamHl site.

2.2.16 Preparation o f GFP expression vector
Before the VEGF sequences could be inserted into the GFP expression vector, the
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vector needed to be prepared as a solution of DNA linearised with the appropriate
restriction enzymes. This digest produced the heterologous “sticky” ends to match the
restriction sites on the VEGF segments.
To provide sufficient quantities for ligation reactions, 40ml of overnight liquid culture
inoculated with E. coli was transformed with the plasmid pEGFP-N2. The plasmid
DNA was extracted using the Miniprep kit, as for the VEGF-pcDNA plasmids, and the
DNA resuspended in 400pl of water.
This plasmid solution was concentrated by ethanol precipitation as described above and
resuspended in 40pl of water. To determine the concentration of pEGFP-N2 in the
solution, 2pi were run on an agarose gel and the concentration compared to that of the
marker. Lambda DNA/EcoRl+Hindlll.
The next step was to linearise this stock of pEGFP plasmid, and this was done with
another bulk double digest.
The digest was set up according to the standard protocol, using EcoRl and BamHl. The
reaction contents were as follows:

5pl

lOx Multicore buffer
Restriction enzyme EcoRl

2.5nl

Restriction enzyme BamHl

2.5pl

pEGFP-N2 solution (Ip g /p l)

5pl
O.Spl

BSA

34.5pl

MilliQ w ater to 50pl

Next, it was necessary to separate the linear GFP plasmid from the other components of
the reaction and particularly the small fragment of the plasmid that the double digest had
cut from it. This was achieved by gel purification, as was used for purifying the insert
sequences.
The whole digest volume, 50pl, was combined with lOpl of 5x loading dye. This was
loaded into a 0.8% agarose gel and run at 60 volts for 1 hour. In order to load this large
volume, two teeth of the comb were taped together to produce a double well. Once the
linear GFP band had run down the gel adequately, the band was cut from the gel using a
fresh scalpel blade. This was done on the ultraviolet transilluminator using the reduced
intensity light.
The double-digested GFP plasmid was extracted from the agarose gel using the
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QIAquick Gel Extraction kit used for extracting the VEGF sequences. Three volumes of
buffer QG were added to the weighed gel piece in the tube. There was a 10 minute
incubation to allow the gel to dissolve, and the tube was vortexed every 2-3 minutes
during this incubation to aid the dissolution process. To the resulting solution, a single
volume of isopropanol was added. The tube was then vortexed again.
A QIAquick spin column was placed in a 2ml collection tube, and the gel solution was
added to the column. The tube was spun at 14,000rpm for 1 minute and the flow
through discarded. At this stage, the hnearised plasmid DNA was caught in the column.
The colunm was then filled with 0.75ml of wash buffer and spun again for 1 minute. The
flow-through was again discarded and the colunm spun again to dry the column. Finally
the column was placed in a sterile microcentrifuge tube and the DNA eluted from the
column with SOpl of sterile MilliQ water.
To quantitate the resulting linearised GFP plasmid DNA, 2pi of solution was
electrophoresed in a 0.8% agarose gel. The concentration was estimated by comparison
with the known concentration o f the Lambda DNA/EcoRl+Hind III marker run in the
adjacent lane.

2.2.17 Ligation o f VEGF into pEGFP
The concentrations o f the three VEGF sequences were estimated to be 4ng/ml for
VEGFA, Sng/ml for VEGFB^^^ and lOng/ml for VEGFB^gg. The ligation reactions were
formulated using a molar ratio o f GFP vector to VEGF insert of 1:2. As was calculated
for the pGEM ligation, comparison was made between the mass ratios of the vector and
insert. GFP comprised 4.7 kilobases compared to 0.6 kilobases for the VEGF sequences.
Thus, the mass ratio was 4.7/0.6 or 7.8. That is, pEGFP was 7.8 times bigger. Therefore
a 1:1 molar ratio required 7.8 times as much vector as insert. However, a ratio of 1:2 had
been selected and so 3.9 times as much vector was required. For each reaction, lOOng of
vector was used and with this, 100/4 (3.9 was rounded to 4) or 25ng of insert. There
were two insert tubes for each of VEGFA and V E G F B ,s o there were five reactions.
The final reaction volumes were as follows:
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VEG FA

V EG FB167

V EG FB186

T4 ligase

Ip l

iMl

Ip l

lOx ligation buffer

Ip l

Ipl

Ip l

VEGF insert (25ng)

6fil

3pl

2.5pl

GFP vector (lOOng)

O.Sgl

0.5fil

O.Sgl

MilliQ w ater to lOpl

l.S g l

4.5pl

5pl

1:2 L igation

Also included was a positive control reaction with linearised GFP vector. This had been
prepared by subjecting pEGFP to a single enzyme digest, and then gel-purified and
quantitated exactly as the pEGFP vector for the ligation had been. The negative control
reaction was as above, but with the omission of the VEGF insert. The reactions were
incubated at room temperature for 3 hours before 2pi of each reaction volume was
transformed into separate aliquots of 50pl of E. coli JM109 competent cells. This was
done using the standard protocol, and 200pi of the transformation cultures were spread
onto agar plates prepared with kanamycin (30pg/ml).
The transformations showed growth of colonies in both the VEGFA and VEGFB
reactions, but not in the VEGFBjg^.
The reaction was repeated for the VEGFB

using different vector to insert ratios. The

ratios used were 1:1 and 1:6. The reactions were assembled as before and after the
incubation, transformed as before. There were many colonies on both plates.

2.2.18 Verification of Plasmid Constructs
To check that the plates contained plasmids which consisted of the plasmid and insert,
four colonies from each of the five plates with successfully transformed bacteria were
selected for examination. The colonies were cultured in overnight liquid cultures, and
plasmid was extracted from the bacteria using the Promega Miniprep kit. An aliquot of
the prepared plasmid from each of the 20 cultures was subjected to a double digest with
EcoRl and BamHl, and half of the digest volume was electrophoresed on a 2% agarose
gel. Each of the 20 clones contained the insert when the gels were viewed (figure 2.2.18).

2.2.19 Sequ encing Plasmids
Three clones were selected for sequencing, one from each of the VEGF groups. The
remainder of the prepared plasmid of each of the selected three was concentrated by
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ethanol precipitation and then quantitated, following single digest with BamHl, on an
agarose gel. The concentrations of the concentrated plasmids were all around 200ng/pl.
The sequencing method used capitalises on the ability of DNA polymerase to
incorporate 2x,3x-dideoxynucleoside triphosphates (ddNTPs) into nucleic acids (the
dideoxy sequencing method). When a ddNTP is incorporated into the chain,
transcription stops, ending the chain with A, T, C, or G. The proprietary system used
was the Perkin Elmer BigDye system. This is a thermal cycling sequencing method that
involved using the BigDye mix o f DNA polymerase, dNTPs, and buffer in a polymerase
chain reaction This was provided by the university laboratory that performed the
sequencing. The dye contained a special preparation of dNTP’s. It includes a small
proportion of ddNTPs that are labelled with a fluorescent tag. Each of the four
nucleosides has their own colour. This generates multiple fragments of DNA of different
lengths, each with a coloured tag on the end coding for one of the four nucleosides.
These are all run on a long gel, and from this gel, the nucleic acid sequence can be
elucidated. The sequencing can reliably determine approximately 500 bases from a
primer. Each reaction only uses one primer, so the transcription only progresses in one
direction.
However, both forward and reverse primers were necessary in this case. The VEGF
insert comprised roughly 600 bases, and it was necessary to design primers that bound
to the template about 100 bases from the restriction enzyme sites at each end. This is
because the first 50-80 bases o f sequencing results can be unreliable. Therefore, the total
length o f DNA to be sequenced was approximately 800 bases. The reaction produced
reliable sequencing results for about 500 bases so it was necessary to obtain two sets of
nucleotide sequences, one from each end. A forward primer was designed to bind to an
area in the cytomegalovirus promoter o f the plasmid. A reverse primer was designed to
bind to a sequence in the gene for GFP. The non-sense (reverse) primer was suggested
by Clontech and the second (forward) was designed to bind 80 bases from the EcoRl
site and with a likely annealing temperature similar to that of the non-sense primer.
The primers used, from 5' to 3', were as follows:
Forward primer:

CGG TAG GCG TGT ACG GTG GGA G

Reverse primer:

CGT CGC CGT CCA GCT CGA CCA G

The primers were resuspended to a stock concentration of 5pmoles/pl in TE buffer
(lOmM Tris.Cl (pH 8.0), ImM EDTA). It was decided to sequence only one o f the
apparently successful ligations initially. For each one, two reactions were necessary, and
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they were assembled in a thin-walled PCR tube as follows;

DNA template 1pg (200ng/pi)

5pl

Primer (5pmoles/pl)

Ip l

BigDye mix

8pl

MilliQ w ater to 20pl

6pl

The reaction was performed for 35 cycles of 30 seconds denaturing at 96°C, 15 seconds
annealing at 50°C and 4 minutes extension at 60°C.
To prepare the reaction results for the sequencing step, the DNA sequences were
separated from the other reaction components, concentrated and supplied as a dry DNA
pellet. The ethanol precipitation was performed at room temperature. 2pl (one tenth
volume) of sodium acetate and 50pl (two volumes) of 95% ethanol were added to each
reaction tube and vortexed. They were incubated for 15 minutes to allow the DNA to
precipitate, and then the tubes were centrifuged at 14000rpm in the bench top centrifuge
for 20 minutes. The supernatant was pipetted off and 250 pi 70% ethanol added to each
tube. The tubes were then vortexed to rinse the DNA. The tubes were spun again at
14,000rpm for 10 minutes, the ethanol supernatant removed and the DNA pellet airdried. The pellet was supplied to the sequencing service, which provided sheets of
results (see appendix). The sequences were checked base for base with the known
sequences of the three VEGF isoforms and found to be free of mutations.
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Figure 2.2.13 Gel photograph showing the first PCR products. These
DNA strands contained the new 5' and 3' sequences that provided EcoRl
and BamHl binding sites, respectively.
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Figure 2.2.15 Gel photograph showing the products of bulk digest ready
for ligation into pEGFP-N2 plasmid.
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Figure 2.2.18 Gel photographs showing the results of double digest of the DNA
isolated from VEGF-GFP transformed bacteria. These prove that these bacteria
contain the VEGF-GFP plasmids. Both VEGF and GFP backbone are seen in each gel.
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Figure 2.2.1 Schematic representation of the procedure followed to construct VEGFGFP plasmids.
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3 IN VITRO EXPERIMENTS - Materials and Methods
3.1 Materials
Rat skin fibroblasts were a cell line obtained firom the Am erican Type C ulture
Collection through Life Technologies. They were supplied at passage 14 and were used
until approximately passage 35.
The human umbilical vein endothelial cells were primary cultures isolated by Berlinda
Carlisle at the C entre for Thrombosis and Vascular Research, University of New
South Wales, Sydney. They were supplied at passage 2-3 and were used in the assays at
passage 4-6. Gelatine to make them adhere to the flask was also supplied.
Dulbecco's Modified Eagle Medium (DMEM) sachets. Foetal Bovine Serum (thawed in
37°C water bath and then heat inactivated in bath at 56°C for 20-30 minutes), HUVEC
medium M l99, phosphate buffered saline sachets, trypsin-EDTA, glutamine and
penicillin and streptomycin mix were ordered fi*om Life Technologies, Palo Alto,
California, USA.
The Accucyte Human VEGF ELISA kit was ordered from Cytim m une Sciences Inc.,
College Park, Maryland, USA.
Pipettes, T25 and T75 flasks were made by TPP, and ordered from Life Technologies
The Puragene system for DNA extraction was from C entra Systems Inc.,
Minneapolis, Minnesota, USA.
Large 225cm^ flasks were

obtained

from

Costar

Corporation,

Cambridge,

Massachusetts, USA.
Sterile water for cell culture work was obtained from Baxter Healthcare Pty Ltd,
Sydney, Australia.
Filters for filter sterilisation were obtained firom M illipore A ustralia Pty, North Ryde,
New South Wales, Australia.
Trypan blue for counting cells, endothelial cell growth supplement, heparin, sodium
bicarbonate for preparing culture medium, Brefeldin-A for preventing VEGF-GFP
secretion, and concentrated hydrochloric acid for adjusting the pH of media were
obtained from Sigma-Aldrich, Castle Hill, New South Wales, Australia.
Dimethyl sulphoxide solution (DMSO) was from A nalar (Merck Pty Ltd), Kilsyth,
Victoria, Australia.
Plastic cryogenic vials for freezing cells were made be Iwaki and obtained from Crown
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Scientific, Moorebank, New South Wales, Australia.

3.2 Methods
Summary of aims:
a) Insert the plasmid constructs VEGFA-GFP, VEGFB^g^-GFP, and VEGFBjg^GFP, and control plasmid GFP into rat fibroblasts.
b) Verify the function of plasmid constructs demonstrating GFP and VEGF
expression.
c) Generate four stably transfected fibroblast cell lines expressing each of the above
plasmids for use in in-vivo experiments.
d)Use the polymerase chain reaction to demonstrate the presence of fusion gene in
cell lines.

3,2,1 Introduction to In Vitro Studies
Experiments were designed to show that when the plasmids were inserted into
mammalian cells, the cells were stimulated to produce the fusion proteins (transient
expression). The successfully transfected cells were selected using an antibiotic to which
they were resistant by virtue of a sequence in the plasmid. Once the selection process
was completed, the cells were assayed to determine the level of protein expression in
what were hoped to be stably transfected cells. This was done by means of an enzymelinked immunosorbent assay (ELISA) to detect VEGFA-GFP using antibodies and by
means o f a functional assay to determine the mitogenic effect of the fusion protein on
human endothelial cells.
A Sprague-Dawley rat skin fibroblast line was chosen because of ease of cultivation for
use in a rat model o f ex-vivo gene therapy. This means that the gene to be expressed in
the organism is inserted into cells of that organism ex-vivo. The cells are then injected as
a therapeutic agent. It was important to use cells that would generate as little immune
response as possible vriien injected. Sprague-Dawley rats are an inbred strain and the
purchased fibroblasts had been harvested fi*om that strain. These rat skin fibroblasts
grew in DMEM supplemented with 10% Foetal Bovine Serum (FBS). For routine
culture, the cells were protected from infection by a proprietary antibiotic mixture of
penicillin and streptomycin.
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3.2.2 Preparation of Dulbecco^s Modified Eagle Medium (DMEM)
A clean measuring cylinder containing a stir bar was placed on a magnetic stirrer. To it
was added a sachet of DMEM powder, 3.7g sodium bicarbonate and 850ml of sterile
Baxter water. This was stirred to encourage the powders to dissolve. Once dissolved,
the pH was adjusted with concentrated hydrochloric acid to pH 7.2, and the volume was
made up to 900ml. The cylinder was transferred to a biological safety cabinet for filter
sterilisation. Using wall suction, the liquid medium was drawn through a filter (pore size
0.22pm) and into a sterile glass bottle. The medium was stored at 4°C.
Just prior to use, the medium was completed with 100ml of heat-inactivated FBS, The
final FBS concentration used was therefore 10%. Usually, unless the cells were being
transfected or treated with another antibiotic (G418), a combination of penicillin and
streptomycin was added to guard against bacterial infection. This was supplied at
10,000 units/ml penicillin and 10,000pg/ml streptomycin and was diluted 100 times in
the complete medium.
The medium contained glutamine that denatured over time following reconstitution.
Thus, it was necessary to replace it fortnightly during storage. This was supplied at
200mM and was diluted 100 times in the medium.

3.2.3 Thawing and Initial Culture o f Rat Fibroblast Cell Line
The cells were removed from the liquid nitrogen and transferred to a water bath at 37°C.
After 2 minutes, the vial o f thawed cells was wiped with a cloth soaked in 70% ethanol
and transferred to the biological safety cabinet. All procedures involving cells or media
were performed in a sterile fashion in the safety cabinet. Using a transfer pipette, the
cell suspension was transferred to a 15ml sterile tube. 10ml of room-temperature
DMEM were added in a dropwise fashion to slowly dilute the 10% DMSO in medium
used for freezing. The tube was flicked to mix the cells and then centrifuged at 1,OOOrpm
for 8 minutes. The supernatant was poured off and the tube flicked to resuspend the
cells. A further 10ml o f warm medium were added, and the tube was re-centrifiiged.
Again, the supernatant was poured off, the cells resuspended in the small amount of
medium remaining in the tube and 7ml of fresh medium added. The cell suspension was
then transferred to a 25ml flask and incubated at 37®C in 5% COj and 100% humidity.
The medium was changed every 2-3 days to replace nutrients consumed by the cells.
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3,2.4 Passaging Cells
Once the cells in the initial flask reached confluence on the side of the flask, it was
necessary to remove them from the flask and split them into two or three flasks to allow
continued multiplication. This was done by removing the culture medium, washing the
cells with buffered saline, separating the cells from the flask using trypsin, and then
centrifuging the cell suspension to collect the cells and remove the trypsin.
Aliquots of phosphate-buffered saline (PBS), DMEM and trypsin were warmed to
37°C in a water bath. PBS was prepared by combining a sachet of PBS powder and one
litre of sterile Baxter water in a measuring cylinder and filter-sterilising it in the same
way as for DMEM. Once warm, the exteriors of the bottles were cleaned with 70%
ethanol and transferred to the fume hood along with the flask of cells. The medium was
removed by pipetting, and 10ml o f PBS was added (for T75 flask) and washed over the
cells to remove the medium containing FBS. The PBS was removed and replaced with
1ml or 3ml of trypsin solution (for T25 and T75 flask, respectively). The flask was
incubated for 5 minutes at 37°C to allow the trypsin to detach the cells from the flask
wall. The flask was then tapped to release any remaining adherent cells. 3ml of medium
was run down the flask floor to wash the cells down to the bottom, and the cells and
medium were pipetted into a sterile 15ml centrifuge tube. The tube was centrifuged at
room temperature for 8 minutes at 1,OOOrpm and the supernatant poured off. The cells
were resuspended in the little remaining fluid, 6ml of medium was added and the cells
and medium pipetted into a fresh T75 flask. The volume was made up to 14ml, and the
flask was incubated at 37®C.

3.2.5 Counting cell numbers
Prior to cryopreservation and preparation for assays or for transfection, the number of
cells collected from a flask was estimated.
The cell pellet was resuspended in a known volume such as 1ml. From this was taken
lOpl of cell suspension and to this added 10-95pl of Trypan blue (exclusion dye that
differentiates between living and dead cells), depending on the expected number of cells.
For a T75 flask, 95pi o f Trypan blue would be used. lOpl of resulting dye/cell mixture
was then loaded into each side of the Hæmocytometer slide and the number of living
cells in five of the squares counted. The mean was calculated and used in the following
formula:
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No. of cells
counted

X

dilutionof media
Trypanblue(20

with

number of cells
X 10* =
in this case) in 1ml o f media

3.2.6 Freezing Cells
It was necessary to freeze stocks of cells to provide a back-up supply. In each tube, 25x10® cells were frozen. Once the cells were counted, the cells were suspended in about
6ml of medium and centrifuged again. The medium was then poured off, and the cells
were resuspended. I ml of 10% DMSO medium (9ml DMEM medium to which 1ml
DMSO has been added) was added in a dropwise fashion. After each drop, the cell
suspension was mixed to ensure gradual exposure of the cells to the DMSO. The volume
of the freezing medium was usually 1ml per tube. Once the DMSO medium was added,
the cells and medium were transferred to labelled, sterile, screw-top, 1.5ml tubes. These
tubes were placed in an isopropanol bath at -80°C to freeze the cells gradually at a rate
of 1°C per hour. Once frozen, they were transferred to liquid nitrogen.

3.2.7 Transfection Optimisation
In order to obtain the most efficient insertion of the plasmid DNA into the rat
fibroblasts, a single-plate optimisation was performed to determine the best DNA and
transfection agent concentration. A protocol for this was supplied by Life Technologies,
which supphed the transfection reagent. The agent used was Lipofectin, a cationic lipid
reagent developed for transfecting eukaryotic cells in culture. The agent works by
combining with the plasmid DNA to form lipophilic complexes, which are more readily
endocytosed by the mammalian cells as compared to naked DNA.
A 24 well plate was seeded with 40,000 rat fibroblasts per well in 0.8ml of medium.
When the cells reached 70-90% confluence, the transfection was carried out. The
Lipofectin was diluted with a serum-free medium called Optimem in 6 microcentrifuge
tubes. This dilution was done according to the table below. The dilutions were then
incubated at room temperature for 30 minutes.
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Tube

Vol. o f Optimem(pl)

Vol. o f Lipofectin(pl)

1

120

5

2

117.5

7.5

3

115

10

4

112.5

12.5

5

110

15

6

107.5

17.5

Plasmid DNA pEGFP-N2 was used for this transfection optimisation. It was prepared
by “Miniprep” from bacterial culture and was concentrated by ethanol precipitation.
The concentration of the resulting DNA solution was quantitated by gel electrophoresis
as described in the previous section.
The DNA for the transfection was also diluted in Optimem medium. In four tubes, four
aliquots of DNA, 1.4pg, 2.8pg, 5.6pg and 8.4pg, were diluted in 140pi of medium.
In one comer of a 96 well plate, 25 pi of the diluted Lipofectin reagent was added to each
well of 4 rows. Accordingly, 20pi of each of the DNA dilutions was added to each well
in the appropriate row of the 96 well plate. The resulting DNA/Lipofectin combinations
were incubated at room temperature for 15 minutes. During this incubation, the
Lipofectin-DNA complexes formed.
Immediately prior to the transfection, the cells were washed with Optimem. A further
I60pl of the Optimem were added to the wells of the 96 well plate before drawing up
the total volume from each well (185pi) and pipetting it onto the cell in the appropriate
well of the 24 well plate (figure 3.2.7).
The plate was then placed in the incubator (37°C and 5% CO]) for 5 hours for the
transfection to occur. After this incubation, the volume of the medium was made up to
800 pi with complete DMEM.
To assay the transfection efficiency, the cells were trypsinised from the wells and the
number of fluorescent cells counted 48 hours following transfection. Removing the cells
from the wells involved removing the medium and washing the cells first with 500pl of
PBS and second with 300pl of trypsin to free the cells. After 5 minutes incubation in
the trypsin, 500pi of complete DMEM was added to neutralise the trypsin. The whole
800pl was then pipetted into microcentrifuge tubes and spun at I,OOOrpm for 8 minutes.
The supernatant was removed using wall suction and the cells resuspended in lOOpl of
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PBS, which contained 0.5% bovine serum albumen (ESA). Each tube was then subjected
to fluorescence-activated cells sorting (FACS) to count the number of fluorescent cells
and thereby roughly determine the transfection efficiency and the most efficient
Lipofectin and DNA combination. The combination in well C6 containing O.Spg of
DNA and 3.5ml o f Lipofectin was the most efficient with a transfection rate of
approximately 7.5%. These proportions were used for subsequent transfections o f the
rat fibroblasts with the pVEGF-GFP plasmids.
Figure 3.2.7 Diagram o f 24-well plate used for transfection optimisation.
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5.2.5 Transfection withpVEGF-GFPPlasntids
Five T25 flasks (with a surface area of 25 cm^) were seeded with 5x10’ cells. There was
one flask for each of the VEGF plasmids, one for pBGFP and one for pcDNA-VEGFA.
The pEGFP would serve as a positive control for the detection of green fluorescent
protein and as a negative control for VEGF production. The pcDNA-VEGFA would act
as a negative control for GFP production and as a positive control for VEGF
production.
Once the cells reached 60-80% confluence (after 48 hours) the transfection was
performed. lOpg of DNA was incubated with 250pi of Optimem for 15 minutes. 43.7pl
of Lipofectin was incubated with 268pl of Optimem for 30 minutes. Once those
incubation periods were completed, the two mixtures were combined and then incubated
for a further 15 minutes at room temperature to allow the Lipofectin-DNA complexes to
form. To complete the preparation, 1.93ml of warm DMEM medium (37®C) was added
to bring the transfection medium volume up to 2.5ml per flask. Each flask was then
washed with 2ml of warm DMEM medium before adding the transfection medium and
returning the flasks to the incubator for 5 hours. The culture volume was then topped
up to 5ml with warm DMEM.
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3.2.9 Assessment of Green Fluorescent Protein Production
On the day following transfection, the flasks of cells were viewed under an inverted
fluorescence microscope. The DMEM created some background fluorescence, so to
obtain optimum visibility of the green fluorescent cells, the culture medium was replaced
with warm PBS. This gave an immediate impression of the success of the transfection.
A photograph was taken to record this.

3.2.10 Dose Response Assay
The pEGFP-N2 plasmid contains a sequence that codes for resistance to the antibiotic
G418, which enables selection of the successfully transfected cells. Different cell lines
have different levels of resistance to the antibiotic, so it was necessary to grow
fibroblasts in varying concentrations of the antibiotic and assess their survival. The
concentration chosen to select the transfected cells should be one step higher than the
concentration at which the cells just survive (Guide.to Eukaryotic Transfections with
Cationic Lipid Reagents).
Rat fibroblasts were seeded into 12 wells of a 24 well plate. 4x10'* cells were seeded per
well in DMEM without penicillin and streptomycin. The following day G418 was
added to the wells in the following concentrations:
O^g/ml

50^g/m l

100|ig/ml

200pg/ml

300gg/ml

400pg/m l

500pg/ml

600pg/m l

700^g/ml

800^g/m l

900^g/m l

lOOOpg/ml

Over the next 7 days, the cells were observed daily and an assessment of the state of
confluence made.
By day 9, all the cells were dead in the 200pg/ml well and above. From these
observations, the selection antibiotic concentration chosen was 200pg/ml.

3,2,11 Creation of Stable Transfectants
On second day following transfection, the antibiotic G418 was added to each flask at a
concentration of 200pg/ml.
As expected, over the next few days a large number of cells died in all five flasks and
colonies of resistant cells appeared. These colonies coalesced to gradually cover the
surface of the flask, and once this occurred, the cells were split into further flasks. To
expand cell numbers, the cells were split several more times as they became confluent in
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weeks to complete the selection process. During this 6 weeks, assays for VEGF protein
production were also performed. In addition, a PCR was performed to amplify the
insert sequences from transfected cell lysates and thereby detect their presence.
To enhance the visibility o f the green fluorescence in the cells selected by the antibiotic,
Brefeldin-A was added to an aliquot of cells seeded in a 6 well plate. Brefeldin-A is a
compound that blocks transfer of polypeptides from the rough endoplasmic reticulum
to the Golgi apparatus and thereby prevents secretion o f proteins.
150,000 stably transfected rat fibroblasts were seeded into wells o f a 6 well plate. Once
they approached confluence, the culture medium was replaced with 1.8ml of DMEM
containing 10% Brefeldin-A. After about 5 hours of incubation in this medium, the cells
were viewed under the fluorescence microscope.
Advice was taken from Clontech regarding maintenance of stable transfectants once the
selection process was complete. They advised growing the cells with and then without
the G418 each for a week at a time. This protocol was observed throughout the later invivo experiments.

3.2,12 PCR to Check for Presence o f Fusion Gene
To check for the presence o f the transfected DNA in the stably transfected cells, a PCR
was set up using the primers that had been used for the sequencing reaction. This
reaction was applied to all five transfection cell types, VEGFA-GFP, VEGFBjg^-GFP,
VEGFB,,g-GFP, pcDNA-VEGFA and GFP.
DNA was extracted from 2.5x10*^ transfected rat fibroblasts using the Puragene system
for DNA extraction. Following the trypsinisation procedure described earlier, the cells
were resuspended and counted to verify cell numbers. The cell suspensions were
transferred to microcentrifuge tubes and spun again for 5 seconds at 13,000rpm. The
supernatants were removed and the tubes vortexed vigorously to resuspend the cells.
600pl of the cell lysis solution was added to each tube, and the cell suspensions were
pipetted up and down to ensure cell lysis. The protein precipitation was effected by
adding 200pl of the protein precipitation solution to each cell lysate and vortexing the
tubes vigorously for 20 seconds to ensure mixing. The tubes were spun at 13,000rpm
for 3 minutes to pellet the proteins.
The supernatants containing the DNA were transferred to clean microcentrifuge tubes
containing 600pl of 100% isopropanol. The tubes were inverted 50 times to mix and
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containing 600gl of 100% isopropanol. The tubes were inverted 50 times to mix and
allow the DNA to precipitate as white threads. The tubes were spun at 13,000rpm for 1
minute to pellet the DNA, and the isopropanol was drained off. 600pl of 70% ethanol
was added, and the tubes were inverted several times to wash the pellet. The tubes were
spun again at 13,000rpm to pellet the DNA, and the ethanol was pipetted off, and the
tubes were drained on to clean absorbent paper and air-dried. Finally, the DNA was
resuspended in the resuspension solution provided ready for adding to the PCR.
The PCR was set up according to the following protocol:

Stock Concentration

W orking Concentration

-

-

1

Primer 1 ( 5 )

5mM

0.5mM

5

Primer 2 (3 )

5mM

0.5mM

5

PCR buffer

lOpM

IfiM

5

Magnesium chloride

25mM

2mM

4

4dNTPs

2.5mM

0.2mM

4

5units/pl

0.025units/pl

0.25

Reagent
Template DNA

taq polymerase

Volume (pJ)

25.75

MilliQ w ater to 50pl

Each of the five labelled tubes containing the above reagents was topped with 2 drops of
mineral oil and placed in the PCR cycler (Perkin-Elmer). The reaction conditions began
with a denaturing step at 94°C for an initial period of 5 minutes. The main reaction
followed with 35 cycles of denaturing at 94°C for 30 seconds, annealing at 60°C for 30
seconds and extending for 1 minute at ITC. Finally, there was a 10 minute annealing
step at 72°C to complete any unfinished strands of DNA. The block was then cooled to
4°C.
The PCR products were assessed by running them on a 10% polyacrylamide gel
according to the protocol described earlier. 15pi of the PCR products were loaded and
compared with DNA standard phiX. The bands were electrophoresed at 100 volts for
90 minutes.
In order to try to improve the amplification of the pVEGFB,g^-GFP fusion gene, the
reaction conditions were changed. For this second reaction, the annealing temperature
was reduced to 55°C. As a positive control, a reaction was set up using 5ng of plasmid
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was otherwise the same as was the electrophoresis.

3.2.13 ELISA Tests
To verify that the transfected cells were secreting VEGF as well as producing green
fluorescent protein, the culture medium in which the cells had been grown was assayed
A commercially available, competitive enzyme-linked immunosorbent assay (ELISA)
was used, based around a 96 well plate with VEGFA-specific antibodies bound to the
base o f each well. VEGFA standards or VEGFA containing samples were added to the
wells and the plate incubated to allow antibody-antigen interaction. Then biotinylated
VEGF conjugates (competitive ligand) were added and permitted to occupy any
antibody binding sites left in the well. As the concentration of VEGFA in the sample
rose, there were progressively fewer binding sites for the biotinylated conjugate to
occupy and the colour in the well became fainter. The assay comprised: a 96 well plate
with the wells pre-coated with the antibody, labelled (biotinylated) VEGF conjugate,
VEGFA standard, and colour development reagents.
The test was calibrated by the generation of a standard curve. VEGF standards were
added to wells in concentrations of 200ng/ml, 50ng/ml, 12.5ng/ml, 3.125ng/ml,
0.781ng/ml, 0.19ng/ml and Ong/ml by diluting the VEGFA standard with DMEM
medium. The standards were used singly or in duplicate. The standards were assayed in
the same way as the samples.
Media from pVEGFA-GFP and pcDNA-VEGFA transfected cells were assayed along
with the negative controls, GFP, pVEGFBj^^-GFP and pVEGFB,g^-GFP. The culture
medium collected from the transient transfectants had been conditioned for 24 hours,
and that collected from the stable transfectants had been conditioned for 1-3 days.
Samples of lOOpl o f conditioned cell culture medium were added to wells of the assay
plate singly, in duplicate or in triplicate.
The plate was incubated for 3 hours at room temperature. Then, the VEGF conjugate
was added to each of the wells to bind to any secondary antibody not already bound by
VEGFA in standards or samples. This was incubated for 30 minutes. The plate was
manually washed five times using the wash buffer supplied in the kit. 50pl of
streptavidin-alkaline phosphatase was added to each well, and the plate incubated for 30
minutes. The plate was washed again five times. Then, the colour reagents were
combined in equal proportions, and 200pl was added to each well.
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After a 25 minute incubation, the plate was transferred to a 96 well microtitre plate
reader, and the absorbencies of the wells measured were at 492nm. The colour generation
reaction was allowed to progress until the optical density of the Ong/ml well reached 1.6
and then 50pl of stop solution (0.5M sulphuric acid) was added to the wells to stop the
reactions. The plate was then read a final time.
To calculate the VEGF concentrations of the samples, a standard curve was constructed.
The optical densities o f the standards were plotted against the concentration of VEGFA.
The latter was plotted on a log scale. From this curve, the VEGFA concentrations of the
samples were estimated.

3.2,14 Functional Assays
VEGF is known to stimulate endothelial cell proliferation in vitro. To confirm that our
fusion protein, VEGF-GFP, would retain this property, assays were performed to test
this. The assay involved assessing the growth response of human umbilical vein
endothelial cells (HUVECs) to medium conditioned by VEGF-GFP transfected cells.

3.2.14.1 BTUVEC Culture Medium
HUVECs were grown in M l99 medium, which was prepared in the same way as
DMEM. The sachet was emptied into a clean 1 litre measuring cylinder with a magnetic
stir bar in the bottom. 2.2g of sodium bicarbonate was also added. The cylinder was
placed on a magnetic stirrer, and 850ml o f sterile water was added while the mixture was
stirred. Once the powders were dissolved, the pH of the medium was adjusted to pH
7.2 by adding concentrated hydrochloric acid dropwise. The volume was then made up
to 900ml with sterile water. The measuring cylinder was transferred to a biological
safety cabinet. The medium was drawn through a 0.22pm filter to sterilise it and into a
clean, autoclaved glass bottle. To this was added 100ml of heat-inactivated FBS. The
two liquids were mixed by inversion and the medium was stored at 4°C.
Shortly before using the medium, it was supplemented with heparin and endothelial cell
growth supplement (EGGS), both at a final concentration of 20pg/ml.

3.2.14.2 Propagation of HUVECs
Cells were commonly supplied in a T75 flask ready for splitting.
After warming PBS, trypsin, gelatine and medium to 37®C in a water bath, all the
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materials were transferred to a biological safety cabinet to perform the procedures. The
medium in the flask was pipetted off, and the cells were washed with PBS (10ml for a
T75 flask). Three millilitres of trypsin were added to the flask, which was then returned
to the incubator for 3 minutes. During the trypsin incubation, the side of the flask
intended for the cells was coated in the gelatine solution and allowed to incubate at room
temperature for 5-10 minutes. Once the cells had been separated from the side of the
flask by the trypsin, 5ml of complete medium were added to the cell suspension to
neutralise the trypsin. The resulting suspension was pipetted into a sterile 15ml conicalended centrifuge tube, which was transferred to a centrifuge and spun at l,200rpm for 5
minutes. The supernatant was poured off, and the cells were resuspended by gently
tapping the bottom of the tube. The gelatine was pipetted out of the flask and returned
to the stock. 12ml of complete M199 medium, including heparin and ECGS, were
pipetted into the tube, and the cell suspension was delivered into the flask(s). The cells
were incubated at 37°C in 5% carbon dioxide with 100% humidity.
The culture medium was changed every 2 days to replace nutrients consumed by the
cells. Every 14 days, the glutamine in the medium was replaced with 100th dilution of
the stock solution.

3.2.14.3 G eneral Set-Up of Functional Assays
Medium was collected from the transfected cells after 1-3 days of conditioning and
stored at -80°C. The cells had been grown without the antibiotic G418 for a period of 13 days before collection of the medium. This was necessary because the antibiotic would
be toxic to the endothelial cells, which would influence the outcome of the assays.
Before the conditioned medium was added to the wells containing HUVECs, it was
centrifuged at l,200rpm for 5 minutes to pellet any solid matter.
To set up the assay, HUVECs were seeded into the wells of a 24 well plate. Commonly
10^ cells were seeded with 0.8ml of complete M l99 medium. Because the assay was to
test the mitogenicity of the conditioned medium, the growth supplements, heparin and
ECGS were usually reduced in concentration to half or quarter of the concentration
normally used (20pg/ml). The seeded cells were left over night to settle, and the next day
conditioned medium was added to them at a final concentration of 10-20%.
The medium was changed every 2-3 days according to normal cell culture protocols.
After 5-9 days, the cells were tiypsinised from the wells using the standard protocol
and then centrifuged in microcentrifuge tubes. The supernatant was then suctioned off,
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and the cells were resuspended in a combination of 90 pi of medium and 10 pi of Trypan
blue. The cells were counted using Haemocytometer slides.
The exact method used in each assay was varied in order to try to optimise the results.
The results show the exact method used for each assay. A positive control assay was
set up to give some indication o f the sensitivity of the assay. For this, a solution of the
VEGF standard from the ELISA kit was added at a final concentration of 1 ng/ml. This
was approximately ten times the concentration of VEGF in the wells with conditioned
medium added.
The mean cell numbers in the VEGF-treated wells and control wells were compared and
Student's t-test used to assess the differences for significance (p=<0.05 was taken as
significant).
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4 IN \TTRO EXPERIMENTS - Results
4.1 Assessment of Green Fluorescent Protein Production
On day 1 following transfection of the rat fibroblasts, observations showed a number of
green fluorescent cells in all o f the flasks. The brightest and most numerous were in the
pEGFP flask, followed by the pVEGFA-GFP, pVEGFB,„-GFP and pVEGFB j,^-GFP
flasks, the last o f which contained the fewest and dullest cells. The pcDNA-VEGFA
flask contained no fluorescent cells. The illustrations show the appearance of the
fluorescent cells (figures 4. la and 4.2b).
This appearance o f green fluorescence in the successfully transfected cells lasted for
approximately 7 days. After this, without G418, the fluorescence declined.
When G418 was added to the medium to select the successfully transfected cells, the
green fluorescence disappeared from all the cells with the fusion gene (VEGF-GFP)
inserted. This occurred at about 4 days. However, the fluorescence remained in the
GFP-transfected cells.
It is important to note that the cells used for most o f the in vitro testing of VEGF
production and all o f the in vivo angiogenesis experiment were cells that were not
expressing GFP at a visible level.
The addition of Brefeldin-A made no difference to the visibility of the green
fluorescence.
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Figure 4.1a Transfected cells with some background light showing
untransfected cells.

Figure 4.1b Transfected cells without background light.
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4,2 P C R R tsulfe
The bands expected were as follows:
VEGFA-GFP

769 base pairs

VEGFB167-GFP

755 base pairs

VEGFB186-GFP

815 base pairs

GFP

220 base pairs

The photograph demonstrates that the fusion genes for pVEGFA-GFP and pVEGFB,^^GFP were amplified well by the reaction (figure 4.2). The fusion gene for pVEGFB^,.GFP was not amplified well, and this was thought to relate to the reaction conditions.
The green fluorescent protein gene also amplified well. There were only non-specific
bands seen in the pcDNA-VEGFA lane.
The second reaction to improve the amplification of the pVEGFBjg^-GFP fusion gene
succeeded in its aim, although the band was still not strong and the non-specific bands
remained. Significantly, the band resulting from amplification of the pVEGFBjg^-GFP
stock solution was identical to the test sample, which supported the assumption that
the transfected cells contained the gene of interest.
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F ig u r e 4.2 Photograph o f PCR gel showing VEGF DNA bands.

G F P b ac k b o n e

769bp

755bp

8 i5 b p

220 bp

VEGFAVEGFB,,,
GFP
GFP
-GFP
phiX/
VEGFB_
pcD ^A-GFP
174
VEGFA
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4.3 ELISA Results
The ELISA test results are shown in the tables below. The figures in the tables were
derived from graphs of the known concentrations of the standard VEGFA preparations
plotted against the optical density of these solutions. The standard curves are shown for
each of the three sets of tests that were performed.
The measurements of the optical density of the standard concentrations of VEGFA are
single observations in the first test. The measurements of optical density of the
standards in the subsequent tests are the means of two samples.

4.3J ELISA T estl
ELISA Test 1 Standard Curve

OD
0.4

0.2
10

100

1000

V E G F A C oncentiation (n g/m l)

Conditioned Medium

OD \TEGFA (ng/ml

VEGFA-GFP stable transfection, 3 days conditioning

0.78

2

VEGFA-GFP transient transfection, 1 days conditioning

0.84

1

pcDNA-VEGFA stable transfection, 3 days conditioning

0.777

2

pcDNA-VEGFA transient transfection, 1 days conditioning 0.944

0.58

GFP stable transfection, 3 days conditioning

1.439

0

Blank rat fibroblast, 3 days conditioning

1.542

0

The values in the optical density column of the results table are the result of single
observations of the optical density of each of the samples of conditioned medium.
These show that the concentration of VEGFA is 0.6 to 2 ng/ml in the medium taken
from cells expressing the VEGFA genes and zero in the medium from fibroblasts
containing the GFP gene or blank.
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4.3.2 ELISA Test 2
ELISA Test 2 Standard Curv'e

mm

OD

0.1

1

10

100

1000

V E G FA C oncentration (ng/m l)

Conditioned Medium
VEGFA-GFP stable transfection, 3
days conditioning

ODl VEGFA OD2 \1EGFA
(ng/ml)
(ng/ml)
1
2
1.315

VEGFA-GFP transient transfection, 1
days conditioning
0.985
pcDNA-VEGFA stable transfection, 3
days conditioning
1.966
GFP stable transfection, 3 days
conditioning

2.119

VEGFB167-GFP stable transfection,
3 days conditioning
1.701
VEGFB186-GFP stable transfection.
3 days conditioning
2.095

Mean
VEFGA
(ng/ml)

1.1

1.255

1.3

1.2

2.1

1.077

1.7

1.9

0

1.616

0.45

0.32

0

2.195

0

0

0.4

1.97

0

0.2

0

1.704

0.4

0.2

This second test repeated the tests on the VEGFA-GFP and pcDNA-VEGFA
conditioned media, offering further estimates of the VEGF concentration in these media.
It also shows that the kit delected no VEGFA in the media collected from cells
expressing VEGFB isoforms. This was either because there was no cross-reactivity
between VEGFA and VEGFB or because there was little or no VEGFA present.
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4.3.3 ELISA Test 3
ELISA Test 3 Standard Curve

OD

0,5

10

1000

100

V E G F A C oncentration (ng/m l)

Conditioned Medium

O D l OD2 OD3 OD4

VEGFA-GFP stable transfection, 3 days
conditioning (4 samples)
VEGFA-GFP transient transfection, 1 days
conditioning (4 samples)
VEGFA-GFP stable transfection, 1 days
conditioning (4 samples)
VEGFA-GFP stable transfection, 3 days
conditioning, grown without a/b (2 samples)
VEGFA-GFP stable transfection, 2 days
conditioning, grown without a/b (2 samples)
VEGFA-GFP stable transfection, 3 days
conditioning, later passage (2 samples)

Mean
\^ F G A
tnp/mll

0.93

0.63

1.04 0.81

1.1

0.73

0.61

0.68

0.55

1.9

1.06

1.05

0.95

0.94

0.72

2.07

1.75

0

1.74

1.88

0

1.28 0.91

0*63

This third test offered further estimates of the concentrations of VEGFA in the early
samples of conditioned media. Notably, it returned relatively low concentrations of
VEGFA from media taken from later passage stable transfectants grown with and
without G418 antibiotic. The two samples from cells grown without antibiotic returned
concentrations of Ong./ml, the level in the medium of untransfected cells.
The sample from the later passage cells grown with antibiotic returned a concentration
of 0.625ng/ml, which was substantially lower than the concentration of VEGFA found
in the early passage cells. This sample of medium had been collected from cells that had
been growm for 4-6 weeks longer than the other stably transfected cells from which
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medium had been collected. This suggested that these groups of fibroblasts were
expressing the inserted gene to a lesser degree as a population, while remaining resistant
to the selecting antibiotic.
To summarise, the findings of the three tests clearly demonstrated the presence of
VEGFA in the appropriate conditioned medium. They also demonstrated that the
transient transfectants of both pVEGFA-GFP and pcDNA-VEGFA produced at least
as much protein as the stable transfectants and probably more. This is apparent when
attention is drawn to the fact that the medium from the transiently transfected cells was
collected for only 24 hours, whereas that from the stable transfectants was collected
over 2-3 days. The results show little cross-reactivity between VEGFA and VEGFB
isoforms in the tests, and there was evidence that the expression of VEGF in the later
passage cells and those grown without antibiotic was lower than the early passage cells.

4.4 Functional Assay Results

4.4.1 Assay 1
Medium that had been conditioned by growing cells for 3 days was added to the
HUVECs. 25,000 endothelial cells were seeded. The lengtli of time that the HUVECs
were grown is shown below, and each number represents the increase in cell numbers
(xlO^) counted in a single well. The full complement of heparin and ECGS were added to
wells for this first assay. Each figure below is the result from a single well.

VEGFB 167 VEGFB 186
-GFP
-GFP

pcDNA\1EGFA

GFP

Control

58

47

10.4

47

49

46

15

23

15

77

70.6

56.6

32.6

45

28.2

43

67.4

40.6

37.8

49.4

17

Conditioned
medium
concentration

VEGFA
GFP

3 days

10%

57

53

stimulation

1%

40

5 days

10%

stimulation

1%
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Increase in Cell Numbers vs Type of Treatment

80
70
Increase
in Cell
Numbers
(1 0 0 0 s )

60
50
40
30
20
10
0
VEGFAGFP

VEGFB,67
-G F P

VEGFAp
cDNA

VEGFB,

GFP
Control

GFP
C o n d itio n e d M e d ia

■

3days stimulation, 1% conditioned medium

B

3days stimulation, 10% conditioned medium

B

5days stimulation, 1% conditioned medium

■

5days stimulation, 10% conditioned medium

This test shows cell counts from single wells and indicates that the medium conditioned
by cells expressing VEGF genes tended to increase the numbers of endothelial cells in
the wells. The cells exposed to 10% conditioned medium grew more rapidly than those
treated with 1% conditioned medium. As expected, the cells allowed to grow for 5 days
multiplied more than those only allowed to grow for 3 days. As a result of this assay, all
further assays were done using 10% (or more) conditioned medium and were allowed to
run for as long as was practical to maximise the effect of the differential growth.
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4.4.2 Assay 2
For this assay, the medium was conditioned for 3 days before being added to the
endothelial cells. 20,000 cells were seeded in each well. The conditioned medium was
added at a concentration of 10% to M l99 medium supplemented with only half the
normal concentration of ECGS. The ECGS was reduced to try to bring out differences in
cell growth that might have been masked by the supplement. The HUVECs grew for 4
days before they were harvested and counted. The following table shows the increase in
the number of cells in thousands.

Well 1 Well 2 Well 3 Well 4 Well 5 Well 6

Mean

SD

20

33.2

15

20

22.8

368

24.6

8.5

VEGFB167-GFP

27.2

40

18

27.6

25.6

19.2

26.3

7.9

VEGFB186-GFP

20

32

24.8

24.8

13.6

20.8

22.7

6.1

11.6

20

20

26.4

18.4

10

17.7

6.1

VEGFA-GFP

GFP

Increase in Cell Numbers vs Type of Treatm ent

In c re a se
in C ell
20
N u m b ers
(1 0 0 0 s )

VEGFA
GFP

VEGFB,67GFP

VEGFB,86GFP

GFP

C o n d itio n e d M e d ia

This assay also suggests that the VEGF conditioned medium stimulated the mitosis of
endothelial cells, as compared to the medium conditioned by GFP-expressing cells which
did not. As with the previous assay, the VEGFA and VEGFBie? caused greater
multiplication of endothelial cells than VEGFB,k6. However, the difference between the
means of cell numbers of VEGFB ,6? and GFP were not found to be significant when
tested using Student’s t-test.
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4.4,3 Assay 3
This assay was performed with 8,000 endothelial cells seeded into each well. The
conditioned medium was conditioned for 2 days by the stable transfectants before being
added to the HUVECs. The control wells had no conditioned medium added The cells
were treated with the M l99 medium, which had been prepared with the normal
concentrations of heparin and ECGS, and the cells were allowed to grow for 9 days
before eounting. The following table shows the increase in cell numbers over the starting
number in thousands of cells. The difference between the means of cell numbers of
VEGFB 167 and GFP were not found to be significant when tested using Student’s t-test.

Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 M ean

SD

35.5

47

51.25

38.25

47.75

16.75

39.4

12.6

V E G FB 167-G FP

53.25

135

50.75

53.5

53

59.5

67.5

33.2

V EG FB 186-G FP

50

63.75

42

67.5

51.5

53.5

54.7

9.4

GFP

74

63.75

35.75

50

49

44.25

52.8

13.8

C ontrol

49

41.75

40.25

38.5

59

40.75

44.9

7.9

28.25

28.25

39.25

46.25

44

30.75

36.1

8.1

V EG FA -G FP

pcDNA-VEGFA

Increase in Cell Numbers vs Type of Treatment
80 70
60
Increase
in Cell
N um b eis 40
(1 0 0 0 s )
30

-.-A

«.Si-.S

►
•.y-a'-r-*vs->K-*1-:

Jr'd

20
10

0
VEGFAGFP

VEGFB i67GFP

VEGFB,*6GFP

GFP

C onditioned M edia
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Control

pcDNAVEGFA

4,4,4 Assay 4
This assay was performed using DMEM conditioned for 2 days. 10,000 cells were
seeded per well, and they were grown in quarter strength heparin and ECGS. The FBS
concentration was increased to 17.5%. 20% conditioned medium was used in this assay.
This assay used conditions close to those used in published bioassays.
The table below shows increase in cell numbers (in thousands) counted after 8 days
treatment. It can be seen that the relatively low concentration of the growth
supplements and the higher concentration of FBS has caused a reduction in cell numbers
in most of the wells. This was as close to the published conditions as it was possible to
growth the endothelial cells.

Well 1

Well 2

Well 3

M ean

SD

V E G F A -G F P

-1.4

2.8

-1.8

-0 .2

2.5

V E G F B 1 6 7 -G F P

-1.2

-1.4

-0.8

-1 .2

0.3

V E G F B 1 8 6 -G F P

0.4

2.4

0

0 .9

1.3

G FP

-1.2

-1

-2

-1 .4

0.5

p c D N A -V E G F A

2.4

3.2

-2.8

0 .9 3 3

3.258

C o n tro l

-1.4

-0.3

-0.2

-0 .6 3 3

0.666

Change in Cell Numbers vs Conditioned Medium

Change
in Cell Q
Numbers
(lOOOs)
-0.5

T--------------i--------------1-------------- 1--------------r
VEGFAGFP

VEGFBi 67
-GFP

VEGFBis6GFP

Conditioned Media
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GFP

pcDNAVEGFA

Control

4.4,5 Positive Control Functional Assay
This assay was set up to confirm the effect of a standard VEGF protein solution on
HUVECs grown in culture as was done for the other assays. The assay was set up with
1x10® cells per well and grown in 1:1000 ECGS and heparin (a quarter of the standard
dose) for 7 days. On day 1, VEGF from a standard source was added to each well at a
concentration of lng,W. This concentration was approximately 10 times that found in
the media once the conditioned medium was added to the eel Is. The table below shows
the increase in cell numbers (in thousands) at tlie end of the experiment. The difference
in the means was significant (p=0.012).

Well 1

Well 2

Well 3

Well 4

M ean

SD

C ells+V EG F

15

9.5

13

14.75

13.1

2.5

Cells-V EG F

3.75

2.5

2,5

10.5

4.8

3.8

Positive Control Functional Assay

In c re a se in
Cell
N um b ers
( 1 0 0 0 s)

14
12
10

8

6
4
2

0

VEGF Control

No VEGF

T re a tm e n t G ro u p s
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5 TN VITRO EXPERIMENTS - Discussion
The objective of the in vitro part o f the work was to insert the engineered plasmids into
mammalian cells and to confirm expression of the fusion gene driven by the
cytomegalovirus promoter. It was also hoped to confirm that the two parts of the fusion
protein would retain their individual properties.

5.1 Green Fluorescence

5.1.1 Observations
The presence of green fluorescence in the transient transfectants confirmed that the
manipulation o f the pEGFP-N2 plasmid by inserting the VEGF genes had been
successfully accomplished without disturbing the expression of the downstream GFP
gene. Although the sequencing results confirmed that the VEGF genes had been inserted
in frame, it was never certain that the fusion gene would generate a functional protein.
This was because the tertiary structure o f one protein might have interfered with the
function o f the other. Production o f a functional fusion protein of GFP and VEGF has
not yet been reported.
The fusion protein proved a very useful tool, enabling assessment of the efficiency of
the transfections and obviating the need for any antibody labelling stages. Thus, the
initial optimisation stage was rapid using

FACS analysis to measure the rate of

transfection, and further transfections were easily assessed simply by viewing the cells
under the appropriate microscope.
Also important was the finding that invisibility of GFP did not imply a failure of
plasmid expression. The cells in G418 continued to express VEGF-GFP at a level that
rendered the VEGF detectable by ELISA, but they did not express GFP at a level
detectable with the apparatus o f the inverted fluorescence microscope.
The cause of the fluorescence loss in the cells grown in G418 remains uncertain. The
addition o f G418 pushes the plasmid from the cytoplasm into the nucleus and possibly
into the genome. This significantly reduces the number of copies o f the fusion gene in
the cell and therefore the amount o f protein produced (Clontech, personal
communication). If the fusion gene was inserted into the genome, it may have been
inserted in any number of ways that could have compromised expression. Again, the
effect would be a significant reduction in protein expression from the cell population.
Another reason for the lack o f fluorescence is suggested by a paper by Hanazono et al
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(1997). They attempted to produce stable retroviral producer cell clones that secreted
active retrovirus containing GFP genes. They found that, following transfection, the
brightest cells were seen to contract and die within a few days. They also found that the
GFP-containing clones had a much higher rate of rearrangement of the viral sequences
than the non-GFP controls. They concluded that producer cells expressing high levels of
GFP seem to be selected against, with stable clones undergoing mutations that would
abrogate GFP production. This may have been the case in this experiment, with the
higher expressing cells selected against, causing the level of fluorescence in the
population as a whole to be lower than would otherwise have been expected. To test
this, segments o f the plasmid DNA could have been sequenced following a period of
time grown in the antibiotic to detect errors.

5,L2 Enhancement with Brefeldin-A
The manipulation o f GFP plasmid to insert the VEGF genes resulted in the fluorescent
protein being fiised to a secreted protein, VEGF. When loss of the fluorescence was
observed, it was postulated that the reason was that the GFP was being secreted from
the cells before its level could build up to a visible level. In order to test this hypothesis,
Brefeldin-A was used to hold up secretion of the VEGF-GFP and hopefully allow
intracellular levels to rise to a visible level. Brefeldin-A acts by blocking transfer of
synthesised proteins from the rough endoplasmic reticulum to the Golgi apparatus.
Unfortunately, this strategy was unsuccessful, with no change in the visibility of
VEGF-GFP. This might have been due to the levels o f protein expression being still too
low for the GFP to be seen. Alternatively, Tsien (1998) described several posttranslational modifications o f GFP that must occur before the synthesised protein
becomes fluorescent. These steps are cyclisation, dehydration, and oxidation. By
preventing movement of the protein to the Golgi apparatus, Brefeldin-A may have
prevented these steps from occurring and so prevented the fusion protein becoming
fluorescent. The question arises as to whether the loss of green fluorescence from the
cells corresponded to the reduction in VEGF expression demonstrated by the ELISA
assay. Visualisation o f GFP in the VEGF-GFP cells was lost within a few days when
the G418 was added, and this would fit with the reduction in VEGF expression seen
between transient and stable expression. The fluorescence was lost in the GFPexpressing cells over a much longer period (weeks), which would fit more closely with
the reduction in VEGF expression between the early and late passage cells. These
observations add weight to the argument that the GFP was acting as a useful marker of
97

VEGF expression.

5A,3 Assessment o f Transfection and Selection Method
The method chosen to create the stock of stable transfectant cells expressing the VEGFGFP fusion proteins might, in retrospect, have been altered in order to enhance protein
expression. The technique o f using lipophilic transfection and selection with the
antibiotic was the most simple and convenient. This produced a heterogeneous
population o f cells expressing the protein with varying intensity. This was known
indirectly by the fact that the cells expressing GFP (acting as indirect markers o f VEGFGFP production) only showed faint fluorescence after a few weeks of growth in the
selective medium. However, there are alternative methods of transfection, such as
electroporation or viral vectors, and of selection of successfully transfected cells.
Employing these methods may have yielded better results.
Transfection using electroporation can be more efficient than lipofection, but it involves
the use o f equipment that was unavailable in the laboratory at the time, and it is more
complex to set up than lipofection. Both adenovirus and retrovirus would be suitable for
this application and each would have its merits. Adenovirus would provide high
efficiency for transient transfection (a method more likely to achieve clinical
acceptance), but would be subject to the same problems with selection and maintenance
of stable transfectants. Retrovirus would provide efficient, long-term, stable transfection
because the genetic information is inserted into the genome, although the efficiency of
transfection is less than for adenovirus. Also, it may be unacceptable in the clinical
situation, as the cells would produce an angiogenic cytokine for the rest of their life in
the flap, rather than the more transient effect produced by plasmid or adenovirus
transfection, which might result in angioma formation. Retrovirus was chosen by Nabel
et al (1989) to demonstrate that genetically modified endothelial cells could be
reimplanted into arterial walls and that they would express an implanted gene. However,
the use of a viral vector was considered to be more complicated than necessary for the
first experiments in the field o f therapeutic angiogenesis. Further work in the laboratory
is exploring the use of adenovirus as a gene delivery system for VEGF.
The selection of the transfected cells could have been done with greater stringency using
alternative methods. As mentioned above, transfection of the cells using an adenoviral
vector often produces an efficiency o f transfection so high that selection could involve
antibiotic use only. A better method of selection involves the use of cloning rings. After
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the addition of the antibiotic, islands o f cells develop in the flasks, which represent
colonies of transfected and therefore resistant cells. These colonies are often derived
from a single transfected cell. Small plastic circles can be placed over each colony, and
each trypsinised from the flask individually and seeded into wells. Once established,
each colony could be assayed individually for protein expression and the most highly
expressing populations used to provide cells for the in vivo studies. The most efficient
method o f selection would have been to harvest all the cells from the transfection plates
and subject them to fluorescence-activated cell sorting. The most fluorescent cells could
then be seeded into individual wells o f a 96 well plate and grown as clonal populations.
As before, each population could be assayed independently for protein expression and
the best clones used for the study. However, this method does not address the fact that
the addition of G418 to the cells resulted in loss o f fluorescence. The antibiotic would
still have to be added to maintain the transfected cells, and regardless of whether the
cells were high level or low level secretors, the fluorescence would disappear.
These methods were considered but discarded in favour of a more straightforward
approach. The decision was made to try the most convenient method first and if
unsuccessful move on to more elaborate techniques as the occasion demanded. Tlie
results were considered adequate at each stage, so the work was continued. The results
of the ELISA tests, fimctional assays and ex vivo gene therapy experiments may reflect
these decisions, and this subject is discussed again in those sections.
Green fluorescent protein has been fused to many other cellular proteins, as described in
the introduction. These have tended to be intracellular proteins, which are more durable,
not secreted, and therefore more likely to be seen in the cells. There is limited work
published using cytokines and GFP. The work by Fukumura et al (1998) and Kishimoto
et al (2000) used only the VEGF promoter to stimulate GFP production. Kishimoto
found that the VEGF promoter was as powerful as the CMV promoter used in the GFP
plasmids. They described viewing the fluorescence with a conventional microscope and
no antibody labelling o f the GFP. Thus, the promoter used in these experiments should
have been strong enough to stimulate visible GFP if the level had been high enough.
The implication o f the lack o f GFP fluorescence in the stable (VEGF-GFP) transfectants
was that it would not be possible to continuously monitor VEGF production by the
cultured cells. In vivo, there would be no prospect o f using GFP to indicate that the cells
were in the rat flap and continuing to secrete the fusion protein. If VEGF-GFP had been
readily visible in the transfected cells, then the in vivo work would have involved
investigation of VEGF-GFP expression in the flap following injection of the cells.
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In summary, these results are consistent with the fusion protein having been secreted
with VEGF. Thus, the fusion protein was useful as a marker of initial transfection but
not subsequently.

5.2 ELISA Detection of VEGF
The concentration o f VEGF A was determined to be l-2ng/m1 of medium of both stable
and transient transfcctants by ELISA. This figure applied to the VEGFA-GFP medium
as well as the pcDNA-VEGFA medium. The pcDNA-VEGFA medium was derived
from cells transfected with the unmodified plasmid supplied by AMRAD. The finding
was encouraging as it showed that inserting the VEGF gene into the GFP plasmid had
not affected the expression o f the relevant protein. This concentration of VEGF in the
conditioned medium o f the two VEGFA species was comparable with the concentration
o f VEGFA found to stimulate endothelial cell proliferation by Ferrara and Henzel
(1989). They found that the stimulation was half maximal at 100-150pg/ml and had a
maximal effect at l-1.2ng/ml. This meant that introduction of these fibroblasts into the
rat skin would produce a physiologically relevant increase in VEGFA concentration.
O f note is the fact that the medium from the transient transfectants had been
conditioned for only 24 hours by approximately 1x10* cells, \&iiereas the medium from
the stable transfectants had been conditioned for 3 days by approximately 3x10* cells.
This implies that the transient transfectants were producing approximately 9 times the
quantity of VEGF-GFP that the stable transfectants were producing. This concurs with
the observations o f fluorescence in that there was fluorescence in all of the transient
transfectant groups. However, fluorescence was limited to the GFP-only group once
selection for stable transfectants was established.
Some reasons for the fall in gene expression are described in the discussion of GFP. A
further explanation relates to the heterogeneous nature of the cell population. There was
thought to be a spectrum o f protein production, with some cells producing large
quantities o f protein and some not producing any at all, although all were expressing
resistance to the selection antibiotic, G418.
The ELISA provided some useful information about the effects of time and the presence
or absence of the antibiotic on cytokine production. The tests suggested that the
selection pressure in the form of the antibiotic resulted in increased protein production.
This was presumably because the cells producing the VEGF-GFP protein were at a
disadvantage in growth terms compared to those that were not.
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This finding contradicts the theoretical mode o f plasmid action. The two genes,
VEGFA-GFP and G418 resistance, are under the influence o f separate promoters in the
plasmid. It would be expected therefore that the VEGF-GFP would be expressed
independently o f the resistance. This would appear not to be the case entirely, as the
expression o f the fusion protein appeared to relate to the presence of G418. This
conclusion is supported by the findings o f the RT-PCR performed later, which also
showed that the presence o f G418 was related to greater VEGF-GFP expression. This
finding had some bearing on the findings o f the in vivo studies discussed later.
The ELISA also suggested that, over time, the production of protein dropped off. The
early passage cells produced more VEGF than the later passage cells, and this is
demonstrated in the third assay. The explanation for this relates to the heterogeneous
nature o f the stably transfected population o f cells. The purpose of exposing the cells to
intermittent G418 was to prevent tolerance developing in the cells. However, antibiotic
resistance is not an all or nothing phenomenon. Some cells will find even vety low
concentrations rapidly toxic, whereas others will be naturally more resistant. Thus, over
time, the proportion o f naturally resistant cells will tend to rise in the same way that
bacteria continuously exposed to a low concentration of antibiotic develop a population
resistance. Therefore, as time passed, the population of cells being continuously
cultured developed an innate immunity to G418 and stopped expressing the plasmid
genes.
Again, it is appropriate to consider the methods used to transfect and select the cells. As
discussed before, transfection efficiency would have been improved with either
electroporation or an adenoviral vector. A retroviral vector would have perhaps
provided reliable stable transfection, obviating the need for the selection process and
requiring the antibiotic to maintain protein expression. These techniques may have been
more robust against the drop-off in VEGF production observed over the course of the
experiment.
I’he findings o f Hanazono et al (1997) may also have had a role to play in this
observation. They found that the GFP-transfected cells tended to mutate the inserted
gene and abrogate its expression. This is another explanation for the fall in gene
expression observed.
For the in vivo studies, 10’ cells were to be used in a volume of 1 ml spread over the area
o f the flap. According to the quantitative results afforded by the ELISA tests, this
translates to a protein production rate for the cells injected of approximately 14ng of
VEGF-GFP protein per day. This quantity would theoretically have been a significant
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dose, given the in vitro dose-response effect seen in this work and in other studies
(Ferrara & Houck, 1989).
Despite the problems with gene expression in later passage cells, the implication of this
part o f the work is that the cells were producing useful quantities o f VEGF. They could
therefore be used in a therapeutic angiogenesis experiment using ex vivo gene therapy as
planned.

5.3 Functional Assays
None o f the test assays using conditioned medium showed a significant difference
between the VEGF-GFP and the GFP media or the control media by a Student's /-test.
There was differential growth in the positive control assay. VEGFA standard from the
ELISA kit stimulated endothelial cell proliferation to a significantly greater degree than
control (p=0.012).
The consistent increase in mean cell numbers with VEGF-GFP supported the
hypothesis that the fusion protein would stimulate endothelial cell growth. Also
supporting this hypothesis was the finding of the positive control assay. It showed that
the HUVECs could be stimulated by VEGFA to grow at a faster rate, as was expected.
The concentration o f VEGFA used in this assay was approximately 5-10 times that
used in the assays using conditioned medium. However, the spread of the figures
indicated that the mitogenic effect o f the control VEGFA used in the assay was not
extraordinarily high, even at the significantly higher concentration used. Therefore, if the
fibroblasts had been expressing the VEGF-GFP at a greater level, then a significant
differential in endothelial cell growth would have been expected.
Comparison o f the results o f the assays done using medium conditioned by cells
transfected with the original stock plasmid, pcDNA-VEGFA and the VEGFA-GFP
medium was fruitful. These assays demonstrated no greater stimulation by pcDNAVEGFA than by pVEGFA-GFP. In fact in most cases, there was less stimulation.
These results concur with the findings o f the ELISA tests in that the VEGFA
concentration in the medium from pcDNA-VEGFA-transfected cells was directly
comparable with that from pVEGFA-GFP transfected cells. So, an equivalent level of
endothelial cell stimulation would have been expected The conclusion from this
observation was that the addition of GFP to the VEGF protein had not affected the
ability o f the VEGF to stimulate endothelial proliferation.
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The concentration o f VEGF in the medium in which the endothelial cells were grown
was hkely to have been in the 0.1-0.2ng/ml range. This was one tenth of the
concentration estimated by the ELISA tests and the result of adding 10% conditioned
medium to the culture medium. This was in the range for “half maximal stimulation”
offered by Ferrara and Henzel (1989) after assaying endothelial cell proliferation. Thus,
the effect seen in the assays agrees reasonably well with the mathematical calculation of
likely mitogenic effect
Considering assays 1, 3 and 4, it appears that the addition o f GFP-conditioned medium
increased endothelial proliferation as compared to unconditioned medium (a non
significant trend). Fibroblasts produce paracrine and autocrine proteins, including
VEGF, and these will be secreted into the medium. Thus, modified fibroblasts producing
GFP would also produce mitogenic proteins that have some effect on endothelial cell
numbers. This result was to be expected.
The concentrations o f the various ingredients of the HUVEC growth medium were
varied in an attempt to improve the sensitivity of the assays. Researchers using this
method of demonstrating mitogenesis have grown endothelial cells in medium containing
10-20% FBS with no EGGS or heparin (Olofsson et al, 1996, Conn et al, 1990).
Attempts were made to replicate these results using their results using this formula, but
unfortunately the HUVECs used did not survive for long in medium supplemented in
this way.
Another modification attempted was to reduce the concentration of ECGS and heparin
(tests 2 and 4). The rationale for this was that the ECGS was derived from bovine neural
tissue and contained an assortment of angiogenic factors. To improve the likelihood of
demonstrating a mitogenic effect from the VEGF in the conditioned medium, the
concentration o f these angiogenic factors was reduced. This did seem to improve the
quality o f the test.
The functional assay results were disappointing in that they failed to demonstrate the
significant increase in endothelial cell growth expected from the VEGF-GFP protein.
The inference o f this was that, although there was some mitogenic effect, VEGF protein
was not present in sufficient concentration to demonstrate a significant difference in the
context o f relatively large standard deviations. Thus, if greater numbers of wells had
been used, significant differences would have been seen. However, this might contradict
the supposition that VEGF is a potent stimulator o f endothelial cell mitosis.
The magnitude of the stimulation of the endothelial cells by the conditioned medium was
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not of the order that had been previously reported. Leung et al (1989) and Ferrara &
Henzel (1989) used this method to determine the mitogenic efficacy of VEGFA, and
Olofsson et al (1996) did the same when they described the VEGFB isoforms. These
authors foimd 2-7 times greater growth in endothelial cell numbers when the cells were
stimulated with conditioned medium. However, there were several reasons why the
functional assay results obtained were inferior to those published by other authors.
Careful review o f these papers revealed that there was no indication of the VEGF
concentration applied to the cells but only the volume of medium used in each assay.
The cell lines used by these authors to express VEGF were chosen for their ability to
express plasmid DNA at a high level (human embryo kidney 293 cells). The cells used
for this work were syngeneic rat fibroblasts and were chosen because they were suitable
for injection into Sprague-Dawley rats. Thus, a lower level of expression could have
been expected, and this fact, combined with the unknown concentration of the VEGF in
medium added, could have accounted for the lesser degree of stimulation.
Ferrara and Henzel (1989) concentrated their medium before applying it to the
endothelial cells. The medium used in these assays was not concentrated prior to
addition to the HUVECs. This was avoided because the conditioned medium contained
FBS, which was necessary for the growth o f the fibroblasts. Concentrating the medium
would have concentrated the FBS, which might have proved toxic to the endothelial
cells.
The method of counting cells was by trypsinising the cells from the wells, counting a
small proportion of the cells and extrapolating to the population number. Although
efforts were made to ensure consistency in these counts, the technique had a significant
margin o f error. The supposition behind the choice o f this method was that there would
be a marked difference between treatment and controls, which the technique would be
sensitive enough to detect. It transpired that this was not the case and thus a more
sensitive method might have been more appropriate. Methods employed in other
studies include the use o f a Coulter counter to count the cells following trypsinisation
(Ferrara and Henzel, 1989) and [^HJthymidine incorporation (Olofsson et al, 1996).
These were not attempted due to lack o f resources, but it is likely that the results of
these authors’ studies would have been obtained using the Hæmocytometer slide.
The same questions regarding the method o f transfection and the selection o f transfected
cells apply in this study as in the ELISA tests and the visualisation o f the GFP in the
fusion protein expressing cells. A more effective metliod of transfection, such as an
adenovirus vector, or o f selection o f the successfully transfected cells, such as clonal
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selection, might have produced a higher level of expression. This would have improved
the level of significance of the functional assay results.
Further information about the assays could have been gleaned by performing further
positive control assays. A range of concentrations of standard VEGF could have been
tested with the HUVECs in an assay in order to give some calibration o f the sensitivity
of the experimental assays. This might also allow corroboration the findings of the
ELISA tests indicating that the secretion rate o f VEGF from the cells was
physiologically relevant.
The conclusion drawn from the fimctional assays was that, although the effect was not
marked, there was evidence of some stimulation of endothelial cells in culture by the
VEGF-GFP conditioned medium. The unaltered VEGFA certainly did not have a greater
effect on the HUVECs. Thus, proceeding to the in vivo studies using the genetically
modified fibroblasts and plasmid DNA was justified.

Summary of findings:
a) Plasmid constructs VEGFA-GFP, VEGFB ,„-GFP, VEGFB,g^-GFP, and control
plasmid GFP were successfully inserted into rat fibroblasts.
b) Expression of plasmid constructs was verified by observing GFP fluorescence
in fibroblasts and by demonstrating VEGF expression in VEGFA ELISA tests.
However, attempts to verify the function of the VEGF in a bioassay were
inconclusive.
c) Four stably transfected fibroblast cell lines expressing each of the above
plasmids for use in in vivo experiments were generated by selection with G418.
This was verified by tests of expression and by PCR to check for the presence
of DNA in each cell line.
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6 EX VIVO GENE THERAPY - Materials and Methods
6.1 Materials
The Sprague-Dawley rats were obtained from the University of New South W ales
Biological Resources C entre, Sydney, Australia.
240 IV catheters, hypodermic needles and syringes were obtained from Terum o
C orporation, Tokyo, Japan.
Sahne was obtained from AstraZeneca, North Ryde, New South Wales, Australia.
Sterile water for the contrast solution was obtained from Delta W est Pty, Bentley,
Western Australia, Australia.
Temgesic (buprenorphine) for post-op analgesia was obtained from Reckitt & Colman
Pharm aceuticals, West Ryde, Sydney, Australia.
Scalpel blades were obtained from Swann-Morton Ltd, Sheffield, England.
Fluothane was obtained from Zeneca Pharm aceuticals, Melbourne, Australia.
Lethobarb (pentobarbitone sodium 325mg/ml), the barbiturate used for euthanasia, was
obtained from Virbac Pty Ltd, Peakhurst, New South Wales, Australia.
All sutures were made by Ethicon and supplied by Johnson & Johnson M edical Pty
Ltd, North Ryde, Sydney.
Povidone-iodine antiseptic solution was obtained from Orion Laboratories Pty Ltd,
Welshpool, Western Australia, Australia.
The anaesthetic was delivered using a Boyles type machine from Cyprane Ltd,
Keighley, England.
The operating microscope was simple bench top model from C arl Zeiss.
Oxygen from HOC M edical Gases, Fyshwick, Australian Capital Territory, Australia.
Red lead oxide was kindly donated by Sham m aj D harpugh, Department of
Microsurgery and Plastic Surgery, Royal Melbourne Hospital, Melbourne, Australia.
Gelatine was made by LeinerDavis Gelatin NZ Ltd, Christchurch, New Zealand and
purchased in Coles Supermarket, Randwick.
Flasks for culturing the rat fibroblasts were obtained from C ostar Corporation,
Cambridge, Massachusetts, USA.
Plastic cryogenic vials for freezing cells made by Iwaki, and obtained from Crown
Scientific, Moorebank, New South Wales, Australia.
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6.2 Methods
Summary o f aims:
a) Augment the survival o f a rat islanded axial pattern skin flap using the
transfected cells secreting VEGF compared to controls.
b) Demonstrate that the augmentation o f survival was mediated through
angiogenesis by means of angiography and histology.

6.2.1 Introduction
Rat fibroblasts contained genes coding for the three fusion genes, VEGFA-GFP,
VEGFBj^-GFP, and VEGFE^g-GFP, and the control GFP alone. These fibroblasts were
cultured in large numbers for injection into the viable part of a skin flap on the rat’s
abdomen. The flap had been rendered partly ischaemic by division of part of its normal
blood supply, and the aim was to determine if the cells secreting VEGF-GFP could
enhance the survival o f the flap.
Syngeneic rat fibroblasts (ATCC) and male Sprague-Dawley rats weighing 350-450g
were used. The rats were cared for according to the protocols laid down by the UNSW
Ethics Committee.

6.2.2 Culture o f Cells fo r Injection
The transfected rat fibroblasts were cultured in large 225cm^ flasks (Costar Corporation)
in order to produce the large numbers o f cells needed for injection. A production system
was set up such that one flask at confluence would have 15-20x10“ cells. For each
injection, 10x10“ cells were needed, so the whole flask was harvested, 10x10“ cells
removed were and the remainder was then seeded into a new flask.
To harvest the cells, the culture medium was removed, and the cells were washed with
20ml o f warm PBS. 7ml of trypsin were used to release the cells from the flask, and 7ml
of DMEM were added to neutralise the trypsin. The cell suspension was transferred to
a 15ml tube and centrifuged as normal. The cells were resuspended in 0.5% BSA in PBS
and counted. Ten million cells were transferred to a sterile cryogenic tube, and the
volume was made up to 1ml. The remaining cells were seeded into a fresh flask. BSA in
PBS was used as the cell injection vehicle because the PBS is isotonic and the protein
solution keeps the cells viable longer. The cells in the tubes were transferred to the
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animal facility on ice.
An assay was performed to determine the viability of the cells following the transfer to
the animal facility, which was about 20 minutes away. After about 3 hours on ice,
100,000 cells were returned to a flask with warm medium and then observed the next
day for dead cells. The intention was to harvest the cells and count both viable and nonviable using the Trypan Blue dye. However, observation revealed no dead cells, so
viability after 3 hours on ice was approximately 100%.
The cells were cultured in medium that alternated between containing G418 and not
containing it. This was the advice given by Clontech, the manufacturers of the GFP
plasmid. The reason for this was that the cells would become accustomed to the
antibiotic if they were grown in it continuously and this would lead to the development
of resistant cells. The selection pressure depended on the cells needing to express the
resistance gene in the plasmid to survive. The concentration of G418 used was
lOOpg/ml, half the original selection concentration. Again, this was the advice of the
technical help at Clontech.

6,2.3 Raising Flap and Administering Agent
The rats were assigned to five experimental groups, one for each of the three VEGF
fusion genes, one cell control containing GFP, and one vehicle control. There were 8 in
the VEGFA-GFP group, 9 in the VEGFB j^^-GFP group, 8 in the VEGFB ,^-GFP group,
10 in the GFP group and 8 in the saline control group.
Each rat was weighed and assessed for general health. The rat was placed in an
anaesthetic chamber, and fluothane at a concentration of 4% with oxygen (2
litres/minute) was fed into the chamber. Within a couple of minutes, the rat was
anaesthetised. The maintenance concentration of halothane was 2-2.5%. With the rat
supine on the operating table, an 8cm x 8 cm square was marked on the abdomen of the
animal centred on the midline and based with the upper limit of the flap at the
xiphistemum. Further marks were made to aid accurate closure of the flap at the end.
The abdomen was prepared with iodine solution and draped with a sterile window
drape.
The outline of the flap was incised with a number 15 scalpel blade, and the flap was
raised by blunt dissection with Mayo scissors in a cranial to caudal direction. The
dissection was continued until the superficial inferior epigastric (SIE) vessels were seen.
At this point, the experimental solution/cell suspension was injected into the underside
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of the flap along the midline. This was the area in which angiogenesis was expected to
occur. The dissection o f the right side pedicle was continued downward into the groin
until the pedicle was isolated deep to the groin fat pad. The remaining tissue at the base
of the flap was then divided, removing all vascular connections to the flap other than the
right SIE artery and vein.
The flap was then sutured back into place using 2/0 catgut horizontal mattress suture. A
collar fashioned from old X-ray film was fastened around the animal’s neck to prevent it
from biting the flap. Post-operative analgesia was administered in the form of 0.3ml of
subcutaneous buprenorphine (0.3mg/ml) diluted in 5ml saline for post-operative
rehydration, and the animal was allowed to regain consciousness under observation. The
rats were housed in separate cages and given food and water ad libidum.

6.2,4 Harvesting and Angiography
One week later, the rat was re-anaesthetised as before. The rat was placed supine on a
cork board, and the surviving area o f the flap and the necrotic area was traced onto
transparent X-ray film. This X-ray film template served as a representation o f the
surviving area and the total area o f the flap. The films were scanned to produce digital
images, and the areas were measured using image analysis software (UTHSCA Image
Tools). Percentage areas of flap survival and the means of these were calculated. The
data was further analysed using a one-way ANOVA (analysis of variance) and post-hoc
Duncan's multiple range test.
The catgut suture in the right groin was removed to gain access to the flap pedicle. The
rest o f the operation was performed under the operating microscope at 6-25x
magnification. The pedicle was mobilised and the superficial inferior epigastric artery
(SIEA) dissected free under the operating microscope. Two 7/0 polypropylene ligatures
were looped around the whole pedicle and the artery alone. One or two drops of
papaverine were administered to the vessel to prevent spasm. The animal was then
euthanased while anaesthetised with 1ml intra-cardiac injection of Lethobarb. An
arteriotomy was performed. Vessel dilators were used to dilate the vessel, and the artery
was cannulated with a 24G IV cannula. This was fixed in place with one of the 7/0
polypropylene ligatures distal to the arteriotomy once the stylet had been carefully
removed.
The cannula and vessel were flushed with 1ml saline and then contrast was injected. The
first few animals were injected with 0.2ml of barium contrast, diluted by 25% with
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sterile water for injection. This was the method used by the previous researcher working
with this model.
An alternative contrast liquid was used for most of the flaps in this study and for the
following studies. This was a combination of red lead oxide powder to provide opacity
to X-ray, gelatine that set in the vessels and prevented leakage of the contrast from the
flap, and sterile water for injection as a solvent. This contrast medium was the same as
that used by the researchers in Ian Taylor’s laboratory in Melbourne. Shammaj
Dharpugh kindly supplied a small quantity of the lead oxide together with an
introductory protocol. The optimum quantities for each of these components had not
been determined for this application, so some experimentation was necessary before
good X-ray pictures were obtained. The best concentration for immediate injection into
the very small artery o f the pedicle was found to be 3.75g lead oxide and 0.5g gelatine
for each 3 ml o f water. Prior to mixing the ingredients, the water for injection was heated
to 50°C in a water bath, and the solution was kept at this temperature until injection.
This kept the gelatine from setting. The injection o f the contrast was done at medium
pace over about 5 minutes. If injected too quickly, the pressure tended to produce
“blow-outs” o f contrast on the deep surface of the flap. If injected too slowly, the
gelatine would set before the distal vessels were filled Once the contrast was injected,
the flap pedicle was ligated with the second suture distal to the cannula tip, and the flap
was removed. The flap was then washed under the tap and piimed to a piece of X-ray
film cut to restore in vivo dimensions. The flap was then transferred to 10% buffered
formalin for fixing.
The imaging o f the flap angiogram was performed using the Giotto Mammography unit
at the St George Hospital X-ray department with Kodak Min R 2000 film, the Kodak
Min-R2 cassette with C-IN window and Kodak Min-R2 screen. The exposure was 24
kV and 4 ma with small focus and non-grid bucky.
Once fixed and x-rayed, samples were cut from the area of the flaps that was thought to
be the most important for flap survival. The skin o f the lower abdominal wall contains
two native vascular territories, one arising fi-om each superficial inferior epigastric
pedicle. Thus, for the distant part o f the random extension o f the abdominal flap to
survive, blood must travel across the midline watershed. This is the area in which
angiogenesis may be the most important, so this is the area from which the samples
were taken. This is shown in diagrammatic form below.
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Figure 6.2.4 Diagram of rat abdominal flap showing sites of
injection and site of tissue sampling for histology.

Section taken from here
for histology

Pedicle

Sites o f injection

The blocks of tissue were inserted into plastic cassettes for embedding in paraffin and
sectioning.
Sections were examined under low and high power by a pathologist. The subdermal area
of the sections was also subject to vessel counts. Under high power, all vessels were
counted in 10 randomly selected fields. The mean vessel count of the 10 was then
calculated to give a vessel count score for that flap.
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7 EX VIVO GENE THERAPY - Results
7.1 General Observations
The rats did not thrive during the seven-day period of the experiment. The presence of
the collars appeared to be uncomfortable for them and prevented them from performing
their usual grooming. Their appetite was poor, and most of the animals lost 5-10% of
their body weight during this period, despite additional feeding with finit and a varied
pellet diet.
Two o f the animals managed to interfere with the healing flap despite the collar. In those
cases, the rats attempted to gnaw or eat the insensate and ischaemic flap, thereby
preventing any useful measurements o f surviving flap area from being obtained. Three
animals died during the experiment. In each case, these were judged to be anaesthetic
deaths, as the animals died either during or shortly after the initial procedure to raise the
flap.
In many animals, there was some evidence o f seroma formation underneath the flap at
the time o f harvesting. This did not appear to be related to any particular treatment. In
one case, the seroma was clearly infected, so this animal was not included in the
analysis.
In one flap, the divided left superficial inferior epigastric pedicle was found to have
recanalised (B7). This flap was among those that survived well and was in the VEGF
treatment groups. There was little evidence that a profound graft effect was influencing
the flap survival. The flaps often had some sign of small vascular connections between
the underside o f the flap and the inguinal fat pad at the time o f harvesting, but this was
not extensive across the flap.

7.2 Flap Survival
The flaps treated with VEGFA j^j-secreting cells had a mean survival of 91.4% and those
treated with VEGFB^g^-secreting cells had a mean survival of 92.9%. This compared
favourably with the survival o f flaps treated with GFP-secreting cells (88%) and saline
controls (83%). The flaps treated with cells secreting VEGFB^^ fared poorly with a
survival o f 83.3% (table 7.2). The ANOVA test showed that the differences between
the surviving areas o f both VEGFA-GFP and VEGFB^g^-GFP groups when compared to
the saline control group were significant (p=<0.05). There was no significant difference
between the other groups, especially between the VEGFB ^^-GFP and saline or between
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any VEGF group and the GFP group.

Table 7,2 Flap Survival,
G ro u p

R at

W e ig h t

S u rv iv in g

N o.

(g )

a re a (% )

VEGFA-GFP

A1

395

94.3

VEGFA-GFP

A2

415

VEGFA-GFP

A3

VEGFA-GFP

G ro u p

R at

W e ig h t

S u rv iv in g

N o.

(g )

a re a (% )

GFP

D1

490

75.7

96.6

GFP

D2

450

89.5

410

83.1

GFP

D3

405

100

A4

450

85

GFP

D4

460

89.2

VEGFA-GFP

AS

420

9 4 .8

GFP

D5

505

94.6

VEGFA-GFP

A7

400

90.9

GFP

D7

425

72

VEGFA-GFP

A8

410

100

GFP

D8

450

100

VEGFA-GFP

A9

465

86.1

GFP

D9

425

84.5

M ean

4 2 5 .6

GFP

DIO

425

91.2

GFP

D ll

405

82.8
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7.3 JFlapAngiography
Angiograms were obtained for all flaps harvested in this experiment. Analysis of these
X-ray images showed quite a variation in the quality of image produced by the
techniques. The relative concentrations of the three contrast constituents were varied
slightly in attempts to optimise the filling of the flap vessels. Unfortunately, full and
equal filling of the arterioles was not always possible. Convincing differences between
the angiographic appearance of treatment and control flaps could not be demonstrated.
The images demonstrated well the changes that occured in the flap’s circulation
following division of three of the four supplying pedicles. These changes included the
loss of the midline demarcation of the flap’s vascular territories, with many large vessels
traversing this area to carry blood from the pedicle to the ischaemic side. The vessels
appeared to be much larger in the operated flaps, which probably resulted from the
angiogenic stimulus caused by the surgery. As expected, the architecture of the vascular
tree showed vessels radiating from the pedicle, although in the few flaps in which there
was recanalisation of the divided left side artery, flow did seem to originate from that
side too to a lesser extent. There was also contrast leaking around the edge of the flap,
which suggested that there was some blood flow across the wound around the flap. This
blood flow may have been augmenting the supply or venous drainage from the
superficial inferior epigastric vessels (figures 7.3a and 7.3b).
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Figure 7.3b

Angiogram immediately after raising the rat abdominal island flap.

Superficial inferior epigastric arteries were caimulated and injected with contrast.

Figure 7.3b Angiogram performed at 7 days when the flap was harvested. The pedicle
artery in the bottom left comer was injected with contrast.
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7.4 Flap Skin Histology
On low power examination, there was a greater number of vessels in the subdermal area
o f the treated skin flaps compared with the untreated flaps. The treated flaps, especially
the flaps with the greatest surviving areas, had a greater number of vessels arranged in
clumps that were similar in appearance to granuloma formation. These clumps were of
small and immature vessels, which is consistent with the effect of an angiogenic cytokine
on the skin. The saline-treated flaps did not have the same clumps of new and immature
vessels and had the appearance o f normal skin (figures 7.4a and 7.4b).
The counts of the total number of vessels in ten sections for each of the flaps did not
confirm the subjective observations. No definite correlation was found between treated
flaps and high vessel numbers. Even when considering only the treated flaps that
survived the best, no correlation could be demonstrated. The mean number of vessels for
each of the groups is shown in table 7.4.
The sections showed clearly the vessels that contained contrast injected into the flaps at
the time o f harvest. Contrast was seen in only 10-30% of the vessels in the sections and
was mainly limited to the larger vessels. Little or no contrast was seen in the clumps of
immature vessels that were thought to reflect the angiogenic process occurring in the
treated flaps. These unfilled vessels were counted in the vessel counts.
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Figure 7.4a Histology slide of treated flap. A group of mature and immature vessels
can be seen close to the deep surface of the skin flap. This appearance is similar to that
seen in granuloma formation.

S-

Figure 7.4b Histology slide of control flap. The appearance of the vessel cluster at the
lower part of the image, close to the deep surface of the flap, is similar to that seen in
normal skin.
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T a b le 7.4 Flap Survivals and Vessel Numbers in Slides
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8 EX VIVO GENE THERAPY ■Discussion
The principal finding o f this experiment was that the injection of rat fibroblasts secreting
VEGFBjg, had a positive effect on the survival of an ischaemic skin flap in the rat. The
cells secreting VEGFAj^, had a slightly smaller but still significant effect. The injection
of cells secreting VEGFBjg^ did not appear to have any greater effect than that derived
from the injection o f fibroblasts producing no angiogenic factor (GFP).
Angiography did not appear to contribute to the evidence that the VEGF secreted by
the fibroblasts was improving skin flap survival by angiogenesis. However, the low
power evaluation of the histology slides did offer support for that hypothesis. New
vessels were seen in the treated flaps and not in control flaps. The vessels were seen in
clumps that had an appearance consistent with recent angiogenesis.
This method of VEGF delivery to an animal model of an ischaemic skin flap was an
advance on cytokine injection, as the cells were thought to be producing VEGF for
several days following administration to the flap. It also offered an advantage over
injection o f naked plasmid DNA coding for the cytokine in that the efficiency of
plasmid uptake into the rat cells was not a variable. The cells were already expressing
the cytokine at the time of injection whereas injection of naked plasmid would have led
to at least a 12-24 hours delay before cytokine secretion would have started. It might
have been possible to enhance the effect of the cells on skin survival by injecting a larger
number of cells. Approximately IxlO’ cells were used in each flap. This number was
chosen because it was the largest number that was readily cultured with the equipment
available in the laboratory. It was estimated to provide in the region of 5-IOng
VEGF/dose/day. Many o f the cytokine and gene therapy studies have used large
quantities of treatment agent. The rationale appears to be that more is likely to be better,
and there is some support for this theory in work using naked plasmid gene therapy
(Gowdak et al, 2000, O’Toole G, unpublished data). The cytokine data suggests that a
dose-dependent response is seen, with increasing doses of VEGF leading to greater
angiogenic effect being demonstrated (Takeshita, Pu et al, 1994, Kiyger et al, 2000).
However Takeshita, Zheng et al (1994) found no dose dependent effect in their study.
This model of an ischaemic skin flap is quite different from the models used to
investigate angiogenesis by gene therapy in peripheral vascular disease or the ischaemic
myocardium. In those models, and indeed in the clinical situation, the ischaemia is
chronic. If the heart or muscles of the leg are not working hard, the muscle has sufficient
blood to survive. In this model however, the comer of the skin flap farthest from the
pedicle starts to undergo the processes leading to its inevitable necrosis as soon as the
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flap blood supply is reduced to one pedicle. Any therapeutic agent must act
immediately offer any chance o f success. Additionally, the intervention must stimulate
intrinsic vasodilatory and angiogenic mechanisms to a supra-maximal level because the
ischaemic insult to the skin will set in motion the same pathways to protect the
threatened tissue. The challenge set by this model is therefore greater than that faced in
other arenas from which the technology has been derived.
The model did manifest some problems during the study. The saline control flaps tended
to survive in the region o f 80-90%. Two survived at 93-95%. To improve the survival of
these flaps would have been difficult. In order to tiy to increase the percentage death of
the flap, a short series of larger control flaps were performed. These were 10cm x 10cm
flaps, that extended above the rat xiphistemum and on to the dorsal skin of the rat at the
lateral margins. The mean survival o f these flaps was 83.5% (SD 4.1), which was no
different from that o f the 8cm x 8cm flaps (83.0% SD 15.0). The original description of
the flap by Finseth and Cutting (1978) referred to a flap that was 9cm x 9cm in rats of a
similar size. Padubidri and Browne used a larger flap (10x10 cm) and reported control
flap death rates o f 53.7%. Their treated flaps survived at a mean rate of 71.9%. This is
still 10% worse than the survival rates o f the short series of control flaps done to the
same dimensions. A previous researcher in the department had used 8x8 cm flaps and
reported no problems. Although the flaps did survive reasonably well, no saline control
flap survived 100%, so complete flap survival was the aim of any intervention.
Power calculations showed that this pilot study had less than 70% power of achieving a
significant result at the 5% level comparing the V E G F B ,g ro u p with saline control.
This figure was arrived at using the means and standard deviations obtained in the study
and was due to the small number o f animals used. The study would need to have
included approximately 31 animals between the two groups, VEGFB

treatment and

control, to achieve 90% power o f achieving a significant result at the 5% level.
There were other factors not related to treatment modality that affected the survival of
the flaps. These included the recanalisation of the divided left side pedicle, the graft
effect from the abdominal musculature and the development of seroma. These factors
should have been consistent among the groups and therefore adequately controlled for
by the saline/GFP controls. However, it was observed that more o f the treatment flaps
had seromas. Vascular permeability is known to be part of the VEGF portfolio of
effects, and seroma would therefore be more likely in the VEGF-treated animals. Seroma
might have a negative effect on flap survival, as there would be less opportunity for new
vascular connections to be made with the flap bed.
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The location o f the flap on the rat abdomen caused problems relating to the rats’
tendency to try to interfere with the flap once the skin had started to die. The surgery to
the abdominal skin had divided the sensory supply to the skin, and thus when the
ischaemic area of the flap started to necrose, the rats were very inclined to try to eat the
skin. These attempts resulted in the loss o f several animals without data being collected.
One way to prevent this from happening would have been to choose a flap that was
more inaccessible for the animal, such as the McFarlane-type flap on the dorsum. It had
been decided that the most suitable model for this work was a islanded axial pattern flap,
so the McFarlane-type flaps were ruled out.
The cells expressing the GFP gene had no significant effect on flap survival when
compared to the saline control group. There was also no significant difference between
the GFP group and the VEGF treatment groups. That said, in both the bioassays and
this ex vivo experiment, the effect of treatment with the GFP-containing cells seemed to
fall between the VEGF treatment groups and saline controls. Two of the animals in the
GFP group achieved flap survival rates o f 100%, a rate which no angiogenic treatment
can be expected to improve upon. The cells were effectively a graft and perhaps needed
to attract capillaries to survive. That process would have been angiogenic in nature and
that might explain some o f the apparent effect on flap survival. Also, fibroblasts do
secrete angiogenic factors physiologically and these may have had some effect. As far as
it is known, green fluorescent protein has no angiogenic properties if secreted, so that
should not account for any effect seen. All this assumes that the cells remained at the
site of injection. It was unfortunate that the green fluorescence was not brighter, as this
would have provided a simple method o f investigating the cells’ location following
injection. Unfortunately, further discussion of this group is not possible as the sample
was too small to determine if the effect seen in these few animals represents a real
difference or a type 1 statistical error.
The method chosen to create the stock of stable transfectant cells expressing the VEGFGFP fusion proteins was one that was felt to be the most convenient and, if successful,
the most easy to translate to a clinical setting. As discussed elsewhere, this is an area of
the study that could be approached differently in further work in order to enhance
expression of the fusion protein.
Angiography used in the study showed an interesting anatomical perspective on the
circulatory changes that occurred in the skin flap following division o f three of the four
vessels supplying the skin flap. As expected, there was considerable dilation of vessels
originating from the pedicle and radiating through flap. The midline watershed area was
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bridged by a number o f large vessels in the post-op flaps that did not appear in the pre
op situation. These vessels were hardly visible in the pre-operative images and may be
the result o f angiogenesis or simply vasodilatation. This finding supported the choice of
the central watershed area of the flap for histological assessment of angiogenesis. No
definite qualitative differences were discerned between the treatment and control
angiograms. Possible reasons for this are discussed below.
Unfortunately, despite varying the viscosity of the contrast medium, angiograms that
demonstrated the finest vessels and the major vessels clearly and consistently could not
be obtained. The contrast used was that developed by Rees and Taylor (1985) at the
Royal Melbourne Hospital for use in their angiosome work. Their work involved
injecting contrast into a major vessel and harvesting the area of interest. For this work,
the contrast was injected very peripherally. This fact may have been significant, as the
pressure exerted peripherally by a central injection may have been relatively low and
less inclined to burst small vessels, which was seen in some of the images produced from
the flaps. In addition, their skin flaps had not been subjected to recent surgery to
substantially alter the circulation of the territory under investigation.
The use of angiography in therapeutic angiogenesis experiments relevant to plastic
surgery is by no means standard. Some authors used laser Doppler measurements of
skin blood flow (Padubidri and Browne, 1996). However, Hom et al (1988) used a
pump to deliver Micropaque (30% solution of finely ground barium sulphate) to a
carotid artery to visualise arterioles in the rabbit ear. Rashid et al (1999) used the lead
oxide/gelatine contrast used in this study to evaluate cephalad-based McFarlane flaps on
the back of rats. The injection was again into the carotid. Peripheral injections have been
used in the studies o f rabbit hind limb angiogenesis, but these have been of Hypaque
angiography contrast, which did not provide detail o f fine vessels. Takeshita et al,
(1997) used a specially developed radiography system to produce high definition
angiograms. The system was called synchrotron radiation angiography and involved the
use of monochromatic X-ray source and a high definition video camera to capture the
images. They report that they were able to visualise vessels of < 100pm diameter.
Conventional angiography has a limit o f 200pm (Mori et al, 1996) and the vessels that
result in a increase in collateral dependent flow are in the region of 180pm (White et al,
1992). The hmits of the technique are clear.
Several authors have used India ink perfusion to outline flap vessels. The technique
described by Morrison et al (1990) and Hickey et al (1998) for their flap préfabrication
experiments involved "clearing" the flap with cedarwood oil before examination. Extra
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detail was obtained by sectioning the tissue into thin slices and using a microscope to
examine them. This technique did seem to give excellent detail and would probably have
provided the level of resolution necessary for this work. The disadvantage was the extra
preparation necessary. The technique was also used by Tezel et al (2000) in a similar
setting, but the vessels were viewed simply by transillumination. This approach was
tried by another member o f the team in our laboratory who found the results
disappointing.
Evaluation o f the histology slides o f the flaps revealed that the contrast had failed to
penetrate many of the smaller vessels thought to have been produced by the angiogenic
process. This finding supports the deduction from the information above that the
contrast medium used would be unlikely to produce images demonstrating angiogenesis.
Therefore in summary, the angiography in this experiment provided interesting images
of the changes in the vascular architecture of the flaps following the surgery, but did not
provide high enough resolution of small vessels to demonstrate angiogenesis.
The histological appraisal o f the flaps demonstrated in a broad and relatively subjective
way that angiogenesis had occurred in the skin The skin sections were taken from the
watershed area of the flap on the premise that this was the critical area for flap survival.
As shown by the angiograms, the flaps had well-defined vascular territories on either
side of the midline, with generous anastamoses between inferior and superior areas.
These could be seen in the angiograms performed in the abdominal skin that had not
been subject to operation. However, few vessels o f significant calibre crossed the
midline. These needed to be significantly increased in number or dilated to enable
adequate blood supply to reach the farthest areas o f the flap once the flap was islanded.
It is however possible that sampling the flap in another area would have yielded better
evidence of angiogenesis.
The discrepancy between the subjective histological appearance of angiogenesis and the
vessel counts is difficult to reconcile. There was no doubt that in the best surviving
treatment specimens,the pathologist saw signs of an angiogenic process giving an
appearance o f clusters of immature vessels similar to the appearance of a granuloma.
This contrasts with seeing normal skin vascular architecture in the control specimens.
The new vessels were certainly too small to have been filled with X ray contrast and
picked up with the angiography. They were probably smaller than would have been
readily picked up by the counting process as this was done by a surgical trainee rather
than a trained pathologist. These vessels had nothing more than an endothelial cell lining
and often no erythrocyte to pick them out as vessels. They only really become visible
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when considering the whole cluster of vessels and they share the shape of the
surrounding larger vessels and fill the gaps between them. They are picked up as part of
a process o f pattern recognition, hence the comparison with granulomata. Whether these
vessels were large enough to improve flap perfusion and account for the difference in
flap survival, it is not possible to say.
It is possible that vasodilatation had a role to play in this process. VEGF has some
vasodilatation properties (Addison et al, 2001) and this property may have helped to
augment flap survival. If this were the case, then vessel numbers would not change but
total vessel surface area would. If this had been compared between treatment and
controls using image analysis software, then a difference might have been seen.
Consideration o f the literature offers little aid in deciding the location to sample or
indeed the method by which to determine the degree of angiogenesis in skin flaps treated
with angiogenic agents. Some studies (Taub et al, 1998, Rashid et al, 1999, Padubidri and
Browne, 1996, Kiyger et al, 2000) give no indication of the exact area of the flap
sampled for histological analysis. Some consider the most distal viable portion of the
flap. Bayat et al (1998) and Pu et al (1999) did this and both found significant
differences between treatment and controls when counting vessels per high power field.
They each considered only 4-5 animals per group. However, Ishiguro et al (1994)
considered both the most distal viable portion and the central portion of a McFarlane
flap. They found that, while there were no pronounced differences between the groups
in the distal area, there were more capillaries more proximally in the treatment group. In
this study, a few skin flap sections were included an area adjacent to the necrotic part of
the flap. The slides gave an idea of the appearance that would have been seen if all the
flaps had been sectioned at this point, as done by the above authors. The skin showed
evidence of acute inflammation with pronounced neutrophil infiltrate, some haemorrhage
and very little normal skin architecture. There were no vessels visible. These features did
not seem to represent an area in which angiogenesis was occurring but rather the
inflammation that surrounded the area o f necrosis. The results did not suggest that study
of this area of more flaps would yield the profitable results reported by the authors
cited above. However, it is possible that assessment of other areas of the flaps would
have yielded more profitable vessel counts.
Most studies view the histology slides under high power. This certainly makes the
process o f counting less onerous as there would be many fewer vessels per field or
measured viewing area. However, the skin thickness of flaps is greater than the depth
that can be viewed in one high power field, which necessitated selection of a depth of
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skin to consider. Only one study found in this search (Pu et al, 1999) described the level
of the skin that was considered in the vessel counts. They considered the subcutaneous
tissue.
This study provides the first evidence that therapeutic angiogenesis using ex vivo gene
therapy may be useful in improving the survival of ischaemic skin flaps. The relatively
small improvement in flap survival between treatment and control flaps should be
thought o f as a small difference that could be increased with further work to enhance
gene expression. In the clinical situation, harvested cells, perhaps fibroblasts, could be
cultured in a laboratory, transfected with VEGF gene and then injected into the skin at
the time o f surgery. The level of expression could be determined prior to injection,
allowing for some estimate o f the dose administered to the tissue.
VEGFA has become the workhorse peptide in current efforts to stimulate angiogenesis
for therapeutic purposes. This work suggests that VEGFB,g, may be as good in plastic
surgery models. The ex vivo gene therapy results presented here correlate with those of
a parallel study investigating the effects o f in vivo gene therapy in this model. O’Toole
G et al (2002) showed that in vivo gene therapy using VEGFB,g^ plasmid DNA injected
into the flap at the time of surgery improved survival of the flaps significantly.
The means by which the gene is transferred to the cells and the durability of that
expression is an area that would need more careful assessment prior to any clinical trial.
The method employed in this study using stably transfected cells was used for
convenience. Once established, the stable transfectants continued to divide and express
VEGF under selective pressure. Transient transfection of large numbers of cells would
be quicker and would guarantee short term expression of the protein in the patient. The
best way o f doing this for this type o f application has yet to be investigated and is an
area that should be considered in future work in this field. Work is ongoing in the
laboratory using an adenoviral vector carrying VEGFB^g^ gene and looking at transfection
ex vivo and in vivo.
Other areas that need careful assessment include the time course of expression in vivo
once the cells are introduced This would be possible by harvesting flaps at variable time
points and probing sections with antibodies to GFP. The amplification inherent in this
labelling technique may overcome the problems produced by low levels of expression.
This work would also provide insight into the location of cells following injection. The
assumption was that they would provide a localised production of an angiogenic
cytokine and this would be the most effective way to stimulate angiogenesis in the flap.
This assumption was questioned by the paper by Kryger et al (2000), in which it was
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found that a single dose of VEGFA systemically produced a similar improvement in flap
survival to a dose subdermally (in the flap) or subfascially (under the flap bed).
The timing of the administration of the therapeutic agent needs to be more carefully
examined. It may be that reliable enhancement of the blood supply to a flap cannot be
readily achieved by administration o f an angiogenic agent so close to the time that
ischaemia occurs. Preconditioning or “chemical delay” may be the most reliable method
to produce the desired result. Taub et al (1998, [2]) found that they could augment flap
survival when pVEGF was injected into their experimental flaps 4 days prior to pedicle
division, but not when the pedicle was divided after only 3 days delay.
Finally, further work is needed to demonstrate that the cytokine therapy was exerting
its effect on flap survival by angiogenesis. It is possible that vasodilatation would
produce a similar clinical effect in an ischaemic flap, although histology gave an
impression of angiogenesis. The angiographic technique also needs to be improved to
demonstrate the smaller vessels in the flaps that are felt to be important.

Summary o f findings:
a) Fibroblasts, genetically modified to secrete the angiogenic cytokines VEGFA
and VEGFB,^, improved flap survival in a rat model of an ischaemic islanded
axial pattern skin flap. VEGFB,^ and control cells had no effect.
b) There was no significant difference between flaps treated with cells secreting
VEGFA and VEGFB^^^ and flaps treated Avith control cells.
c) Angiography did not yield any useful quantitative or qualitative data regarding
the mechanism for this improvement in survival.
d) Angiography did show the change in vascular morphology between the flaps at
day 0 and the flaps at day 7. Large vessels were seen crossing the midline to
supply the ischaemic distal part that were not visible at the start o f the
experiment.
e) Histological assessment of sections taken from the flaps in the midline
watershed area showed quahtative differences in subdermal vasculature between
treatment and control flaps. Large groups of immature vessels were seen,
demonstrating evidence of angiogenesis. Vessel counts yielded no difference in
vessel numbers.
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9 RT-PCR for Confirmation of VEGF-GFP Expression Materials and Methods
9.1 Materials
RNA was extracted using an SV Total RNA Isolation kit, Promega, Madison,
Wisconsin, USA.
Reverse transcription was performed using a Superscript First-Strand Synthesis
System, PCR reagents and primers which were obtained from Life Technologies, Palo
Alto, California, USA.
Other materials were as for previous experiments.

9.2 Methods
Summary o f aims:
a) To determine that there was enduring expression of the fusion gene in the stably
transfected cells over the time course o f the ex vivo gene therapy experiment.
b) To determine if there had been a decline in the level of expression of the fusion
gene in the same period.
c) To determine whether fusion gene expression was related to the presence of
G418 in the culture medium.

9.2.1 Introduction
There were three aims of this part o f the work. The first was to demonstrate expression
o f the fusion genes by the stably transfected cells and the second was to determine
whether the level o f expression of the fusion gene had diminished over the period of the
in vivo experiment This possibility had been suggested by one of the VEGFA ELISA
test results. The relatively small improvement in the survival o f flaps treated with the
VEGF- secreting cells prompted further enquiry. If there had been diminution of the
level o f expression, then it could be concluded that the difference in survival between
treatment and control flaps could be magnified if higher levels of gene expression could
be maintained.
A careful review of the results o f the ex vivo gene therapy experiment also suggested
that the cells grown in culture medium free of selecting antibiotic G418 were less
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effective at promoting flap survival than those grown in the antibiotic. Thus, this
experiment was also designed to demonstrate any difference in expression of the fusion
gene between cells grown with and without the antibiotic.
In summary, the experiment involved culturing early passage rat fibroblasts, which were
cells frozen soon after the process o f stable transfection had been completed. Also
cultured were flasks containing fibroblasts that had been grown continuously over the 34 months of the ex vivo experiment. These fibroblasts were grown both with and
without the G418 antibiotic. There were thus 9 flasks for analysis, VEGFA-GFP
fibroblasts, VEGFBjg^-GFP fibroblasts, and VEGFB^^-GFP fibroblasts.
The determination o f gene expression was done by analysis o f mRNA in each cohort of
cells. The mRNA acts as a marker of the level o f protein expression. The greater the
concentration of mRNA coding for the fusion gene in the cells, the larger quantity of
protein that was likely to be produced. Total RNA was extracted from the cells, the
DNA was separated from it, and the resulting solution was treated with a DNase
enzyme to degrade any remaining DNA. Any DNA left in the solution would act as a
template for the PCR later and affect the accuracy of the results. The RNA was
converted back to cDNA by reverse transcription, and the resulting DNA was amplified
using gene specific primers. The primers were designed to bind to the gene for the fusion
protein, with the forward primer binding early in the VEGF gene and the reverse primer
binding to a region in the GFP gene. The consistency o f RNA preparation was
determined using a housekeeping gene, beta actin. Quantitation of the VEGF-GFP fusion
cDNA was done by electrophoresis and comparison of band intensity.

9.2.2 Selection o f Cell Populations
Cryogenic tubes o f frozen, stably transfected rat fibroblasts were removed from liquid
nitrogen, thawed as described in the in vitro experiments section, and seeded into T75
flasks. There were two populations o f cells. One was thawed about 5 weeks following
successful transfection at the end of the selection process. These were the early passage
cells and had been split approximately 5 times since the initial transfection. The second
was from a tube that had been frozen at the completion o f the ex vivo transfection
experiment after approximately 21 weeks o f continuous propagation.
When the late passage cells were confluent, they were split into two flasks and one was
cultured for 6 days without G418.
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9,23 RNA Extraction
This was performed according to the instructions provided by the SV RNA Isolation
k it
When the three flasks were confluent, the cells were washed in ice cold PBS, trypsinised
in the normal fashion, and centrifuged to collect the pellet. The cells were counted, and
4x10* cells were aliquoted into a separate 15ml Falcon tube. The pellet was washed in
25ml ice cold PBS and centrifuged again to collect the cells. To the pellet of cells was
added 175 pi of cell lysis buffer from the SV RNA Isolation kit. The lysis buffer
contained B-mercaptoethanol to inactivate the endogenous ribonucleases. The cells and
buffer were drawn through a 20-gauge needle repeatedly to aid cell lysis and the lysate
was transferred to a microcentrifuge tube. Next, 350pl of dilution buffer was added, the
contents mixed and the tube heated in a heating block at 70®C for 3 minutes. The tube
was then spun at 14,000x G for 10 minutes. The dilution buffer contained a high
concentration o f guanidine thiocyanate, causing precipitation of cellular proteins.
The clear lysate was transferred to a fresh microcentrifuge tube, and 200pl of 95%
ethanol was added. The solutions were mixed and transferred to the spin column. The
RNA was extracted by the use of a silica-containing column. The ethanol caused the
selective precipitation o f the RNA, which then bound to the silica surface of the glass
fibres in the column. The column was spun at 12,000x G for one minute and the flow
through discarded. Next, 600pl wash solution, diluted with ethanol, was added to the
column, and the column was spun again at 12,000x G for one minute. The collection
tube was emptied, and the tubes were set in a rack.
The DNase incubation mix was prepared for each RNA extraction by adding 40pl of
buffer, 5 pi o f MnCl^ and 5 pi of DNase 1 enzyme to a sterile tube. 50pl of the mix were
added to the spin columns and incubated at room temperature for 15 minutes. The stop
solution was added to the tube, and the two solutions removed by a one minute
centrifuge (12,000x G).
The RNA was washed again with 600pl of wash solution (12,000x G for one minute)
and then 250pl of wash solution for two minutes. The RNA was eluted from the column
into a sterile tube with lOOpl o f nuclease-free water and a spin of 12,000x G for one
minute. The RNA was quantitated using the spectrophotometer. A lOpl aliquot was
removed and diluted to 500pl, and absorbency was estimated to give a concentration in
pg/ml of the RNA in the solution. The remaining solution was stored at -70°C.

129

9.2,4 Reverse Transcription
A Super Script First Strand Synthesis kit was used for this. The reaction was primed
using “oligo(dT)” primers provided in the kit. These primers hybridise to 3' poly (A)
tails, which are found in the vast majority of eukaryotic mRNAs (Superscript FirstStrand Synthesis System manual), and produce an RT-PCR product more consistently
than random primers or gene-specific primers. The reaction was performed in triplicate
to generate sufficient quantities for subsequent amplification reactions and to verify
consistency in reverse transcription.
First, a mix of RNA and primers was made in sterile tubes. One microgram of total RNA
was used from each of the RNA isolation samples. The positive control reaction used an
RNA solution supplied in the kit, and the negative control was a sample RNA solution,
which was identical to the others except that no reverse transcriptase was added. This
reaction was subsequently used to exclude the presence of contaminating DNA in the
reverse transcription samples. The mixtures were set up as follows;

Component
1pg total RNA

Sam ple

Negative

n pi

n pi

Positive Control
--------

Control RNA(50ng/pl)

—

—

ipl

lOmMdNTP mix

ipl

lul

Ipl

Oligo(dT) (0.5pg/pl)

Ipl

lul

Ipl

DEPC-treated water

to lOpl

to lOul

to lOpl

Each sample was incubated at 65°C for 5 minutes and then placed on ice while the
enzyme mixture was prepared. This was made up as follows:

Component

Each Reaction

lOx RT buffer
25mM MgC12

4 mI

O.IMDTT

2ltl

RNase inhibitor

Ittl

From the master mix assembled as above, 9pl was added to each RNA/primer mix. The
solution was mixed gently and spun briefly. The tubes were incubated at 42®C for 2
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minutes before 1

of reverse transcriptase enzyme was added to all the reactions except

the negative control. The solutions were mixed again and incubated again at 42°C for 50
minutes. The reaction was terminated at 70°C for 15 minutes and placed on ice. The
reactions were collected by a brief centrifugation, and Ipl of RNase added followed by
20 minutes incubation at 37°C. This step was necessary to eliminate any remaining
RNA that might act as a template for the subsequent PCR. The cDNA synthesised was
stored at -20°C.

9.2,5 Polymerase Chain Reaction
The first stage of this part of the work was to amplify the housekeeping gene, beta
actin. This was selected because it should have been expressed at a similar level in all the
cell populations, allowing comparison of the quantity of RNA that was extracted and
converted to cDNA. Therefore, bands of identical intensity were expected from each of
the sample cell groups after reverse transcription, PCR and electrophoresis of the PCR
product.
Primers for rat beta actin were designed from GenBank database accession number
VO1217. The primers used were:
Forward: 5' GTT TGA GAC CTT CAA CAC CCC A 3'
Reverse:

5’ GAA CCG CTC ATT GCC GAT AG 3’

These primers produced an amplified fragment of 396 bases. They were reconstituted in
TE buffer as directed by the accompanying instructions and diluted to lOpM.
The reaction was set up as follows in 200pl sterile PCR tubes:

Component

Volume per Reaction

Template DNA (from RT)

2nl

lOpM sense primer
lOx PCR buffer

lul
lul
5^1

50mM MgC12

1.5nl

lOpM antisense primer

lOmM dNTP mix

lul

Water to 50pl

381^1

Taq polymerase

0.4nl
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The positive control reverse transcription reaction was primed using primers supplied
with the kit. A negative control PCR was set up using water as the template.
The reaction cycling conditions used were as in the instruction manual for the reverse
transcription kit. First, there was a 2 minute denaturing step at 94®C, then 30 cycles of 1
minute denaturing at 94®C, 1 minute annealing at 63®C and 2 minutes extension at 74°C.
The reaction was finished with a further 5 minutes extension at 74®C and then stopped
at 4®C. The temperature chosen for annealing was that suggested by the “Nearest
neighbour Tm” from the Primer Calculator (www.williamstone.com/primers/calculator/
calculator.cgi).
The PCR products were electrophoresed on a polyacrylamide gel, and a photographic
record was obtained
Amplification of the VEGF-GFP fusion gene was performed using primers designed to
bind to the early part o f the VEGF gene and the early part o f the GFP gene,
respectively. They were as follows:
Forward:

5' ACC AGA GGA AAG TGG TGT CAT G 3'

Reverse:

5' TGA ACT TGT GGC CGT TTA CGT C 3'

These primers generated a fragment of 578 base pairs from the VEGFB,g,-GFP fusion
gene. The reactions were initially set up to run 30 cycles to test the primers. When
found to work satisfactorily, a further set o f reactions were set up. These were set up in
multiples, so that a tube could be removed after each cycle for cycles 22-26 to visualise
when the product appeared on the gel for each o f the three samples.
The three templates, early passage, late passage and late passage with no antibiotic were
put into three sterile microcentrifuge tubes. These tubes were set up as for the beta actin
reactions. There were five reactions for each of the samples and positive and negative
controls. The PCR products were electrophoresed on a polyacrylamide gel and
photographed using a Polaroid camera.
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10 RT-PCR - Results
The polyacrylamide gel images o f the beta actin bands show that the isolation of RNA
from the fibroblasts had been successful and that there was a consistent quantity of
cDNA to act as a template for amplification of the genes of interest (figure 10a). This is
with the exception o f the third sample o f the cells grown without antibiotic. This sample
did not contain adequate cDNA for amplification, so it was not used for further
investigation ofVEGFB^g, expression.
As reflected in figure 10b, the intensity of VEGFB^g^-GFP bands drops from the early
passage to the late passage cells and from the late passage cells grown with antibiotic to
the late passage cells grown without. This indicates that the expression of VEGFBjg^GFP reduced over the time course of the ex vivo gene therapy study, as was suspected
by the observations o f flap survival. It also shows that the expression was reduced
when the cells were grown in medium that did not contain antibiotic.
Negative control was PCR o f first strand synthesis product obtained without adding
reverse transcriptase to the reaction mixture. This excluded the presence of
contaminating DNA in the total RNA sample.
Positive control RNA was provided with the First Strand Synthesis kit and was
amplified with primers provided (-500 bp).
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Figure 10a Beta Actin Housekeeping Gene RT-PCR.
4% polyacrylamide gel of PCR product of the reverse transcribed VEGFB ,67-GFP group
of samples.

1. VEGFBj^,-GFP late passage, sample 1.
2. VEGFB,g^-GFP late passage, sample 2.
3. VEGFB,g^-GFP late passage, sample 3.
4. VEGFB,^^-GFP early passage, sample 1.
5. VEGFB,g^-GFP early passage, sample 2.
6. VEGFB,g7-GFP early passage, sample 3.
7. Marker PhiX 174/Hind III.

1. Marker PhiXl74/Hind III.
2. VEGFB,^^-GFP late passage, no antibiotic,
sample 1.
3. VEGFB,^^-GFP late passage, no antibiotic,
sample 2.
4. VEGFB,^7-GFP late passage, no antibiotic,
sample 3 (no PCR product).
5. Negative control (RT reaction of
VEGFB,g^-GFP late passage sample with
no reverse transcriptase, using beta actin
primers for PCR).
6. Positive control mRNA PCR product.
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Figure 10b VEGF-GFP fusion gene RT-PCR.

BE

BL

B na

BE

C y c le 22

BL

Bna

C y c le 23

BE

BL

C y c le 24

-ve
BE

BL

Bna

BE

C y c le 25

Key:

BL

Bna

C y c le 26

BE = VEGFB,^^-GFP cells, early passage.
BL = VEGFB,g^-GFP cells, late passage.
Bna = VEGFB,g,-GFP cells, late passage, no antibiotic.
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11 RT-PCR - Discussion
This experiment confirmed that the later passage cells produced less of the fusion
protein than the early passage cells. This supports the earlier ELISA test results.
Also supported is the observation that flaps survived better when treated with cells
grown in the selection antibiotic compared to those treated with cells grown without it.
This can be explained with reference to the observation from the RT-PCR that the later
passage cells grown without antibiotic were producing less o f the fusion protein and
thus could be expected to have a reduced effect on the survival of the flaps.
The method used to demonstrate levels o f mRNA production was only semiquantitative, as the accuracy needed was only to determine if there was a difference
between early and late passage and between late passage cells grown with and without
antibiotic. The difference in the band intensities can be clearly seen, suggesting there was
at least a two fold difference in the quantity of mRNA present in each of the samples.
No replicates were performed, which might have added weight to the findings, but a
significant difference in fusion gene expression between cells in each of these groups is
shown.
The implication o f this finding was that the continuous propagation of these "stably
transfected" cells led to a diminution o f fusion gene expression and that future studies
using this technique would need to include close monitoring of expression to ensure
reliable protein delivery. In the clinical setting, it would be unlikely that continuous
propagation would be necessary. Rather, a population of autologous cells could be
grown, transfected and injected within a short period o f time. The level of expression of
the transiently transfected cells was higher still than those selected with the antibiotic,
. as shown by the ELISA. This group would provide the highest level of expression if this
method o f transfection was adopted.
The drop in expression seen over time in the antibiotic might be due to the development
o f innate resistance in the cell population. This meant that the cells could survive
without expressing the plasmid, and thus the plasmid ceased to provide a selection
pressure. There was a more dramatic difference seen when the antibiotic is removed
which was due to allowing cells that have lost the vector to grow in the absence of the
antibiotic. In the clinical situation, these factors would be unlikely to present a problem
as again, the time o f propagation would be much shorter, giving less time for innate
resistance to develop.
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Summary of findings:
a) Later passage stably transfected rat fibroblasts continued to secrete the fusion
protein, VEGFBjg^-GFP.
b) The later passage cells secreted the protein at a lower level than the early
passage cells.
c) Cells grown without the antibiotic, G418, expressed the protein at a still lower
level.
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12 GENE GTJN - Materials and Methods
12.1 Introduction
A colleague successfully used plasmid VEGFB j^^-GFP to augment rat skin flap survival
(O’Toole et al, 2002). He injected the naked plasmid DNA subcutaneously under the
flap at the time it was raised. He found that flaps treated with pVEGFB,g^-GFP had
greater surviving areas than controls. As described in the introduction, the gene gun is an
experimental method of delivering plasmid DNA to mammalian cells. The plasmid DNA
is coated on to microscopic gold particles that are fired into the cells or tissues. The gene
gun is thought to deliver DNA in a more efficient fashion than simple subcutaneous
injection, and once injected, the DNA should stay in the region in which it was injected
(Barry and Johnston, 1997). The hypothesis of this experiment was that the gene gun
could be used to deliver DNA to the flap to replicate the result o f O’Toole et al.
An experiment was designed to test this hypothesis. First, the gun was used to verify
that it could transfect fibroblasts in vitro. Then, a randomised, controlled, blinded trial
was performed to test the effect o f pVEGFB,g^-GFP on rat skin flap survival.

12.2 Materials
Qiagen BndoFree Maxi Kit for preparing bulk plasmid DNA was ordered from Q iagen,
Clifton Hill, Victoria, Australia.
The BioRad Gene Gun was kindly lent by the W alter and Eliza Hall Institute,
Melbourne, Australia. The “bullets” were prepared by Chris Dyer, PhD student.
Helium was from BOG M edical gases, Fishwyck, Australian Capital Territory,
Australia.
Other materials were as for the ex vivo gene therapy experiment

12.3 Methods
Summary of aims:
a) To demonstrate that plasmid DNA could be delivered to rat fibroblasts in culture
using the BioRad Gene Gun.
b) To use the plasmid DNA delivered by the gun to enhance flap survival in the rat
model.
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c) To demonstrate that the plasmid DNA was expressed by the rat flap skin cells.
d) To demonstrate that any improvement in flap survival was due to angiogenesis.

12.3.1 Preparation o f Plasmid DNA
This experiment required the preparation o f larger quantities of DNA than was
necessary for the ligation reactions or the transfections. The DNA was also to be
injected into rats, and therefore the DNA solution had to be free of bacterial endotoxins
that might cause an immune reaction or systemic illness. Thus, bulk preparation of
plasmid was undertaken using a Qiagen EndoFree Maxi Kit. The decision was made to
compare the best therapeutic plasmid with an appropriate control. The best therapeutic
plasmid in the combined in vivo work thus far was thought to be VEGFB jg^-GFP and
the control was pEGFP.
To prepare the plasmid stocks, a single colony of each of the two plasmids was selected
from freshly streaked kanamycin agar plate and used to inoculate starter cultures of 5ml
of LB medium in 50ml sterile tubes. They also contained 30pg/ml kanamycin. These
cultures were incubated at 37®C shaking at 300rpm for 8 hours. The cultures were then
diluted by adding each to 100 ml of LB medium and incubating them for a further 16
hours at 37®C shaking at 300 rpm.
The bacteria were harvested by centrifuging at 6000x G for 15 minutes at 4°C. The
supernatant was removed with a pipette, and the were tubes inverted to drain the
remaining medium. The cell pellets were resuspended in 10ml buffer PI (50mM Tris.Cl
(pH 8.0), lOmM EDTA, lOOpg/ml RNase A). Next, 10ml cell lysis buffer P2 (200mM
NaOH, 1% SDS) was added. The tubes were inverted to mix and incubated at room
temperature for 5 minutes. To the cell lysates, 10ml chilled buffer P3 (3.0M potassium
acetate pH 5.5) were added, and the tubes were inverted gently to mix. The solutions
and the precipitates were then transferred to silica filter cartridges and incubated for 10
minutes at room temperature. During incubation, a precipitate containing proteins,
genomic DNA and detergent floated to the top and was removed with a plunger inserted
into the filter unit. The cleared cell lysates were pushed through the filters.
To the filtered lysates were added 2.5ml buffer ER (the endotoxin removal buffer). The
tubes were inverted to mix and incubated on ice for 30 minutes. During incubation, two
“Qiagen-tips” (anion exchange resins) were “equilibrated” by adding 10ml of the buffer
QBT (750mM NaCl, 50mM MOPS (pH 7.0), 15% isopropanol, 0.15% Triton* X100). This was allowed to drain from the Qiagen-tip by gravity. The cell lysates were
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added to the Qiagen-tip resin and also allowed to drain through by gravity. The anion
exchange resin binds the negatively charged plasmid DNA and allows the flow-through
of the RNA, cell proteins and metabolites. The Qiagen-tips were washed with 30ml
buffer QC (IM NaCl, 50mM MOPS (pH 7.0), 15% isopropanol) twice before the
plasmid DNA was eluted from the resin with 15ml buffer QN (1.6M NaCl, 50mM
MOPS (pH 7.0), 15% isopropanol) into 50ml tubes.
The next stage was to concentrate the DNA, and for this, an isopropanol/ethanol
precipitation method was used. 10.5ml isopropanol (at room temperature) were added
to both tubes. The tubes were inverted to mix and then centrifuged at 12,000x G for 30
minutes at 4°C. The supernatants were carefully decanted and replaced with 5ml o f 70%
ethanol. The tubes were briefly vortexed to resuspend the pellets and then centrifuged
again at 12,000x G for 10 minutes at 4®C. The supernatants were carefully decanted, and
the pellets were air-dried for 10 minutes. The pellets were then resuspended in buffer
TE (Tris/EDTA).
Once prepared, the plasmid DNA was quantitated using both spectrophotometry and
an agarose gel. lOpl o f the final volume of plasmid solution was diluted to 500pl and
pipetted into a cuvette for spectrophotometry. The spectrophotometer calculated the
concentration by measuring the absorbency of the solution o f light at 260nm.
The DNA was sent to the collaborators in Melbourne so the “bullets” could be made.
The bullets were returned and stored at 4°C. Each consisted o f 0.5mg of gold particles
bound to the inside o f a small plastic tube. The gold particles were 1.6pm in diameter
and each held Ipg o f plasmid DNA. Thus, each shot o f the gun delivered 1pg of DNA to
the target.

123.2 Gene Gun Transfection In Vitro
In vitro transfections using the gun were performed initially to verify that the gun could
transfect rat cells in culture. Rat fibroblasts were seeded into the wells of a 6 well plate,
300,000 cells per well. The next day the cells were approximately 90% confluent.
The gun was prepared by first attaching the regulator to the Helium cylinder and then
attaching the gun to the regulator. A few initial test firings were necessary to become
accustomed to handling the gun and controlling the gas pressure. Bullets containing
VEGFBjg^-GFP and GFP were loaded into cartridges, and a cartridge was loaded into the
gun (figure 12.3.2). The gun was wiped with ethanol and placed in the safety cabinet
with the 6 well plate.
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In preparation for the transfection, the medium was removed from the wells. The gun
was held perpendicularly above the cells with the guard at the muzzle just off the cells.
The gun was fired at the cells at pressures o f 50psi, lOOpsi and 200psi. These pressures
covered the range suggested in the operating guide. There were three wells for each of the
two plasmids, and for each plasmid the three pressures were used. Growth medium was
replaced on the cells, and the cells were returned to the incubator.
At 24 and 48 hours following transfection, the cells were examined under an inverted
fluorescence microscope to look for cells expressing the plasmids. To reduce the
background fluorescence, the DMEM was replaced with warm PBS before viewing.
To try to enhance the fluorescence seen with the VEGFBjg^-GFP plasmid, 200pl of
Brefeldin-A was added to the 200psi well and incubated for 5 hours. After this time, the
culture medium was replaced with PBS to view the fluorescence.

12,3.3 In Vivo Experiment
An experiment was designed to test whether the DNA delivered by the gene gun into the
rat flap could enhance flap survival by angiogenesis.
The animal model used was the same as used for the ex vivo gene therapy experiment.
Twenty male Sprague-Dawley rats were divided into two groups, one group for plasmid
VEGFBjg,-GFP (treatment) (n=10) and one for pEGFP (control) (n=10). However, for
this experiment, the bullets containing the DNA were divided into doses for each rat and
placed in a tube. The tubes were then randomly labelled by an assistant and a note of the
contents o f each kept. Thus, the operator was kept blinded to the treatment each rat
received.
Each rat was anaesthetised using fluothane by placing the rat in an anaesthetic chamber,
and once asleep, the rat was weighed. The abdomen was shaved with clippers and the
outline o f the flap, 8cm x 8 cm, was drawn with the upper margin based at the
xiphistemum. Marks were also made to guide the target area for the DNA as shown in
figure 12.3.3. These areas were equivalent to the areas that were injected with the
genetically modified fibroblasts and surrounded the central watershed area of the flap.
The abdomen was prepared with betadine and draped with a sterile windowed drape.
Using a number 15 scalpel blade, the outline o f the flap was incised and the pedicle was
exposed in one or the other groin by blunt dissection using Mayo scissors. The aim of
the dissection was to expose the superficial inferior epigastric artery and vein just before
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the artery branched into a lateral and medial branch. Often, there was a recurrent branch
on the medial side that branched early, and this was divided. The flap was then raised by
blunt dissection fi'om cranial to caudal, leaving a thin line of connective tissue intact at
the caudal end. This was to provide some counter traction when the flap was pulled out
to length for the injections.
The suture packet was placed behind the flap to provide a solid support against the
pressure o f the gun. The gun, which had been loaded with ten bullets prior to the start of
each procedure, was now held with the guard by the muzzle just off the deep surface of
the flap. It was aimed at the first o f the marks and the trigger pulled. The next bullet was
turned into position by squeezing the outer trigger, the next mark was aimed at, and the
gun was fired. In this way, ten bullets o f plasmid DNA (lOpg) were discharged into the
flap. The remaining connective tissue and the contralateral pedicle were divided. Any
bleeding was quenched with dry gauze. This left the flap attached to the rat solely by
the pedicle.
To replace the flap, 2/0 catgut was used. The four comers were secured first, and the
rest o f the wound was closed with a simple running suture. Post-operative fluid was
administered with analgesia. 0.1 mg buprenorphine was added to 5ml saline and injected
under the dorsal skin. Finally, a collar made fi’om X-ray film was fastened around the
neck o f the rat with the suture and a staple. This was necessary to prevent the rat from
interfering with the flap during the ensuing week. The rats were housed in separate cages
and given food and water ad libidum.
Seven days later, each rat was anaesthetised as before, the flap was photographed, and
the outline of the flap was traced onto clear X-ray film. A second copy was made to
attach the flap to following its removal. The pedicle of the flap was exposed by dividing
the running suture in the groin and using blunt dissection to show the vessels. In each
case, effort was made to open a plane o f tissue that was deeper than that used to raise
the flap. It was found that by doing this, there was less bleeding and therefore less
leakage of contrast when the X-ray contrast was injected later. Often a small nick was
made in the skin of the flap at the border o f dead and living skin. This was to allow more
accurate determination o f the surviving area of the flap and to provide an indicator of
when the contrast had crossed the flap to its furthest point.
The anaesthetised rat was transferred to a cork board and the wound edges retracted.
This was done by pinning the hind limb adjacent to the pedicle and using a cat’s paw
retractor. With the aid o f an operating microscope, set at lOx magnification, the pedicle
was isolated and cannulated, and the lead oxide contrast was injected in the same way as
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for the preceding experiment.
Sections were taken from the centre o f the flaps for histological analysis as previously
described.
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Figure 12.3.2 Photograph of the gene gun with its cartridge and pellets, which were
coated internally with gold particles.

À
Figure 12.3.3 Photograph of the marked flap area, showing target areas for the ten gene
gun charges. The gun was fired at the underside of the flap, not at the skin surface.
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13 GENE GTJN - Results
13.1 In Vitro Results
On viewing the cells on day 1 following transfection, several findings were evident. The
gas pressure of the gun had dislodged a large number of cells from the centre of each
culture dish, to the extent that there was a “clearing.” The gold particles were easily
visible in the dish and had not been washed away by changing the medium for PBS.
Fluorescent cells were visible in all wells with a characteristic difference between the
fluorescent cells transfected with VEGFBjg^-GFP and GFP alone (figure 13.1). The
control plasmid (GFP) showed brighter and with more uniform fluorescence, whereas
the VEGFBj^ -GFP cells had one or two small dots o f more intense brightness with less
7

fluorescence in the cytoplasm generally. This finding was similar to that seen with the
earlier transfections using Lipofectin.
The transfection rate was not measured formally, as the experiment was designed
simply to test the system, but it was clear from simple observation that the highest
pressure (200psi) was the most effective. This was despite the fact that more cells were
dislodged from the well with the higher pressure.

13.2 In Vivo Results
The survival figures for flaps in each o f the two groups of animals can be seen in the
table below and are illustrated in the accompanying graph. The figures in the survival
and total area columns o f the table are in arbitrary units of the software used to analyse
the templates. The mean survival o f the VEGFB^g^-GFP treated flaps was 84.15%
compared to 85.38% for the controls. It can be seen that the injected plasmid DNA did
not augment flap survival. The graph has the survival data ranked from lowest to highest
to demonstrate the range of the figures.
Sections of the two sample flaps, harvested at 2 days, were snap-frozen in mounting
medium in liquid nitrogen and cut into 5 pm, 10pm, 15 pm and 20pm sections. These
were mounted on slides. These sections were searched for gold particles, which were
found at the deep surface o f the skin. The particles had penetrated to the subcutaneous
tissue and into the some o f the panniculus camosus muscle (figure 13.2a).
Under a fluorescence microscope, there was a substantial amount of background
fluorescence. In some areas, these areas of fluorescence in the deeper layers appeared to
correspond with the areas o f gold particles. Unfortunately, this appearance was not
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consistent enough to provide convincing evidence that the fluorescence was a direct
result of the expression of the plasmid DNA. The VEGFBjg^-GFP-treated skin did not
generate any significant areas of fluorescence in sections examined. As the results of the
flap survival analysis were not impressive, it was decided not to pursue evidence of
protein expression in the flaps using antibody labelling of the green fluorescent protein
part of the fusion protein.

G raph of Flap Survival with Gene Gun Treatm ent
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Table 13.2b Gene Gun Table of Results

Treatm ent

Weight(g)

Surviving
Total Area
Area (units)
(units)

Surviving
Area (%)

Control

470

84967

143138

59.36

Control

445

148070

186908

79.22

Control

440

149024

181066

82.30

Control

465

153148

176812

86.62

Control

490

164197

189024

86.87

Control

480

163597

187182

87.40

Control

495

182954

202176

90.49

Control

495

172008

189473

90.78

Control

440

193728

205554

94.25

Control

490

186240

192904

96.55

Mean

471

VEGFB167

490

89751

141292

63.52

VEGFB167

480

131007

165839

79.00

VEGFB167

495

164146

201676

81.39

VEGFB167

445

140678

167719

83.88

VEGFB167

475

159888

189866

84.21

VEGFB167

480

162491

188048

86.41

VEGFB167

410

152501

174668

87.31

VEGFB167

485

158361

180550

87.71

VEGFB167

495

159376

180984

88.06

VEGFB167

470

186724

186724

1 0 0 . 0 0

Mean

85.38

472.5

84.15
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Figure 13.1 Illustration of fibroblasts in culture with fluorescent cell transfected with
the gene gun. Gold particles are clearly seen in this cell and surrounding ones.

Figure 13.2a Histology slide showing gold particles in the deep surface of the flap.

1
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14 GENE GUN - Discussion
14.1 In Vitro Study
This Study showed that the gene gun could successfully deliver plasmid DNA to rat
fibroblast cells in culture, resulting in relatively efficient transfection. The efficiency was
greatest for the highest gas pressure (

2

0

0

ps^, and the subjective impression was that it

was as efficient as the transfections performed earlier in the work using the lipophilic
agent, Lipofectin.
This finding also provided an indication o f the gas pressure necessary to perform the in
vivo work (200psi or greater). It offered support for the theory that the plasmid DNA
would be efficiently delivered to the cells o f the subcutaneous fascia and that the VEGF
gene would be expressed locally in the skin flap. This would be in contrast to the
situation when plasmid DNA in solution is injected subcutaneously. In this scenario, the
DNA is free to be carried far from the site of injection and does not necessarily act
locally.
Examination of the plates showed that the blast pressure dislodged many cells from the
centre area o f the culture dishes. This was progressively worse with the higher gas
pressures but surprisingly did not appear to affect the efficiency of the transfection
overall. In the clinical situation, this damage to the target cells would be a potential
problem. However, extrapolation of this finding to the in vivo situation is probably not
reasonable. The cells in culture are only loosely adherent to the hard surface of the
plastic dish. This dish is an unyielding surface, which will absorb none of the pressure
o f the blast. In contrast the deep surface o f the flap is softer and will absorb the blast to
some extent. In addition, the cells are bound together in a fascial sheet that possesses a
degree of tensile strength. Therefore, the tendency for the cells to be dislodged by the
blast is less, and any concern about disruption of the cells is likely to be unfounded.
The success of this in vitro experiment offered hope that the VEGF plasmid could be
reliably administered to the rat skin flap and that the DNA would be expressed. If this
were the case, there was optimism that it would have the effect of enhancing survival of
the skin flap.

14.2 In Vivo Study
The principal finding o f the in vivo study was that the administration of lOpg of VEGF
plasmid DNA to an ischaemic skin flap did not enhance flap survival. The assessment of
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histology slides however did demonstrate the presence of many gold carrier particles
embedded in the fascia and the tissue immediately superficial to it, indicating that the
DNA was carried into the subcutaneous tissue. Using fluorescence microscopy, some
fluorescence was also observed, indicating that the plasmid had been locally expressed in
the rat skin flap.
The study aimed to reproduce the findings o f the other study in which naked plasmid
DNA had been injected to enhance survival o f the skin flap. In this study, a smaller
quantity was used (lOpg versus 50pg), but it was administered in a way that is thought
to be more efficient. The work by Barry and Johnston (1997) confidently reported that
intradermal and intramuscular injection was some

1 0 0

times less efficient than the gene

gun in generating reporter gene expression. Furthermore, intramuscular injection is
thought to be more efficient than subcutaneous injection. These published findings were
duplicated by the team o f immunologists from whom the gun was borrowed. They
reported that the gun was approximately

1 0 0

times more efficient in generating

luciferase expression in in vivo experiments when compared to intramuscular injection
(unpublished observations). In vitro work demonstrated that the gun was able to deliver
the DNA efficiently to the fibroblasts in culture, and literature supported the use of the
gun to obtain highly efficient gene delivery in vivo. The method of delivery also ensured
expression o f the VEGF at the skin flap, the site o f the ischaemic insult, and minimised
the carriage of the plasmid away in the systemic circulation. These factors raised high
expectations o f success with the technique.
The success o f this technique depends on the DNA stimulating the cell to express the
gene (VEGF) under the influence of the CMV promoter. The protein is then secreted
and acts locally. This is a process that might take 24 hours (from observations o f GFP
expression in vitro). The time to gene expression may be longer if the cell is damaged by
the gun blast. If that were the case, then the angiogenic effect may be instigated too late
to save the area o f the flap threatened by ischaemia. However, the in vitro experiment
did not demonstrate any lag between delivery and expression when compared to the
lipofection experiments.
Despite the hope o f success with this technique, this blinded randomised study was
unsuccessful. The gas pressure o f the gun and the gold microprojectiles may have injured
the target cells and prevented the expression o f the protein. Certainly other workers
have reported variable expression rates. It may have been that the level of expression
was too low to affect flap survival. It is however difficult to reconcile the failure of this
method o f DNA delivery with the success o f a method offering a lesser degree of
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efficiency.
Comparable studies are scarce. Velaz-Faircloth et al (1999) describe an in vivo DNA
vaccination experiment in which they injected a fusion plasmid of a mycobacterial
antigen and pEGFP-Nl (a GFP expression vector nearly identical to the one used in
these experiments). When this was injected in solution into mouse muscle, they were
able to demonstrate fluorescence in the muscle using a microscope. Some fluorescence
was observed in the gene gun treated slides, but only with difficulty was the background
distinguished from GFP. The reasons for the success o f Velaz-Faircloth et al were likely
to have been that the protein used was not secreted and that muscle is a more effective
expresser o f injected plasmid DNA than skin.
Consideration of the study performed using naked plasmid DNA shortly prior to this,
which offered promise o f success here, is important. That plasmid DNA solution study
was not blinded or randomised, making it open to bias. To strengthen the evidence for
efficacy o f the plasmid solution over the gene gun, further randomised, blinded studies
should be performed to duplicate the results. Indeed, this area o f investigation holds
much promise as the therapeutic agent is cheap to prepare and simple to produce in
large quantities. Certainly, if further studies were to confirm the initial findings, then
further research would definitely be profitable.
For the reasons outlined above, the gene gun also has much to recommend it. In
particular, it is a highly efficient, simple and non-invasive method of gene delivery.
Further investigation in this area of research would involve investigation of the plasmid
expression in the rat skin. To do this, immunohistochemical labelling o f slides of skin
using antibodies to GFP would be needed. This would confirm that the plasmid had
been expressed. This work would provide information also on the time course of
plasmid expression in vivo, indicating when the maximal expression of plasmid occurred.
The presence of GFP in the fusion protein allows distinction between endogenous
VEGF and VEGF produced as a result o f the intervention.
The next step would be to look for histological evidence of angiogenesis in unchallenged
skin. Assuming these steps were successful, then the skin flap could be treated with the
gene gun administered some 3-4 days before the skin flap was raised and rendered
ischaemic. This is a similar experiment to that reported by Taub et al (1996) using
plasmid DNA in solution. If the treatment proved successful, the lag time between
administering the DNA and raising the flap would be reduced. Also valuable would be a
randomised and blinded experiment to repeat the injection o f naked plasmid with a
different flap model. To confirm the findings of the earlier study under more rigorous
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conditions and to further explore the expression of the plasmid. This would be done by
probing slides with GFP antibodies and would enable comparison of expression between
the two different methods o f DNA delivery.
Thus, the gene gun offers promise as a therapeutic method of gene delivery in this
setting that this in vivo experiment did not fully explore.

Summary of findings:
a) Plasmid DNA could be delivered to rat fibroblasts in culture using the BioRad
gene gun, and expression o f GFP was detected.
b) The plasmid VEGFB,g^-GFP did not enhance flap survival when administered
using the gene gun.
c) Expression o f plasmid in the rat skin could not be detected.
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15JCYTQKINE THERAEY
Summary of aims:
a) To enhance survival o f the ischaemic portion of the flap by administering
VEGFAjg,, VEGFBjg^ and bFGF cytokines in separate experimental groups by
subcutaneous or intra-arterial injection.
b) To obtain angiographic and histological evidence of angiogenesis in the treatment
flaps.

15.1 Subcutaneous Cytokine Therapy - Materials and Methods
15.1.1 Materials
Basic FGF was obtained from Endogen, Woburn, Massachusetts USA.
VEGFAjg, was obtained from R&D Systems, Palo Alto, California, USA.
VEGFB,g

7

was

kindly

donated

by

Am rad

Pharm aceutical

Research

and

Development, Burnley, Victoria, Australia.
Other materials were as for the previous in vivo experiments.

15.1.2 Methods
15.1.2.1 Introduction
The aim of this part o f the work was to determine whether VEGFAj^,, VEGFB,^^ and
bFGF proteins administered subcutaneously to rat abdominal island flaps could
individually stimulate angiogenesis and thereby increase flap survival. Also of interest
was whether any protein was better at improving flap survival than the others.

15.1.2.2 M ethod
The proteins were supplied as lyophilised powders in quantities o f 50pg. Each had
different reconstitution instructions, which were carefully followed. VEGFA was
reconstituted in 0.5% BSA. VEGFB was reconstituted in lOOpl O.IM acetic acid and
then further diluted with 0.5% BSA as needed. Basic FGF was reconstituted in RO
water and then diluted further with 0.5% BSA.
Once reconstituted, the cytokines were divided into aliquots and stored. The bFGF and
VEGFA were stored at -20®C and the VEGFB at 4°C.
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The rats were divided into three groups o f ten animals, one for each of the cytokines.
The controls used were the saline group from the ex vivo experiment. The study was not
blinded for this reason and because the VEGFB cytokine had to be stored at a different
temperature.
The rats were anaesthetised and weighed, and the flaps were raised as in the previous
experiments. The cytokine was injected into the deep surface of the flap as two parallel
rows o f 5 blebs each on either side of the midline. 5pg were used in each rat and spread
over ten injection sites under the flap. The skin was closed with 2/0 catgut horizontal
mattress suture, and the rats were given fluid and buprenorphine analgesia.
After one week, the rats were anaesthetised, and the areas of the flap, surviving and
total, were traced onto a piece o f transparent X-ray film. The flap was raised and an
angiogram was performed. The pedicle was divided, and the flap was excised and
transferred to

1 0

% buffered formalin.
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SubçytangQus Cytokigg Therapy - RfswMs
15.2.1 General Observations
The general appearance of the animals during the week following the administration of
the cytokines did seem to be slightly better than the appearance following plasmid DNA
or transformed cell administration. They appeared to be more alert and inquisitive, and
generally better nourished. The rats in the previous experiments lost 20-40g each
whereas in the cytokine groups some rats managed to gain weight. The individual figures
for weight loss are shown in the table below.

15.2.2 Flap Survival
The flap survival data is shown in the table and demonstrated in the graph. The mean
survival values for the three cytokines were bFGF, 86.91%; VEGFAjg,, 85.33%; and
V E G F B ,83.57%. The control flaps had a mean survival of 82.96%. The graph of the
ranked flap survivals shows that there was no significant difference between the
treatment and control flaps.
There was some difference between the volume of seroma found beneath the flaps of the
different groups. The bFGF group seemed to have less seroma than the VEGF groups.
However, the volume of seroma found did not appear to correlate inversely with the
survival of the flaps as might be expected.

G raph of Flap Survival vs Cytokine Treatm ent

Surviving
Area(% ) 80

bFGF

VEGFA

VEGFB i67

Treatment Cytokine
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Table 15.2.2 Subcutaneous Cytokine Therapy Results
Treatm ent
bFGF

Pre-op
Harvest
Weight
W eight (g) W eight (g) Loss (g)
435

Seroma?
-

Surviving Area
(%)
65.45

bFGF

405

408

-3

-

80.84

bFGF

400

397

3

-

83.59

bFGF

420

386

34

-

85.52

bFGF

400

396

4

-

8 6 . 0 2

bFGF

435

386

49

-

88.25

bFGF

415

-

8&35

bFGF

415

-

91.12

bFGF

430

-

100.00

bFGF

425

-

100.00

Mean

418

VEGFA165

405

++

74.64

VEGFA165

430

++++

76.61

VEGFA165

425

405

20

+++

77.78

VEGFA165

455

428

27

++

77.82

VEGFA165

460

-

87.32

VEGFA165

425

++

88.73

VEGFA165

395

397

-2

++

90.30

VEGFA165

415

406

9

+

91.72

VEGFA165

415

415

0

-

93 56

VEGFA165

435

-

94.80

Mean

426

VEGFB167

390

VEGFB167

440

VEGFB167

455

415

VEGFB167

468

VEGFB167

17.40

86.9 (SD 9.9)

10.80
409

-19

85.3 (SD 7.8)
++

79.34

++++

79.38

40

-

80.28

414

54

++

80.79

430

430

0

+

81.28

VEGFB167

410

405

5

-

82.45

VEGFB167

420

398

22

-

82.62

VEGFB167

445

437

8

-

85.24

VEGFB167

430

419

-

85.87

VEGFB167

415

++++

98.47

Mean

430

1 1

15.13
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83.6 (SD 5.7)

15.3 Subcutaneous Cytokine Therapy - Discussion
The principal finding of this experiment was that a single subcutaneous dose of an
angiogenic cytokine did not enhance the survival of the ischaemic portion of a pedicled
flap on the rat abdomen. No cytokine appeared to perform better than any other.
However, the flaps treated with VEGF cytokines did seem to be more inclined develop
seroma under the flap over the course o f the study.
As with other studies, this experiment employed an established animal model of a
pedicled skin flap with an ischaemic portion distant from the pedicle. The area of the
ischaemic portion provided the source of the major outcome measure. The experiment
served directly to compare the efficacy of two of the most commonly studied angiogenic
cytokines (bFGF and VEGF A,^j) and a third isoform of VEGF (VEGFB

which

proved to be as efficacious as VEGFAj^, in other studies presented here.
Although the cytokines did not have any demonstrable effect on flap survival, seroma
was found at the end o f the experimental period in 7 of 10 animals in the VEGFA group
and 5 o f 10 animals in the VEGFB group. It is likely that the seroma was secondary to
increases in vascular permeability in the tissue around the flap, which was not seen in
the control or bFGF treated flaps. VEGF is known to cause increased vascular
permeability, and this provides circumstantial evidence that the cytokines had some
effect in the flap. This leads to speculation as to why the cytokines were able to
stimulate vascular permeability but unable to generate sufficient angiogenic action to
rescue the ischaemic portion of the flap at the dose administered.
The half-life o f injected cytokines is relevant when considering the results of this study.
Unbound, their half-life is thought to be measured in minutes for both VEGF (Ferrara N,
unpublished data, referred to in Takeshita, Pu et al, 1994 and Takeshita, Zheng et al,
1994) and bFGF (Gospodarowicz D, 1991). However, these authors believe that the
half-life can be extended significantly by the cytokines binding to extracellular heperinbinding proteoglycans. If this proves to be the case, further work is warranted in
exploring their duration of action in models such as this.
The dose chosen for administration was based on analysis o f other published studies,
and the large range of doses chosen can be seen in the table below. Authors clearly differ
in their views regarding the need for repeated doses as some have used them and some
not. A few of the studies listed were unsuccessful in one or more o f their stated aims,
but there appears to be no consistent relationship between size and repetition of the
dose, and success. The one study that reported no success was that o f Hayward et al
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(1991), which used one o f the higher doses of bFGF (lOOpg).
It is possible that the mode o f cytokine delivery contributed to the lack of efficacy. The
targets were the endothelial cells, which are most efficiently reached via the circulation.
When Kryger et al (2000) considered various methods of cytokine delivery, they found
that all were effective, but the greatest difference between treatment and controls was
found when VEGF was administered intravenously in three doses. There was a
significant difference between this method and topical application of VEGF, but the
systemic dose was 100 times greater. This does not seem necessarily to support
systemic administration.
The distribution o f cytokines following subdermal or intra-arterial injection and
therefore their location o f action is unknown. None of the reports referred to determined
whether the cytokines acted locally or rapidly joined the systemic circulation and
mediated their effect systemically. Thus, it may be equally as efficient to inject the
cytokines subcutaneously at a site distant to the flap as to inject them into the flap.
The major outcome measure o f this study was flap survival. As this was not improved,
no further evaluation o f the flaps was undertaken. However, it may have been that the
cytokines did have a significant effect on the subdermal vascular plexus, but at a rate or
to an extent that was insufficient to augment the flap survival. VEGF is known to
produce relatively immature vascular networks. Exogenous VEGF application may have
resulted in the production of a large number of immature vessels without improvement
in the blood supply to the distal portion o f the flap. Application o f VEGF/bFGF to the
abdominal skin some days prior to raising the flap may have resulted in a more organised
network o f vessels that would have supported a larger area o f skin.
Most o f the studies to which this one can be compared involve the use of a random
pattern flap on the rat dorsum. The anatomy o f this type o f random pattern flap is
different in that there is a plexus o f vessels crossing the pedicle o f the flap rather than a
single vessel as in the case o f the ventral flap. The action of VEGF in augmenting
vascular networks may be more effective when there is an established microvascular
network. The anatomy of the pedicled flap consists o f a single feeding vessel that must
dilate to carry sufficient blood to supply an area four times normal. Also, there are
midline anastamoses that must dilate to carry the increased volume to the farthest comer
of the flap. This challenge may require a combination of cytokines yet to be elucidated
The aim o f the study was to determine whether survival of the pedicled flaps could be
augmented with the administration of angiogenic cytokines. They would provide a
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simpler and probably safer alternative to using the gene therapy techniques explored
elsewhere in this work. Unfortunately, flap survival was not augmented, which
supported the hypothesis that a longer acting alternative was necessary.
However, further study of these agents would be profitable. In particular, the optimal
timing of the dose and the necessity for repeated doses has not been determined. In
addition, it would be valuable to reproduce a study using the dorsal rat flap that
compared the efficacy of VEGFA and VEGFB^g^ to determine whether the cytokines
have a more powerful effect in that setting.

15.3 Table of Cytokine Studies of Therapeutic Angiogenesis.
Study

Author

Procedure

Animal Dosage

VEGF and ventral rat
flap

Padubidri

Intra-arterial
injection

rat

5ug VEGF

VEGF and ischaemic
limb

Takeshita

Intra-muscular
injection

rabbit

200/500/1 OOOug
VEGF

VEGF and ischaemic
limb

Takeshita

Intra-arterial
injection

rabbit

500/1 OOOug VEGF

VEGF and ischaemic
limb

Bauters

Intra-arterial
injection

rabbit

500ug x2 VEGF

VEGF and ischaemic
hearts

Hariawala

Intra-coronary
injection

pig

2mg VEGF

Intra-arterial
injection

rat

50ug VEGF

Intra-muscular
injection

rabbit

l/3ug bFGF over 2
weeks

VEGF and gracilis flap Kryger
bFGF and ischaemic
limbs

Baffour

bFGF and ischaemic
hearts

Yangisawa Intra-coronary
injection

dog

lOug bFGF

Autologous facial fat
transplant

Eppley

Microbeads in
facial fat graft

rat

lug bFGF

Angina and bFGF

Selke

Epicardial fat
injection

human

1/lOug bFGF

Activated macrophages Bach
and bFGF

Random skin flaps pig
on back

159

4ng bFGF

15.4 Intra-Arterial Cvfokine Therapy - Materials and Methods
15.4.1 Materials
As for the previous in vitro experiments.

15.4.2 Method
15.4.2.1 Introduction
The aim of this experiment was to investigate the effect of intra-arterial cytokine
therapy on the flap survival. This was an attempt to reproduce the work of Padubidri
and Browne, using a different isoform of VEGF, V E G F B , A s explained in the
introduction, those authors used a

1 0

cm x

1 0

cm pedicled flap similar to the one used in

this work. They injected 5pg o f VEGF A,g, into the femoral artery just distal to the
pedicle artery using a 30G cannula. They clamped the femoral artery above the SIEA
and distal to the caimulation site. They also clamped the SEE vein to prevent the
cytokine running directly from the flap. The cytokine was left in the flap vasculature for
10 minutes before restoring the circulation by removing the clamps. They found a
significant increase in flap survival in the treated groups, with mean surviving areas of
53.7% in the control flaps and 71.9% in the treated flaps.

15.4.2.2 Method
Ten rats were used in a single treatment group. The control results were taken from the
saline group results of the ex vivo experiment. It was felt that this group represented the
untreated clinical situation. If the VEGF cytokine treatment could not better the survival
of this group, then the treatment was not worthy of further investigation.
The rats were all male Sprague-Dawley rats of 404-489g. They were anaesthetised,
shaved and marked as before. The flap was raised on the right side superficial inferior
epigastric vessels before continuing the procedure using the operating microscope. The
femoral artery was dissected from the vein to allow the placing of clamps on either side
of the SIEA and to allow space for cannulation just distal to the SIEA. Papaverine was
administered to the arteries to encourage vasodilatation. Clamps were applied to the
femoral artery in the locations described and a small arteriotomy made. A 24G cannula
was inserted retrograde and secured with 6/0 polypropylene suture. The cannula and
vessels were flushed with a small volume of saline, and when this was seen in the SIE
vein, this vessel was also clamped. 5pg V E G F B i n 300pl o f 0.5% BSA in PBS was
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injected into the arteiy. This small volume was used because this was the volume that
the flap would hold before the solution started to appear in the vein. The cytokine was
allowed to sit in the vasculature o f the flap for ten minutes, before the cannula was
removed and the arteriotomy repaired with 10/0 nylon. The flap was sutured back into
place as before, a collar applied and the animal placed in a separate cage with food and
water ad libidum.
One week later the animal was re-anaesthetised, and the surviving flap area was traced
out on to X-ray film. An angiogram was performed, and the flap was stored in formalin
for later histological analysis.
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15,5 tntra-Ail^rial Cytokinfc.I lierapy - RcshU?
15.5.1 General Observations
The general observations from this preliminary study were that the flaps tended to be
more liable to self-destruction by the rat. Three of the ten had to be excluded because of
flap destruction.
Observations at the time of flap harvest indicated that in several cases there was no flow
in the pedicle vessels. In addition, there was no flow in the femoral artery distal to the
pedicle, suggesting that the femoral artery had thrombosed.
The degree of flap death was higher than that seen in any group treated with
subcutaneous injection. Specifically, the mean rate of flap death in the flaps treated with
intra-arterial VEGFB

was 38.1%. The mean flap survival of the flaps that still had

flow in the pedicle was 54.4%. The full details of the flap results are shown in the table
below.
In view of the disappointing results, no further investigation of the flaps was performed.

15.5.1 Table of Intra-A rterial Cytokine Results
Rat
W eight Surviving Comments
area(% )
Numbe
(g)
81
flap eaten
0

82

414

83

404

57.0

84

-

0

85

469

8

0

thrombosed pedicle and femoral

Flap
Eaten?
Yes
Yes

pedicle running
flap eaten

Yes

78.7

femoral running slowly, pedicle running

Yes

489

11.3

femoral and pedicle running

87

459

64.0

femoral not running, pedicle running

8

453

59.4

femoral running well, pedicle running

89

438

5&8

femoral running slowly, pedicle running

810

436

51.5

pedicle running

445.25

38.1

6

8

Means
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Yes

Graph of Flap Survival vs Treatment
100
80

Surviving
Area

60 “
40 -

20

0

-

Intra-arterial VEGFB
Treatment
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Subcut PBS

15.6 Intra-Arterial Cvtokine Therapy - Discussion
This Study produced flap survival statistics that were substantially worse than the
control figures obtained fi’om the subcutaneous injection studies reported elsewhere in
this work. Other findings were a higher rate o f flap destruction in these rats than with
previous experimental groups, and there appeared to be a high rate of damage to the
vascular pedicle in this series.
As discussed in the previous section, VEGF is thought to have a relatively short half life
of less than

6

minutes according to Ferrara et al (unpublished data) and referred to in

Takeshita, Pu et al, 1994 and Takeshita, Zheng et al, 1994. The latter authors postulated
that a protracted response to an intra-arterial injection was feasible if proteoglycan
constituents o f the extracellular matrix bind VEGF of some undetermined period. VEGF
is known to have an affinity for heparin. Houck et al (1991) demonstrated that 50% of
VEGFAjgj was retained extracellularly by heparin-binding proteoglycans. V E G F B , i s
similarly heparin bound. Endothelial cells are the main cell type that expresses receptors
to VEGF, and the most efficient way o f reaching them is via the circulation. Thus, intraarterial injection should yield higher levels of stimulation of these receptors and
angiogenic action than other methods of delivery.
The purpose o f the study was to try to reproduce the findings of Padubidri and Browne
(1996). They used intra-arterial injections o f VEGF A,g, to improve skin flap survival. In
the series o f experiments performed during the course of this work, VEGFB

,^ 7

was

found to have a level of angiogenic efficacy similar to that of VEGFA , T h u s , VEGFB
was expected to produce a similar degree of flap survival enhancement in this study. The
model used in this experiment was the same as was used for the previous experiments
and therefore was thoroughly evaluated.
It should be noted that no controls were performed specifically for this experiment.
That is, no control solution such as phosphate buffered saline was injected into the
femoral arteries o f a separate group of animals. Thus, it is possible that V E G FB ,w ould
have enhanced flap survival compared to such an appropriate control. However, the flap
death rate seen with the treatment group was so inferior to the control group that it was
felt that extrapolating the findings to a clinical situation would never be justifiable.
Therefore, no control group was included.
The technical expertise required to perform the intra-arterial injections was greater than
that required for previous studies. The femoral artery had to be cannulated in an
atraumatic way, the agent injected carefully and then the arteriotomy repaired using
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1 0 / 0

nylon suture with the operating microscope at high magnification. The operator was
skilled in microsurgical techniques, and cannulation of the femoral artery had been
performed numerous times for angiography in preceding studies. Nevertheless, the
technique o f intra-arterial injection provided a substantial technical challenge and there
appeared to be a definite learning curve. There was a high rate o f flap loss in the early
animals almost certainly related to trauma to femoral and SIE vessels from introduction
o f the cannula into the femoral artery. There would also have been a more prolonged
ischaemic time for the flap with the earlier animals, which reduced as expertise was
developed.
Technical difficulties with cannulation may have derived from the size of the cannula
used to cannulate the femoral vessel. The cannulas used (24G) were the same size as the
ones employed to cannulate the SIE artery in performing the angiography. However,
prior to angiography, there had been a week of increased flow in the flap pedicle, which
had increased the diameter o f the vessels. In the therapeutic cannulations, the artery was
still its native size and was a challenge to cannulate. Also, there was no imperative to
protect the vessel from damage during angiography as the rat was already dead. The two
studies that have described intra-arterial cytokine injections (Padubidri and Browne,
1996, and Pu et al, 1999) used 30G cannulas, which would have been considerably less
traumatic. These were not used in this work because they were not readily available and
because the smaller superficial inferior epigastric artery had been successfully cannulated
many times during this study. Also o f note in these two studies is the difference in
management of the arteriotomy site. Pu et al repaired with 10/0 nylon, as was done in
this study. Padubidri and Browne did not refer to repairing the artery wall.
Further comparison with the report by Padubidri and Browne is necessary. They used
VEGFA , whereas VEGFB
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was used in this case. As discussed earlier, a similar level

of angiogenic action was expected. More significant however, was the fact that the
survival rate for their control group was 53.7% and the survival rate for their treatment
group was 71.9%. Unfortunately, they presented no data on the survival of the flap if
no intervention was made. It may have been that the flap would have survived better in
that case. Both arms o f their study may have been affected by iatrogenic damage to the
vessel, with VEGFA ameliorating its effect on flap death in the treatment group. In this
experiment, damage to the vessel during cannulation is likely to be responsible for the
high rate o f flap death. Notably, Finseth and Cutting (1978) measured absolute areas of
flap survival rather than percentages, but their control flaps seemed to be surviving at a
rate of no more than 50%. The experience presented in this thesis is that this flap tends
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to survive at a rate o f 83% if left untreated There is an unreconcilable difference here.
Two related studies considered VEGF and lower limb ischaemia. Takeshita, Zheng et al
(1994) injected VEGFA into the internal iliac artery of rabbits in which the entire
ipsilateral femoral artery had been excised 10 days beforehand They found that there
was improvement in blood flow to the distal limb compared to controls. They
performed a similar experiment injecting the same quantity of VEGF intra-muscularly
(Takeshita, Pu et al, 1994) and found calf blood pressure ratios in treatment and control
groups similar to the intra-arterial groups. This implies that intra-arterial injection of
VEGF should have a similar effect to intra-muscular or subcutaneous injections if
damage to the vessel can be avoided However, no advantage with intra-arterial injection
was observed, and the technical difficulties were greater.
The choice o f dose was guided largely by Padubidri and Browne. They used 5pg VEGF
for each rat obtained from R&D systems in California, the same source as was used for
this study. Zheng et al used ten times as much in a rat study stimulating angiogenesis in
a rat model of an abdominal musculo-cutaneous island flap. Takeshita et al purified their
own VEGF and thus were able to use large quantities (lOOOpg). This study used 5pg per
rat, although it was felt that a larger dose would have been more likely to produce a
therapeutic effect. However, reasons o f economy dictated the limitation to 5pg.
Consideration of the method o f cytokine delivery was explored by Kryger et al (2000)
who found that no method o f VEGF delivery was significantly better than any other.
Although they used a random pattern flap and therefore did not attempt intra-arterial
injection, their use o f single dose systemic intravenous VEGF did not have any greater
effect on flap survival than local injection.
The relatively high rate of flap destruction may reflect the higher level of flap death that
was found in this group. It is likely that the rats found the combination of insensate skin
and necrotic tissue a very strong stimulus to eat the tissue. The collars used to protect
the flap were the same as used previously, but there must have been a greater impetus
for the rats to get past them.
The implication o f this study is that the success reported by Padubidri and Browne in
augmenting flap survival with intra-arterial VEGF does not compare well with the
survival o f flaps raised in an identical fashion and not treated at all. The results do not
encourage the further exploration of intra-arterial injection in any form, particularly as
the trauma to the pedicle is probably the mechanism of the observed increase in flap
death. However, the addition o f an intra-arterial saline control group to the study and
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the opportunity to use a much finer cannula might produce more positive results.

Summary o f findings:
a) Neither subcutaneous nor intra-arterial injection of cytokines VEGF A,^ ,
5

V E G F B , a n d bFGF was able to enhance the survival of the ischaemic portion of
the skin flap.
b) Intra-arterial injection of V E G F B , c y t o k i n e caused increased flap death
compared to controls, although the mechanism of this was probably mechanical
damage to the pedicle artery.
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16 GENERAL DISCUSSION AND SUMMARY
In this work, a functional plasmid expression vector was created that united VEGF and
GFP as a fusion protein. This construct enabled in vitro and in vivo comparison of three
VEGF isofoims. GFP labelling allowed visualisation of the gene expression in living cells
without recourse to antibody labelling. This provided a new opportunity to explore the
possibilities of therapeutic angiogenesis.
The creation of four lines o f stable transfectants expressing the three fusion genes and
GFP provided therapeutic agents that were shown to increase the surviving area of an
ischaemic flap in a rat model. This was achieved despite the relatively simple method
used to create the cell lines. Therefore, there is optimism that the utilisation o f more
sophisticated methods o f cell line preparation (clonal selection or retroviral vector) could
provide a greater level o f transgene expression and therefore greater therapeutic benefit.
Ex-vivo gene therapy is more time-consuming and therefore more costly than naked
plasmid DNA injection, and it is also patient-specific. However, it offers a more reliable
method of transgene expression and thus should yield greater therapeutic benefit.

Clinical Applications of Gene Therapy in Plastic Surgery
Gene therapy technology has several potential applications. The most obvious is the
improvement in flap survival, as demonstrated in the section describing the findings of
the ex vivo gene therapy experiments. Flaps such as the pedicled TRAM flap that have
recognised problems with capture o f the outlying zones could be treated pre- or
perioperatively to increase the likelihood of survival of the whole flap area. It may also
be useful to prevent the phenomenon o f fat necrosis seen with these flaps and free
TRAM flaps.
Other clinical situations that may ultimately benefit from application of this technology
include the flaps in which a delay procedure is considered necessary to ensure adequate
perfusion of the flap once raised. Therapeutic angiogenesis may reduce the period of
delay or obviate it altogether. The same might apply to the waiting time between raising
pedicled flaps such as the deltopectoral or cross-finger and dividing the pedicle. These
flaps must attract feeding vessels from their recipient bed in order to survive once the
pedicle is divided. The angiogenic stimulus may encourage the development of such
vessels and speed this process. Conversely, the angiogenic effect may be to improve the
blood supply through the remaining bridge of tissue and delay the incorporation of the
flap into its new situation. Thus, the angiogenic effect would be counter-productive.
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Studies would have to address this issue to determine which of these possibilities was
the more important. The time o f administation of the agent or the agent chosen might be
the determining factor as to which occured to the greater degree.
Larger flaps may be possible, as the traditional anatomically defined boundaries could be
overstepped. Areas o f skin that have not previously been mined for workable flaps may
become relevant if means can be found to generate a more abundant blood supply with
larger feeding vessels. The skin o f the abdominal wall based on the superficial inferior
epigastric vessels is such an area. Finally, the experimental work on flap préfabrication
could be advanced if the process of an implanted pedicle becoming a useful supplying
vessel could be accelerated.

The injection o f naked plasmid DNA has shown potential for therapeutic angiogenesis
in peripheral limb ischaemia and in improving survival of ischaemic skin flaps. This
stimulated an attempt to use biolistic gene transfer to generate the same effect using the
VEGF-GFP constructs. This carefully constructed study was able to demonstrate no
effect on flap survival in vivo despite reasonable in vitro levels o f transfection. Skin
sections showed evidence o f gold particles in the subdermis of the flap and scant
fluorescence. Further studies comparing biolistic gene delivery and naked plasmid
injection are necessary to determine the optimal method of gene delivery for this
application.
The use o f recombinant angiogenic cytokines has received much attention in the past
decade despite the observation that these proteins have too short a half-life to provide
relevant increases in cytokine levels and therefore vascular networks. However, many
authors have published studies that demonstrate therapeutic benefit from them. The
experiments reported here failed to demonstrate any useful action in this challenging
model. Intra-arterial injection resulted in significantly worse flap survival. These results
encouraged further exploration o f gene therapy methods.
The comparison o f the three VEGF isoforms in this series of experiments has
consistently shown that VEGFB
isoforms. VEGFB

has a weaker angiogenic action than the other two

has received no attention in the scientific press regarding its

potential in the field o f therapeutic angiogenesis. These experiments have shown it to be
at least as effective as VEGFA^s, the predominant form in human physiology. The ex
vivo gene therapy study showed this and correlates with the study of O’Toole using
naked plasmid injection (O’Toole et al, 2002). The reasons for this are not clear. These
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two proteins form dimers with each other, and it may be that the heterodimer of the two
is the most active o f the various VEGF species. Addition of excess VEGFBj^^ may result
in larger quantities of this dimer. The endothelial cell mitogenicity of VEGFB reported
by Olofsson et al (1996) has since been qualified by the statement that this is effect is
the result of dimers o f VEGFB and VEGFA and not the action of pure VEGFB
(Andrew Nash, AMRAD, personal communication).
This series o f experiments, and those o f other researchers in the department, were
designed to investigate a variety o f VEGF delivery mechanisms in the exacting model of
an ischaemic skin flap. The results support the use o f gene therapy via a subcutaneous
route to deliver the cytokine to the flap. The two most effective techniques attempted
were the in vivo and ex vivo gene therapy methods. Subcutaneous and intra-arterial
cytokines, along with the use o f the gene gun, did not appear to provide any
improvement in flap survival. The next phase o f the project will be to use an adenoviral
vector to deliver the VEGF to the flap. This may be done with both in vivo and ex vivo
approaches. The virus should provide a much higher rate o f in vitro transfection than the
lipofection technique with selection using antibiotic resistance. This would enable
injection of autologous or syngeneic cells that secrete a much greater concentration of
VEGF. Administration o f the virus to the flap should result in a higher rate of in vivo
transfection, and this too should enhance VEGF delivery to the flap.
The advantage of the ex vivo method would be that there would be much less chance of
any immunological reaction to the virus, a problem that still presents in studies of viralmediated gene delivery. It should also offer a chance to carefully control the dose of
VEGF administered by assaying the cells’ cytokine production before injection. This
should reduce the likelihood o f complications resulting from excess VEGF, such as the
profound hypotension reported by Hariawala et al (1996).
The disadvantage o f this method is the delay and cost involved in culturing and
transfecting cells ex vivo before injection. In the clinical situation, this would involve
isolating and culturing fibroblasts from skin biopsies and transfecting them in a
laboratory before the therapeutic agent would be ready. In vivo transfection with
plasmid DNA appears to offer surprisingly efficient transfection compared to its
efficiency in the in vitro situation and may in fact offer the best compromise between
efficiency, safety and cost. However, adenoviral gene delivery may offer the necessary
massive upregulation in expression to produce a more reliable and worthwhile
therapeutic effect.
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An area of study that has not yet been addressed in any published study is the
pathophysiological cascade of cytokines that occurs when the rat abdominal skin flap is
raised. The creation o f an ischaemic portion in one comer of the flap will stimulate the
rat’s own angiogenic cascade to dilate the existing vessels and to generate some
imbibition and inosculation to nourish the ischaemic skin. In the slightly longer term, it
will stimulate an increase in the number of vessels crossing the flap from the pedicle. All
of these effects will be controlled by the release of angiogenic cytokines from the skin
and perhaps systemically. This is a rich vein of potential research. It is not known how
quickly the change in cytokine milieu occurs and which of the cytokines is the most
important at each stage. The level o f VEGF in the flap in the “normal” situation is
unknown, and therefore the level of excess needed to create a therapeutic effect is
similarly an estimate. The time course of cytokine upregulation is another unknown.
This information would help to define the method o f cytokine delivery. It may be that
upregulation occurs so quickly that in vivo gene therapy will not act quickly enough for
optimum results. It may be that a combination o f recombinant cytokines and DNA
work best, with the cytokine providing a rapid burst o f stimulation followed by the gene
therapy to provide a more sustained effect. The answers to these questions could be
investigated by harvesting flaps at different time points after raising the flap and
assaying the skin for expression o f angiogenic factors using RT-PCR or by Western
blotting. Angiogenesis and vasculogenesis physiology in other situations is known to be
controlled by a complex series o f cytokine interactions. Therefore, more impressive
therapeutic outcomes may result if an informed and ordered series of cytokines or
nucleic acid treatments is employed.
These methods for detecting protein expression could also be used to provide insight
into another area o f uncertainty - the site o f expression of injected plasmid DNA. The
fusion of VEGF with GFP should provide a readily detectable marker, using GFPspecific antibodies to probe a range of rat tissues. Ex vivo transfected fibroblasts could
be traced in the same way. This would help to determine whether local delivery of the
cytokine was necessary or whether systemic administration would be just as effective.
The major endpoint o f the plastic surgery trials reviewed and of the in vivo studies
presented here has been that of flap survival. The secondary endpoints were evidence of
angiogenesis, such as visualisation of new vessels on angiography or on examination of
histological specimens. Blood flow in the flap was also examined using laser Doppler by
Padubidri and Brown (1996) and Bayati et al (1998). These secondary outcomes
provide the link between the basic science o f VEGF and the clinical endpoints of plastic
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surgery. As was discussed above, the means used to examine these outcomes are rather
insensitive and subjective in most cases. Therefore, it would be profitable to expend
further efforts establishing more reliable measures of angiogenesis in the skin flaps in
order to detect the exact means by which the improvement in flap survival or reduction
in delay time occurred. The high definition microangiography that has been used to
investigate angiogenesis in ischaemic limb models could be usefully applied to these
models. This may show new vessel formation that has not been satisfactorily
demonstrated in any plastic surgery paper reviewed. Better histological methods of
angiogenesis evaluation would be valuable. The best approach used so far appears to be
a blinded observer rating the blood vessel density at grades 1 to 4. Computer image
analysis can be useful but it relies on consistent staining of vessels for the software to
correctly recognise the vessels or a patient operator to define each one. The former is
not always reliable, and the latter is probably no better than the subjective grading
system.
Finally, a note o f caution. In the last four years, several reports have been published of
large, well-controlled randomised trials of cytokine therapy for ischaemic disease that
have been unsuccessful in achieving their primary therapeutic objectives. Henry et al
(1998) used VEGF to try to improve myocardial perfusion and the Chiron corporation
reported their generally unsuccessful attempts to improve myocardial ischaemia (Simons
et al, 2002) and limb ischaemia (Chiron News, 2001) using bFGF. Yancopoulos et al
(2000) discussed the complex process of angiogenesis in their review. They noted the
reports of leaky and haemorrhagic vessels that have been seen in adult tissues treated
with VEGF DNA delivered with adenoviral vectors. They commented on the negative
effect on the retina that was consequent on the failure o f VEGF regulation. They offered
the opinion that to believe that bombarding a tissue with a single cytokine woud
augment a process that was already in progress was a little naive. While this field still
has many areas o f uncertainty, the future for these techniques remains bright, expecially
in addressing the problems of flap ischaemia and aiding challenging plastic surgery
reconstructions.

172

Summary of Findings
This series of experiments found that combining VEGF cDNA with an expression
vector containing cDNA for green fluorescent protein allowed the transient expression
of the fusion protein to be visualised in real time under a fluorescence microscope. The
cells were found to be secreting biologically relevant quantities of VEGF, indicating that
the fusion o f GFP and VEGF had not affected either the fluorescent properties of the
GFP portion nor did it affect the ability o f the VEGFA portion to be recognised by
VEGFA-specific antibodies. However, whether the biological function o f the VEGF
proteins had been changed by their integration in the fusion protein remains unclear.
Nevertheless, stable cell lines secreting VEGFA-GFP and VEGFB^g^-GFP were found to
enhance survival of an ischaemic pedicled skin flap in a rat model compared to saline
controls. VEGFB^g^-GFP had no effect on flap survival. Assessment of the skin flaps
histologically showed some evidence o f angiogenesis, but this effect on flap survival was
not demonstrably related to angiogenesis on angiography. RT-PCR showed that the cell
lines used in this experiment had a detectable deterioration in the level of fusion gene
expression over the course of the experiment, which may have adversely affected the
results.
The gene gun was found to be an effective method of delivering plasmid DNA to cells in
vitro, but it did not have any effect on flap survival when the pVEGFB,„ was injected
into the skin flap. Similarly, the injection o f recombinant cytokines, VEGFA, VEGFB
and bFGF, had no effect on flap survival, whether injected subcutaneously or intraarterially.
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