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Abstract

Object

Cerebral arteriovenous malformations (AVMs) are a major cause of stroke in children and
young adults. Surgery and stereotactic radiosurgery are treatment options for selected AVMs
patients. However surgery is not suitable for larger deeply located AVMs. Radiosurgery has a
long latency period and has a relatively low efficacy. Molecular targeting therapy to promote
intravascular thrombosis is a new treatment strategy for high grade AVMs. This proposed
treatment might improve the efficacy of radiosurgery in treating AVMs that not treatable with
the current therapies. Non-ligand molecular therapy using lipopolysaccharides and tissue
factor has been shown effectiveness in treating AVMs in an animal model. However, non-
ligand therapy might be not safe in humans. Ligand-based therapies may overcome safety
concerns of non-ligand therapy. Ligand based vascular targeting therapy for brain AVMs
requires a specific endothelial cell surface molecule that distinguishes AVMs from the normal
vessels. Unlike in tumours, endothelial cells of AVMs do not have specific markers that
differentiate them from normal endothelial cells. Radiosurgery may have the ability to induce

molecular endothelial changes sufficient to allow targeting.

Materials and methods

A Gamma Khnife irradiated animal model of AVM was developed in this study. A specific
animal frame was designed for this purpose. Identification of the created AVMs using 3D
reconstructed CT images was achieved and the radiation treatment for each animal was
planned using the Gamma Knife software. Responses of the AVM model to Gamma Kbnife
radiation were studied using haemodynamic, morphological and histological techniques.
Immunohistochemistry was used to investigate specific endothelial cell molecules in the

animal model and their response to radiosurgery.

Results

Gamma Knife irradiation produced angiographic changes at 6 and 12 weeks, with statistically
significant differences in the proximal and distal left external jugular vein diameters between

the treatment group and the control group (P < 0.05).

viii



Compared to the controls, the treated group had lower blood flow when assessed across all
time points using ANOVA (P < 0.001). At 12 weeks, there was a significantly lower flow rate
in the left common carotid artery and left external jugular vein in the treated group compared
with the control group (P <0.001) and (P < 0.05) respectively. Histologically, Gamma Knife
radiosurgery induced concentric sub-endothelial cell growth. Intercellular adhesion molecule-
1 (ICAM-1) expression significantly increased in the Gamma Knife treated group compared
to the non-irradiated group (P < 0.05). Confocal analysis indicated that ICAM-1 expression
was primarily confined to the endothelial cell surface. An increase in the expression of tissue
factor in irradiated AVMs was identified at 1, 3, 6 and 12 weeks after radiation, however, this

was not significant (P>0.05).

Conclusions

In the animal model of AVM, Gamma Kbnife irradiation induces angiographic, histological
and haemodynamic responses may resemble that of human AVMs. This thesis shows that the
Gamma Knife radiated animal model is suitable for studying methods to enhance radiation
responses in AVMSs. The study improves our understanding of the mechanism of radiosurgery
for treating AVM. Moreover, radio surgery appears to induce specific molecular changes that
discriminate AVM endothelium from normal endothelium, thus paving the way for targeted

molecular therapy.
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Chapter 1

Cerebral vascular malformations

1.1 Epidemiology

Epidemiological information about cerebral arteriovenous malformations (AVMs) is unclear
due to the scarcity of cerebral AVMs, prior reliance on angiography for diagnosis, biasing the
data toward patients with haemorrhage, and late emergence of large and well-defined
population studies [1]. A hospital-based autopsy study shows AVM prevalence ranges from
5 to 613 AVMs per 100,000 people [2-5]. A 27-year population-based retrospective study
conducted in Olmsted County, Minnesota, found the incidence of haemorrhagic intracranial
malformation to be 0.82 per 100,000; Jessurun found an annual incidence rate for
symptomatic AVMs of 1.1 per 100,000 [6]. Another autopsy study conducted on 4530 people
found 196 people had arteriovenous malformations of the brain (AMB), a rate of 4.3% [7]. A
study performed in Perth, Australia between 1990 and 1996, found a detection rate of 0.89 per
100,000 persons per year [8]. More recently, between 2000 and 2002, a prospective
epidemiological study carried out on around 10 million people found a detection rate of 1.34
per 100,000 people [1, 9]. AVM prevalence studies have rarely been conducted, although a
Scottish community-based retrospective study reported a prevalence rate of less than 0.02%
[10].

1.2 Pathogenesis

The exact factors that lead to the formation of AVMs are not well elucidated. Although de
novo AVM formation has been reported [11, 12], recent studies suggest genetic factors
contribute to the pathogenesis of sporadic brain AVMs [13, 14]. Many familial disorders

leading to vascular malformations have been identified [15], such as Sturge-Weber disease,



Wyburn-Mason syndrome, and Osler-Weber-Rendu disease, also known as hereditary

haemorrhagic telangiectasia (HHT).

HHT is an autosomal dominant disease characterised by multiple organ systems vascular
malformations, including brain AVM malformation. HHT1 and HHT?2 found to be caused by
mutations in Endoglin (ENG) and Activin receptor-like kinase 1 (ALK-1) genes [16]. A
polymorphism in ALK-1 reported to be associated with sporadic cerebral AVM susceptibility
[17]. AVMs are believed to be linked to mutations in the ENG or mutations in Activin
receptor-like kinase 1 gene (ACVRL1) [18, 19]. Mahmoud et al. reported that a deficiency
INENG in the mouse leads to delayed remodelling of the capillary plexus and increased
proliferation of endothelial cells leading to AVM formation [20]. In ACVRL1-deficient mice,
it has been shown that ACVRL1 is required for angiogenesis and AVM development [21].
ACVRL1 acts to increase endothelial cell (EC) proliferation in mutated cranial vessels, and is

believed to have a role in vessel malformations that may result in haemorrhage or stroke [22].

A study of the molecular feature of AVM tissue shows a highly antigenic milieu with
increased EC turnover and inflammatory cell-mediated vascular remodelling [23, 24]. Chen et
al. [25] demonstrated that neutrophils and macrophages are often identified in the vascular
wall of AVM tissue; they suggest that inflammation is associated with AVM disease
progression and rupture. Association of interleukin (IL) -lbeta promoter with AVM
susceptibility [13], presentation of intracranial haemorrhage (ICH) in AVM [24] and with new
ICH after diagnosis [14], have suggested the role of inflammatory cytokines in AVM

angiogenesis and formation.

The role of vasculogeneis in AVM formation has also been investigated. Many studies have
shown that in AVM tissue, hypoxia inducible factor-1, vascular endothelial growth factor
(VEGF), and VEGF receptors are increased [26, 27]; these factors and receptors are important
in vasculogenesis during tissue ischemia [28, 29]. In the investigation of EC turnover in brain
AVMs, Hashimoto et al. found a high EC turnover in AVM vessels compared to non-AVM
tissue [30]. Matrix metalloproteinase—9 also increases in AVM tissue [23, 25], and this may

lead to the release of endothelial progenitor cells (EPCs) and vasculogenesis [31].



1.3 Clinical presentation

Brain AVMs have haemorrhagic or non-haemorrhagic presentations. Haemorrhage is the most
common clinical presentation, accounting for 38% to 75% of all AVMs [1]. With the
introduction of non-invasive imaging technology such as MRI, the identification of incidental
and un-ruptured AVMs has become more frequent, and is detected mainly in urban
populations [9], a recent study shows that haemorrhage accounts for less than 50% of all
AVM presentations [9] and detection of un-ruptured cerebral AVM occurs 2.5 times more

than haemorrhagic presentation [9, 41-43].

Patients with a cerebral AVM present with seizures in 18-47% of cases [32-39], chronic
headaches in 6-14% of cases and focal neurological deficit in 3-10% of cases [10, 36]. Non-

specific symptoms and other incidental findings are reported in less than 15% of patients [40].

1.4 Natural history

Many studies report that rates of AVM haemorrhage range from 35-81% [44-48]. The
haemorrhage site is mainly parenchymatous, subarachnoid, ventricular, or a combination of
these locations. Intra-parenchymal locations are most likely to result in neurological deficits
[44, 49]. In a cross-sectional prospective study from Columbia databank, 45% of subjects
presented with intracranial haemorrhage [50]. In a prospective study from three different
databases, cerebral haemorrhage was reported in 53% of the 1,289 AVM patients [51]. It has
been reported that the annual risk of haemorrhage in patients with cerebral AVM ranges from
2-4% [36, 47, 49, 52, 53]. Re-bleeding seems to be higher in patients with initial
haemorrhage presentation, suggesting the lesion becomes unstable and is subsequently more
prone to re-bleeds [47, 53, 54].

Different groups have investigated the relationship between AVM size and the haemorrhage

rate. Two groups found that small AVMs were associated with a haemorrhagic presentation



[55, 56], while other studies reported that lesions larger than 3 cm were related to
haemorrhage [57]. Many researchers have found no relation between the bleeding of AVMs
and their size [40, 58, 59].

Morbidity and mortality from bleeding as a consequence of AVM rupture have been studied.
Different outcome measures, such as the scale of four grades of ‘good’, “fair’, ‘poor’, and
‘dead’ [38] or five grades being ‘no deficits’, ‘moderate disability’, ‘severe disability’,
‘persistent vegetative state’ and ‘death’ [32] have been used, making it difficult to interpret
morbidity rates. Annual mortality rates from haemorrhage-related causes range from 0 to
4-7% [32, 38, 60, 61]. Brown et al. have documented that during 8 years of following 168
patients suffering from AVM, no severe disabling outcomes were documented and the overall
risk of haemorrhage was 2.25% per year [36]; the Columbia Arteriovenous Malformations
Study reports similar results [49]. More supporting studies have found that about 85% of

patients retain a good quality of life following both first and second haemorrhages [46].

1.5 Pathology

1.5.1 AVM gross anatomy

Brain AVMs are collection of abnormal vessels including arteries and veins [62, 63]. The
underlying structure of a cerebral AVM involves an immediate connection between arteries
and abnormal tortuous dilated veins, which connect within what is referred to as the ‘nidus’
without an intervening with the capillary network (Figure 1-1) [62, 64]. The arteries which
supply the AVM are called feeding arteries, and these may be circumferential, ‘en passage’,
terminal or penetrating, according to their relation to the nidus. Feeding arteries vary in size,
in number and in histological structure [65]. Four or fewer sizable feeding arteries can be
seen, but the multiple small feeding arteries are less readily observed [66]. The nidus forms a
wedge-shaped collection of vessels, usually in the subcortical area [67]. Communicating
venules receive blood directly from the arteries or arterioles within the nidus, and drainage is

to the nearby cerebral veins or dural venous sinus [67]. Several AVMs are tiny, only



detectable by angiography and they tend to affect the midbrain, pons, thalamus, or a small
region of a cerebral lobe. Most AVMs are single lesions, but multiple AVMs have been
documented [62].

Haemodynamic multicompartment of AVMs is a concept formulated from surgical
experience and regional embolization of AVMs [68]. Angiographically, each compartment
possesses intrinsic feeding arteries and draining veins [69]. Multicompartment AVMs larger
than 3 cm have been found to have two or more feeding arteries and more than one draining
vein. These tend to have multiple perforating blood supplies [67]. Inside the nidus, different
compartments tend to be hemodynamically balanced with no inter-compartment transfer
noted on angiography [67, 70]; however, inter-compartmentally connected venules may be

present [71].

Figure 1-1 Schematic showing an AVM.

An AVM is a tangled bundle of blood vessels where arteries connect directly to veins with no capillary bed in
between.



Figure 1-2 human arteriovenous malformation (AVM) nidus

A human AVM nidus (L = lumen) (haematoxylin and eosin stain; original magnification, x 400), adapted from
Tuetal, 2010 [72].

1.5.2 Histopathology and ultrastructure

Under the light microscope, arteries and veins are not easy to differentiate among the dilated
vessels of AVMs [73]. The AVM nidus has an abnormal structure without intervening normal
brain tissue, and typically has a heterogeneous wall size and thickness [72]. A variably
thickened endothelial layer, endothelial cushions, increased collagen deposition and
lymphocyte infiltration in the vessel walls with hypertrophy of the medial layer may be
observed (Figure 1-2) [62, 72]. Splitting of the elastic lamina has also been reported [72], as
have thick-walled AVM vessels without an internal elastic lamina [73]. Thrombosis,
contiguous gliosis, hemosiderin deposition and wall calcification are characteristic features
[73]. Arterial wall thickening can be caused by proliferation of fibroblasts, muscle cells, and
an increase in connective tissue. An increase in luminal size is also documented in the
literature [63]. Aneurysm formation secondary to wall thinning is reported, together with the
formation of arterialised veins, which tend to have a thickened wall caused by fibroblast
proliferation. Occasionally, vessel wall structures are distinguishable, where arteries are
characterised by the presence of smooth muscle cells and elastic lamina, and veins by the

absence of muscle cells [74].



An incompetent blood brain barrier in the nidus has been noted under the electron microscope
[72], and an endothelial discontinuity with the absence of both basement membrane and
pericytes has been described. Endothelial cells of AVMs exhibit fenestrated processes,
multiple filopodia and cytoplasmic vesicles, and subendothelial heterogeneous cells have also
been detected [72]. In the nidus, no capillary bed has been observed. Perinidal capillaries
observed 1-6 mm from the nidal border present with different sizes correlated with the nidus
size. The main feature of perinidal capillaries is a dilated lumen that is almost 8-16 times that
of the normal capillaries. Tu et al. have reported that the surrounding brain tissue has
hemosiderin staining and that the endothelium of the perinidal capillaries is heterogeneous.
Separation of the endothelium, and blood cell extravasation from the vascular wall, have also
been documented. No basement membranes or astrocytic foot process have been observed.
Fenestrated luminal surfaces and large gaps at the intercellular junction have been revealed,
and Weibel-palade bodies identified in areas near inter-endothelial junctions. The endothelial
cells of the perinidal capillaries demonstrate fenestrated processes, filopodia, lysosomes,
cytoplasmic vesicles, and vacuoles with an average of one pericyte for every three ECs. An
abundance of pinocytotic vessels, vacuoles and filaments have been observed in the pericytes
[75].

1.6 Molecular expression

Several endothelial molecular proteins are detectable in the AVM vessels, including cell-
adhesion molecules such as E-selecting, intercellular adhesion molecule-1 (ICAM-1), and
platelet endothelial cell adhesion molecule-1 (PECAM). These are thought to participate in
neovascularisation and vascular remodelling [76, 77]. Storer et al investigated the endothelial
molecular expression in AVMs and observed the endothelium of AVM expressed P-selectin
equivalent to that of normal endothelium. P-selectin was also expressed in the
subendothelium of AVM, seen as faint staining. Storer et al. found that expression of E-
selectin was markedly higher in AVMs than in normal controls, and that AVMs’ ECs

demonstrated ICAM-1 and vascular cell adhesion molecule 1 (VCAM-1) staining on their



endothelial cells [78]. In a rat model of AVM where endothelial molecular changes were
investigated by Karunanyaka et al [77], E-selectin, P-selectin, and vascular endothelial
growth factor were examined at several time points; E-selectin and P-selectin were expressed

in different parts of the created fistulae.

Uranishi [79] investigated the presence of PECAM-1 (CD31) in the ECs of AVMs by
immunohistochemistry to determine protein expression in frozen human AVM tissue.
Uranishi found that the vast majority of tissues examined were positive for CD31 with two
distinct antibodies. He also examined PECAM-1 expression using in-situ hybridisation; no
statistically significant differences were found in CD31 protein or mRNA expression levels in
AVMs. A marked decrease in the level of PECAM-1 mRNA in AVMs was documented in a
study using human cerebrovascular malformations [80]. Expression of PECAM-1 on ECs was

intense and was found generally co-localised with VVon Willebrand factor (VWF) [78].

Expression of vascular endothelial growth factors (VEGF) A to D and their receptors in
paraffin-embedded human AVM nidus were examined using an immunohistochemical
technique [81]. The study indicated that 96.8% of AVMs patients stained positive for VEGF-
A, 9.7% for VEGF-B, 54.5% for VEGF-C, and 51.6% for VEGF-D. It is believed that the
VEGF-VEGF receptor system plays a role in the growth of intracranial AVMs. Increased
expression of the transforming growth factor alpha, basic fibroblast growth factor and nitric
oxide synthase in brain AVMs has been documented, supporting the contention that AVM are
in a continuous angiogenic process [82, 83]. Sonstein et al. also found a high degree of

astrocytic VEGF expression in children with recurrent AVMs [84].

Hashimoto et al. [85] investigated mRNA and protein expression of angiopoietin 1 (Angl)
and Ang2 in AVMs, with data showing that the level of Angl protein, Ang2 mRNA and
Ang?2 protein were 30% lower, 40% higher and 800% higher, respectively, in cerebral AVMs
than in controls. They concluded that an abnormal balance in the angiopoietin and tyrosine
kinase with immunoglobulin and endothelial growth factor-like domains 2 system may

explain the aberrant vascular phenotype in the lesion.



1.7 Pathophysiology

The management of cerebral AVMs requires an understanding of AVM haemodynamic and

the consequences of abnormal haemodynamic on the brain.

1.7.1 Haemodynamic of the AVM nidus

Flow resistance inside the nidus of AVMs is the most important factor in the determination of
haemodynamic consequences. Many studies have found that the flow is mainly dependent on
the cross-sectional area at the narrowest point in the fistula. As a significant proportion of
AVMs have as their narrowest point vessels greater than 100 pm and some greater than 300

um, they usually have a lower resistance than normal cerebral vasculature [86-88].

Turbulent flow is a characteristic feature of cerebral AVMs. The phenomenon results from an
increase in velocity and lower resistance, an increase in diameter, and fluctuating vessel
diameters found within the AVM nidus [89], and is believed to be responsible for venous
varices found within or shortly beyond the nidus of the AVM, which cause structural fatigue
and focal dilatation [90, 91]. Turbulent shear stresses as low as 1.5 dynes/cm? for as short a
period as three hours were detected in an in vitro experiment. The stress was found to
stimulate substantial endothelial DNA synthesis and endothelial turnover [92], which
modulates endothelial transport, increases endothelial microfilament bundles, and makes
ultrastructural changes in the subendothelial layer [93-95]. Both structural fatigue and
pressure are responsible for rupture within the AVM nidus. In an experimental arteriovenous
model, high shear stress produced platelet aggregation and red cell haemolysis in a dog model
of AVM [96].

1.7.2 Feeding arterial system of an AVM

There is a tendency for AVMs and the terminal feeder to have a low-pressure measurement.

Nornes and Grip measured the pressure in dilated feeding vessels and found the pressure



varied between 40 and 70 mmHg with flow reaching 550 ml per minute [91]. Another study
found that the feeding artery pressure was about 45-62% that of the radial artery [97] and 67—
71% that of the pressure in the femoral catheter [98, 99]. This is markedly less than normal
distal pial arterial pressure, being around 90% of systemic arterial pressure. Pial arterial
pressure on the side of the AVMSs was 61% and 78% of the peripheral systemic pressure and
the matched contralateral side respectively [100]. Fleischer et al. [101] investigated the
relationship of transcranial Doppler flow velocities and AVM feeding artery pressures,
finding that pressure in half of the cases was less than 50% of the femoral pressure. They
concluded that as a result of high flow through the fistula, the dilated feeding arteries tend to

have low measured pressure [102].

1.7.3 Draining venous system of AVMs

The pressure within the draining vein correlates with the pressure within feeding arteries but
is inversely correlated to the AVM nidus size [102]. In human AVMs, a lack of intervening
capillaries between artery and vein causes elevated pressure in the draining vein of AVMs
[103]. In contrast to normal venous circulation, the flow within the draining vein of AVM has
been reported to be pulsatile with high velocity [104]. The turbulent venous flow near the
AVM nidus [91] and the greater pressure on the vein wall may be responsible for endothelial
turnover and ultrastructural changes in the subendothelial layer of the AVM [93-95]. The risk
of haemorrhage is reportedly increased when the venous resistance is increased secondary to

venous drainage occlusion or stenosis.

1.8 Experimental animal model

Yassari et al. [105] described the angiographic, haemodynamic and histological
characterisation of an arteriovenous fistula in rats. The model was created by anastomosing
the end of the left external jugular vein (LEJV) to the side of the left common carotid artery

(LCCA) in rats. The model allows a better description of histological changes in the dural
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sinuses as well as in cortical vessels, demonstrating haemodynamic changes in the LCCA and
LEJV. The angiographic study revealed that the proximal portion of the ipsilateral EJV and
the distal ipsilateral EJV, and the diameter of the transverse sinus, increased significantly. The
haemodynamic study showed a 68+4% increase in blood flow within the LCCA immediately
post-fistula formation. However, no marked changes were observed in the flow through the
fistula at different time points. Histologically, transverse sinus thickness increased slightly at
21 days post-AVM creation. Histological sections of the fistula showed fibrin deposition,
proliferation of actin immunoreactive cells, apparent collagen infiltrated medial hyperplasia,
well-organised smooth muscle layers, and discontinuous and elastin fragments. Yassari et al.
concluded that the model is suitable for mechanistic and therapeutic studies of AVMs, and
also indicate that the venous anatomy of the rat created a retrograde high flow in the jugular
vein (arterialised feeder). The drawback of the model for this study is that the created AVM is

not in the brain nor congenital (Table 1-1).

The same animal model was compared with human AVM. There were significant
histopathological and ultrastructural similarities between human AVM vessels and the animal
model, and the model became most representative of human AVMs when the blood flow
reached its highest flow rate. It was concluded that the model shares haemodynamic,
morphological and ultrastructural features with human AVMs, especially in the endothelial
layer [72].

Massoud et al. [106] used a swine model of AVM to investigate histopathological
characteristics. They developed AVM models from bilateral carotid retia mirabilia of swine
after the surgical creation of large unilateral carotid-jugular fistulas. To ensure shunting of
blood from the left to the right side of the neck and to induce high flow through both retia, the
right occipital artery, the right external carotid artery and the muscular branch of the right
ascending pharyngeal artery were deliberately occluded. At four days after AVM creation,
there was angiographic evidence of vascular dilatation and tortuosity of the main arterial
feeder and draining. These changes were most prominent in the 6-month-old model. The
chronic models demonstrated disrupted elastic intimal hyperplasia that was focal and the

presence of smooth muscle actin within cells in the tunica media of nidus vessels. In the
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chronic vessels, histological study revealed increases in intimal hyperplasia and medial

thickness.

Qian et al. [107] described a simplified AVM model in sheep. The model was created by
anastomosing the CCA and the ipsilateral EJV. In their model they ligated the jugular vein
above the anastomosis site and the proximal CCA below the anastomosis site. Extensive
collateral flow through the rete mirabile into the distal segment of the external carotid artery
above the ligature, with retrograde flow through the surgical anastomosis into the jugular vein
was established. This model indicated that the vast majority of blood flow from the rete

mirabile was diverted into the jugular vein through the created anastomosis.

Pietild et al. [108] used dogs to create their AVM animal model. A bypass was created by
interposing a superficial temporal artery segment between the middle cerebral artery (MCA)
and the superior sagittal sinus. A vascularised muscle graft supplied by a side branch of the
superficial temporal artery was implanted into the ischemic territory previously supplied by
the middle cerebral artery. An angiographic study showed AVM-like formations with newly
developed vessels in addition to the AV fistula. A histopathological study revealed a peri
shunt parenchymal gliosis, proliferation of mesenchyme cells and fibroblasts. Capillary
proliferation was also noted. They concluded that their animal model is comparable with the

situation found in intracerebral AVM in humans.

Lemson et al. [109] investigated the role of intimal hyperplasia (IH) in the failure of
arteriovenous (AV) fistulas of a goat model. The animals had a bridge graft AV fistula
between the carotid artery and the jugular vein. Intimal hyperplasia displaying an abundant
expression of a-smooth muscle actin was a prominent finding. Significantly, intimal
hyperplasia also developed at the suture line. At the anastomosis, the hyperplastic lesions
were usually not covered by endothelium and were instead overlaid with fibrin deposition.

Frequently thrombus was present, particularly at the site of the anastomosis.

Several groups have considered carotid rete vascular arrangements as useful models that
mimic human AVMs, and allow them to investigate effect of radiosurgery on their models

[106, 110, 111]. The swine rete mirabile was used as a model of an AVM to explore the
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effects of varying doses of radiosurgery. The mirabile received a single dose of radiation (20,
30, 40, 50, 60, 70, 80, and 90 Gray [Gy]) [110] and the effect was observed using
angiography and histopathological examination. Progressive angiographic occlusion and
marked thickening of the vessel wall, ultimately resulting in occlusion of the vascular lumen
and associated thrombosis, were reported in the histological study; these changes correlated
with the higher radiation doses. The major limitations of the use of the rete are that it is an
arterio-arterial system with a much lower pressure gradient than exists in an AVM, and that
the vessels have normal histological and molecular characteristics. Unlike human AVMs,
there are no vein-like channels within the vascular network of the rete; nevertheless, the
vascular changes in this model corresponded well to the histological changes described in
irradiated AVMs. Several groups have modified the swine rete mirabile model to incorporate
the high-flow features of AVMs by creation of a unilateral carotid-jugular fistula, with
endovascular blocking of several side branches of the carotid to prevent collateral circulation,
that induced high flow through both rete [106, 111].

Altschuler et al. [112] used a platform to deliver a dose of 50 Gy to an abdominal aorta vena
caval fistula in the rat using a Gamma Knife machine. Targeting of the fistula was performed
by leaving a small radiopaque clip at the site. The histological study of the irradiated tissue
showed a venous endothelial proliferation that was not present in fistulae of non-irradiated

animals.

Baker et al. [113] examined the effects of irradiating rat femoral arteries. They found that
irradiation with 6000 R had no effect on the patency of the artery; the histological study
demonstrated increased fibrosis and increased smooth muscle cell proliferation at the

anastomosis site. Some arteries also exhibited endothelial proliferation.

The effects of intracranial venous hypertension in a rat model of arteriovenous fistula was
investigated by Bederson et al. [114]. The fistula was created by anastomosing the proximal
CCA to the distal EJV; the contralateral EJV was then occluded 24 hours later. The study
revealed increased pressure in the transverse sinus and decreased mean arterial pressure, with
a decrease in cerebral perfusion pressure. A histological examination of rats with permanent

venous occlusion found venous infarction, severe brain oedema and subarachnoid
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haemorrhage. Bederson et al. concluded that the model haemodynamically reproduced the
haemorrhagic complication of the human AVM and explained the role of venous obstruction

in the pathogenesis of congenital lesions.

The effect of chronic cerebral hypoperfusion associated with AVM has been investigated
[115] using a model created via end-to-side anastomosis between the right distal EJV and the
ipsilateral CCA, and ligation of left vein draining the left transverse sinus and bilateral
external carotid arteries. Systemic mean arterial pressure (MAP), draining vein pressure
(DVP), and CPP were measured. The results showed that fistula creation led to a significant
decrease in MAP and cerebral perfusion pressure (CPP), and a significant increase in DVP in
the AVF. Damage to the blood brain barrier, brain oedema and haemorrhage were also

noticed.

Yamada et al. [116] examined the effect of cerebral venous hypertension on cerebral blood
flow regulation in an animal model of dural AVMs. They connected the right CCA and right
posterior facial vein, followed by left posterior facial vein ligation at seven weeks. They
found that pressure in the superior sagittal sinus was around 9 mm Hg compared to 4 mm Hg
in animals that had occluded fistulas. The pressure increases were mild when compared to
other acute models of cerebral venous hypertension, and there were no alterations of the

cerebrovascular response to hypercapnia and acute hypotension.

In a rabbit AVF model, Sho et al. [117] examined the consequences of sequential and
prolonged exposure to high and low wall shear stress on arterial remodelling. They increased
blood flow 17-fold to 20-fold by opening the created AVF. Dilatation, elongation, and
tortuosity of the arterial wall were found to result from the increase in flow and wall shear
stress. The length of the left CCA increased by 37% and 22% after the first and second
exposures to high flow, with a further elongation of 10% after a third exposure. The luminal
diameter throughout carotid segments exposed to high flow, with or without cycles of flow
alteration, was greater than in the control animals; this indicated that the diameter increased
and decreased during cycles of high flow and normal flow. Histological analysis revealed
significant internal elastic lamina fragmentation, intimal thickening and spindle endothelial

cells.
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Another model to study the effect of disturbed venous outflow is a rat model of AVFs
developed by Bederson et al.in which an anastomosis is created between the proximal CCA
and the distal EJV. Orthograde blood flow from the CCA through the arteriovenous fistula
(AVF) was observed. Drainage is through the contralateral EJV. Occlusion of this vein with
an aneurysm clip led to intracranial venous hypertension. Histological examination one week
after permanent venous outflow occlusion revealed venous infarction, subarachnoid
haemorrhage, and severe brain oedema in those rats with an AVF but not in the control rats.
In this model there was evidence that venous cerebral hypertension and arterial steal affect

perfusion in the area around the shunt [114].

Scott et al. [118] investigated the vascular dynamics of cerebral arteriovenous shunt in an
animal model. They created a carotid to jugular fistula model by performing a side-to-side
anastomosis of the left CCA with the left internal jugular vein, followed by ligation of the
proximal left CCA, in macaque monkeys. This generated a shunt through the Circle of Willis.
They suggest that flow through the created arteriovenous shunt may be autoregulated to

changes in the systemic arterial pressure, and is minimally responsive to changes in PaCO,,

Morgan et al. [119] investigated the effects of hyperventilation on cerebral blood flow in the
rat with an open and closed carotid-jugular fistula. They created a model of an AVF in the rat
by establishing an end-to-end anastomosis of the internal carotid artery with the EJV. They
created a functional fistula between the Circle of Willis and the venous system, which drained
blood to the transverse sinus and also through an extracranial cervical route. The animals were
divided into open fistula-low PaCO, and open fistula-intermediate PaCO,; closed fistula-low
PaCO; and closed fistula-intermediate PaCO, groups. The cerebral blood flow was markedly
less in animals with the fistula but increased in animals where the fistula was closed

immediately before they were sacrificed.

Stler et al. [120] investigated the evidence for a predominant intrinsic sympathetic control of
cerebral blood flow alterations in an animal model of cerebral AVM by creating an AVF in
Sprague-Dawley rats, and found that the sympathetic nervous system down-regulates and

provokes a cortical hyperperfusion condition.
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Different animal models of AVM have been investigated; models of AVMs have been created
in different animals including cats, dogs and swine rete. Many rat models were used to study
the pathophysiology of the AVM. Yassari et al. [105] described the angiographic,
haemodynamic and histological characterisation of an arteriovenous fistula in rat model of
AVMs. Moreover, the histopathological characteristics of an AVM model rat models were
explained; a study found that there are many histopathological and ultrastructural similarities
between human AVM vessels and the animal model [72]. More importantly, details of
molecular expression profile of the endothelium were also investigated in details. Yassari et al

animal model is suitable to investigate the proposed molecular targeting therapy.
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Table 1-1 Summarize the characteristics and results of various animal models.

Animal models

Characteristic features

Yassari et al. [105]

The animal model was created by anastomosing end of the left external jugular vein
(LEJV) to the side of the left common carotid artery (LCCA) in rats. The results indicate
that there was a significant histopathological and ultrastructural similarities between
human AVM vessels and the created animal model [72]. They conclude that the model is
suitable for therapeutic studies of AVMs. Storer et al [616] used the same model to
investiagte expression of endothelial adhesion molecules after LINAC radiosurgery. He
conclude that radiosurgery stimulates early expression of E-selectin and delayed up-
regulation of vascular cell adhesion molecule-1 on the endothelial surface of the AVM
model nidus. The same animal model was used to develop first molecular targeting

therapy of the AVM using lipopolysaccharide and soluble tissue factor [198].

Massoud et al. [106]

A swine model of AVM: The group developed AVM models from bilateral carotid retia
mirabilia of swine after the surgical creation of large unilateral carotid-jugular fistulas.
There was angiographic evidence of vascular dilatation and tortuosity of the main arterial
feeder and draining vein. There was a disrupted elastic intimal hyperplasia, intimal
hyperplasia and medial thickness. Conclusion: the animal model is simulating human
AVMs. Also this animal model can substantially reduce the cost of research and training
radiosurgical management of AVMs. Swine rete mirabile was also used as a model of an

AVM to explore the effects of varying doses of radiosurgery [110].

Pietila et al. [108]

Dogs were used to create AVM animal model. A bypass between the middle cerebral
artery (MCA) and the superior sagittal sinus. An AVM-like formation was clear on
angiographic study. The histopathological study showed a peri shunt parenchymal gliosis,
proliferation of mesenchyme cells and fibroblasts. Capillary proliferation was also noted.

Conclusion: the animal model is similar to human AVMs.

Lemson et al. [109]

It is a goat model. AV fistula between the carotid artery and the jugular vein. The AV

fistula model believed to be suitable to study intimal hyperplasia in human AV fistulas.

Sho et al. [117]

AVF model was created in rabbits. Histological analysis revealed a significant internal

elastic lamina fragmentation, intimal thickening and spindle endothelial cells.
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1.9 Treatment of cerebral AVMs

There are different modalities to treat cerebral AVM. These include endovascular
embolization, microsurgery and stereotactic radiosurgery. Depending on the features of the

AVM, these treatments may be used alone or in combination.

Improvements in microsurgery, endovascular surgery, and stereotactic radiation therapy, used
alone or in combination, have increased the safety and effectiveness of brain AVM treatment
[121].

1.9.1 Surgery

The history of AVM surgery began in 1928, when Cushing and Dandy published their
experience with AVMs in 14 and 15 patients respectively [121]. Dandy believed that ligature
of all vessels feeding the lesion, or total resection of the lesion itself, were the only curative

options. AVM surgery was dangerous and largely unsuccessful.

Surgical resection involves a combination of dural opening and circumferential nidus
dissection until complete AVM resection is achieved. The aim of resection is to eliminate the

risk of haemorrhage [122]. Studies show that patients with complete excision have almost

complete protection from long-term haemorrhagic complication, but that partial surgical

removal does not prevent late re-bleeding [123].

Successful treatment outcomes have resulted from the advancement of understanding of the

pathophysiology of AVM and the development of imaging techniques that include cerebral
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angiography, computed tomography (CT) and magnetic resonance imaging. These are

enhanced by improvements in surgical microscopes and microsurgical instruments [121].

The risk of surgical treatment for AVMs can be estimated using the Spetzler—-Martin scale
(Table 1-1). This scale uses maximum diameter of the nidus, nidus location (within or outside
eloquent cortex), and presence or absence of deep venous drainage to predict surgical
outcomes [124]. Spetzler-Martin grades | and Il cerebral AVMs are resected, with low
morbidity and mortality; most cerebral AVMs of grades IV and V are not so treated [125].
The best results from surgery of cortical AVMs <10 ml demonstrate a 100% morphological
cure with morbidity rates for Grades | through 111 of 0%, increasing to 21.9% in patients with
Grade IV and 16.7% in patients with Grade V AVMs [126]. Angiographic cure following
surgical resection ranges from 94-100%, with morbidity of 1-3-10-6% in small AVMs of 3-0
cm or less in diameter [126-128]. Pasqualin et al. demonstrated that of the operated AVMs
with a nidus volume <10 ml, 27% had transient deficits, 4% new deficits, and 5% mortality;
however, in patients subjected to resection of AVMs larger than 50 ml, they reported 28%

new major deficits and 28% mortality [129].
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Table 1-2 Determination of arteriovenous malformation grade (Spetzler and Martin) [123]

Graded Feature Points Assigned
size of AVM

small (< 3 cm) 1

medium (3-6 cm) 2

large (> 6 cm) 3

eloquence of adjacent brain
non-eloquent 0
eloquent 1
pattern of venous drainage
superficial only 0

deep 1

*Grade = [size] + [eloguence] + [venous drainage]; that is (1, 2, or 3) + (O or 1) + (O or 1).

1.9.2 Stereotactic radiosurgery
1.9.2.1 History of radiosurgery

Stereotactic radiosurgery evolved from the pioneering work reported in 1908 by Horsley and
Clarke, who were able to insert a needle into a monkey brain with a tool that enabled them to
localise intracranial structures in three dimensions. They were the first to report the
stereotactic destruction of an intracranial target using electrode electrocoagulation [130, 131].

Interestingly, the tool was never used for other animal models [132].

In 1947, Spiegel and his co-workers at Temple Medical School in Philadelphia started
developing the first stereotactic machine for human use [133]. In the 1950s several
stereotactic machines were developed, and it was estimated that about 25,000 functional

stereotactic procedures were carried out around the world [134].
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Lars Leksell, the father of stereotactic radiosurgery, was born in 1907. His observations of
morbidity and mortality associated with neurosurgery led him to apply stereotaxic techniques
to radiation delivery. Based on the ideas of Horsley and Clarke, applied by Spiegel and
Wycis, he developed an arc-centred stereotactic apparatus for intracerebral surgery in 1947
[135]. In 1951 he was first to illustrate the concept of stereotactic radiosurgery using
collimated x-ray beams (gamma rays) [136]. In 1960, Leksell and colleagues [137] performed
their first human stereotactic proton beam operation (a bilateral anterior capsulotomy). In the
meantime, another research group introduced a cyclotron-based radiosurgery system and

began irradiating pituitary lesions [138].

In 1984 Betti and Derechinsky [139] reported the first use of a linear accelerator radiosurgery
(LINAC) -based radiotherapy system. The newly invented tool exploited many isocentric
fixed radiation fields arrayed on different planes as the patient’s head was rotated around a
horizontal lateral axis. Later the multiple converging arc irradiation machines were developed.
The quantification and dosimetry calculation in the LINAC-based system was not possible
until Lutz and Winston [140] created the technology for a floor stand connected to the

stereotactic frame, which overcame the mechanical inaccuracy of the LINAC.

The LINAC-based system has advantages over other radiation systems in that linear
accelerators are more available and less expensive, and easy-to-use planning software has
been produced. Adler and his co-workers developed Cyberknife, a LINAC based system, at
Stanford University in California [141]. Cyberknife is a frameless stereotactic radiotherapy
system that mounts a lightweight (59 kg) 6 mV linear accelerator on a highly mobile robotic
arm. Cyber-knife determines the location of the skull or spine in the coordinate frame of the
radiation delivery system by comparing digitally reconstructed CT phantoms obtained from
the patient’s treatment planning images, plus real-time oblique radiographs obtained during
the procedure [142, 143]. Fiducials may be implanted within the target and used during image
registration. The robot has the ability to make adjustments when the target moves by detecting
the change, and so maintains accurate targeting [144]. Targeting the head, spine, chest,

abdomen, and pelvis has become possible with this innovative system.
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1.9.2.2 Stereotactic radiosurgery and AVM

In 1972 Steiner and his co-workers reported the use of stereotactic radiation for AVM
treatment [145] and single-session stereotactic focused irradiation (radiosurgery) became a
generally accepted treatment for cerebral AVMs [146]. According to the International
Radiosurgery Association, stereotactic radiosurgery for AVM is a relatively high dose of
focused radiation delivered precisely to the arteriovenous malformation, under the direct
supervision of a medical team (neurosurgeon, radiation oncologist, registered nurse and
medical physicist), in one surgical session [147]. Stereotactic radiosurgery is usually given in
1 fraction, and a marginal dose of AVM treatment ranges from 16 Gy to 25 Gy, accounting
for 50 to 70% of the dose delivered to the centre of the AVM target [147].

Many studies have reported angiographic cures ranging from 65 to 85% in AVMs with a
diameter of about 3 cm [148-151]; a lower obliteration rate is reported in larger AVMs [152,
153]. The results indicate that complete AVM obliteration is apparently not dependent on the
device used, and the rate of obliteration is significantly affected by AVM-related factors such
as nidus dimensions [154-156].

A drawback for using stereotactic radiosurgery for AVM treatment is that large AVMs cannot
be irradiated safely as there is an increased probability of radiation-related adverse effects,
while a reduction in the radiation dose decreases the success of complete AVM obliteration
[157]. Patients remain exposed to the risk of haemorrhage in the ‘latency period’, which may
extend for a period of months or even years, with dangerous or even lethal consequence [155,
158, 159].

1.9.2.2.1 Gamma Kbnife radiosurgery (GKS)

Gamma Knife machine contains 192 cobalt-60 sources in a hemispherical array. These
produce photons (gamma rays), which carry high energy. Independent beams are created by
each cobalt-60 source, and each individual beam, carrying a small dose, passes through brain

via a unique path to target the lesion with little risk to normal brain tissue. The beams
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converge at the target, producing a highly concentrated dose of radiation [160]. A
retrospective study on patients who received a high dose of Gamma Knife radiation (at least
20-25 Gy) showed that AVM occlusion rates after one year varied from 33.7 to 39.5%, and
between 79 and 86.5% two years post-radiation; angiographic obliteration rates at 1 year were
reported at 76% [149, 161-163].

Yamamoto and colleagues [164] reported on 25 patients treated with GKS. They found that in
AVMs that were completely covered by the radiosurgical field, the two-year thrombosis rate
was 64%. One patient had complete thrombosis at three years and another at five years; the
total cure rate was 73%. In another study, total cure was reported in 73% of cases. Of the
patients studied, 64% had AVMs completely thrombosed at two years. Another study of 25
AVM patients treated with GKS found complete occlusion at three years in 5 patients, and

another patient had his AVM thrombosis at five years [164].

A study by Lunsford et. al. [149] investigated 227 AVM patients who received GKS at a
mean marginal dose of 21.2 Gy. Complete thrombosis was reported in 76.5%. Of those
studied, 17 had angiography at one year. Of 75 patients followed for two years, 46 (61%) had
follow-up angiography, and 37 of the 46 (80%) had complete angiographic obliteration.

Karlsson and co-workers [165] investigated the occlusion rate in 945 AVM patients treated
with GKS, and found an overall occlusion rate of 56%. A 72% occlusion rate at three years
after radiation has also been reported [166], and a 31% complete obliteration at one year post-
radiation was reported in another study where obliteration rates were documented as more
effective in superficially located AVMs, independent of AVM size [167].

1.9.2.2.2 Linear accelerator radiosurgery

Linear accelerators are devices that accelerate electrons to very high speeds by microwave
energy. The energetic electrons collide with a heavy metal alloy in the head of the machine.
Most of the collision energy is lost as heat, but a small percentage results in high-energy
photon radiation (called x-rays because they are electronically produced). These photons are

virtually identical to those produced by the spontaneous decay of radioactive cobalt in the
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Gamma Knife. The photons are collimated and focused on the radiosurgical target. Linear
accelerator systems rotate the beam around the patient from many angles, to create the
hundreds-of-beams approach used by the Gamma Knife to provide high doses at the target but

low doses to normal tissue [168].

Thrombosis rates after AVM treatment with LINAC have been investigated. Investigation of
66 AVMs treated with 40 Gy in 80% of patients in a linear accelerator radiosurgical system
found a 66% two-year thrombosis rate. The rate increased when the maximum diameter of the
lesion was less than 12 mm [160, 169, 170]. Complete nidus obliteration of 60.5% after a

single radiosurgical treatment has also been documented [171].

One group used LINAC to treat 97 patients with AVMs with a dose ranging from 18.7 to
40 Gy. One-year angiographic follow-ups were done in 50 of the 56 patients. Fifty-two
percent had complete angiographic obliteration, and of those followed up for two years, 75%
had complete angiographic thrombosis. Small-sized AVMs were shown to have a high rate of
cure [172]. A complete obliteration rate of 38% was seen one year after angiography with the
use of a 50-55 Gy linear accelerator system [173]. The one-year total occlusion rate was 45%,

and 73% was reported at two years after treatment with 15-25 Gy [174].

1.9.2.2.3 Particle beam radiosurgery

In particle beam radiosurgery facilities, charged subatomic particles are accelerated to very
high speeds using cyclotron-like devices before directing them at patients. The Bragg peak
effect has a unique physical property whereby most of the beam’s energy is deposited at a
predictable depth in tissue and there is little exit dose. This property is somewhat limited by
the need to spread the peak to fit anatomic lesions, and by the restrictions in beam number
compared with other radio-surgical methods; the high cost of particle beam radiosurgery

systems is an additional problem with this method [160].

In a study conducted by Kjellberg et al. [175], 20% of AVM patients treated with stereotactic

proton-beam therapy had complete nidus obliteration on follow-up angiography. Another
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study reported 15.9% complete nidus obliteration. Steinberg and colleagues investigated the
occlusion rate in 86 AVMs treated with a helium particle beam radiosurgical system and
found thrombosis rates of 29%, 70% and 92% at one year, two years and three years’ post-

procedure [148].

1.9.2.3 Response of AVMs to radiosurgery
1.9.2.3.1 Histological response

Responses of AVMs to radiosurgery are highly variable: there is a latent period of months to
years between delivered treatment and subsequent obliteration of an AVM. Under light
microscopic studies, vessel occlusion and connective tissue stromal changes in AVMs pass
through various parenchymal stages. Both proliferative and degenerative changes participate
in the obliteration progression [176]. AVM obliteration may occur from a few months to 5
years post-treatment, and may not appear at all by the end of the follow-up period. It has been
reported that post-radiosurgical vaso-occlusive effects are slowly progressive and maximised

between one to two years after treatment [177].

Szeifert et al. [176] investigated histological and ultrastructural changes in AVMs after
Gamma Knife surgery. Seven cerebral AVMs patients were enrolled in this study. All patients
that had previously been treated with GKS suffered rebleeding 10 to 52 months after
treatment. Proliferative and degenerative changes in irradiated AVM tissue were reported
under light microscopy. Connective tissue stroma and a subendothelial region of irradiated
AVM vessels had granulation tissue proliferation with inflammatory cells and spindle cell
formation; intraluminal degenerated hyaline scar tissue was also identified. Under electron
microscopy, the spindle cell population had different atypical features that could include oval
nuclei, a smooth contour, and cisterns of endoplasmic reticulum, intracytoplasmic filaments
and prominent nucleoli. In the extracellular matrix, the spindle cells were reported to be
enclosed by enormous bundles of collagen fibres. They concluded that in the GKS-treated

AVMs the ultrastructural and histological features of the spindle cell population in the GKS-
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treated AVMs are similar to those myofibroblasts in wound healing processes and
pathological fibromatoses, and that myofibroblasts may contribute to the shrinking process

and final occlusion of AVMs after radiosurgery.

In another study [178], AVM tissue was taken from 18 patients; three of them had received a
radiosurgical treatment dose ranging from 18 to 20 Gy using LINAC. Incomplete obliteration
of the irradiated AVM tissue was found 33, 48, and 64 months after radiosurgery. Separation
of the endothelial lining from the vessel wall with a subendothelial space containing
proteinaceous material was observed. Luminal obliteration by coagulation of cytoplasmic
debris and proteinaceous material leaking from the endothelium was also identified.
Heterogeneous proteinaceous material and fibrin thrombi together with the loss of normal
cellular structure were also evident in occluded vessels. Irradiated AVM vessels exhibited
blood-brain barrier abnormalities, and irradiated AVM ECs displayed degeneration, which
were more prominent 64 months after radiosurgical treatment. Proliferative thickening and
luminal stenosis were seen in the intimal layer of feeding arteries. Within the tunica media,
smooth muscle cell neoproliferation was evident with bundles of proliferating microfilaments,
as well as large numbers of glycogen particles and surface vesicles in the cytoplasm.
Endothelialised smooth muscle cell Weibel-Palade bodies were also identified [178, 179]. Un-
discernible or fragmented elastic lamina in the obstructed vessels were reported and
occasional clusters of lymphocytes were identified. Immunohistochemical techniques
revealed an increased presence of collagen type Ill in irradiated vessels. Exudation of

albuminous fluid in irradiated nidus tissues was also documented [180].

Schneider et al. [181] investigated the histopathology of AVMs after GKS (Figure 1-3). They
demonstrated that damage to the endothelial cells appears to be the first change to occur after
irradiation. This was followed by progressive intimal thickening, secondary to smooth muscle
cell proliferation that produces type IV collagen. Lastly, cellular degeneration and hyaline

transformation occur.
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Figure 1-3. Photomicrographs displaying transverse sections of AVM vessels after GKS.

Photomicrographs illustrating the chronology of the occlusive process (A to I). A: Separation of the endothelial
lining from the vessel wall, creating a subendothelial space containing proteinaceous material. H & E, original
magnification x 20. B: Eccentric, proliferative thickening of the intimal layer and reduplication of the elastica.
Elastin von Gieson, original magnification x 20. C: Robust reaction product within the cells of the thickened
intimal layer in the same vessel shown in B, demonstrated by immunohistochemical staining for SMA, original
magnification x 20. D: Reaction product is deposited in a diffuse extracellular pattern within the thickened
intimal layer, shown by immunohistochemical staining for type IV collagen, original magnification x 20. E: In
contrast to the extracellular pattern of collagen immunostaining (shown in D), SMA reaction product appears to
be intracellular. Original magnification x 50. F: Markedly thickened wall with cellular degeneration evidenced
by nuclear pyknosis, decreased cellularity, and a mild lymphocytic infiltrate. The lumen is occluded by a fibrin
thrombus. H & E, original magnification x 50. G: Intensified intimal—medial staining, indicating deposition of
dense fibrillar collagen following cellular degeneration. Hematoxylin von Gieson staining for collagen, original
magnification x 50. H: Obliteration of the entire vascular structure with dense hyalinization, few remaining cell
nuclei, and nuclear debris. H & E, original magnification x 33. I: End-stage vessel whose wall structure has been
obliterated by dense hyalinization. Multiple endothelial cell—lined channels containing erythrocytes indicate
recanalization. H & E, original magnification 366. Adapted from Schneider Bernard F 1997 [181]
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1.9.2.3.2 Molecular response of cerebral AVM to radiation

In some irradiated vessels, marked expression of VWF has been noted in occlusive thrombi,
although some irradiated vessels had no staining for VWF, indicating loss of the endothelial
layer. No significant difference in thrombomodulin (TM) expression was seen in irradiated
AVM tissue compared to non-irradiated tissue. Adventitial and perivascular expression of
Tissue Factor (TF) was documented, with no endothelial or subendothelial TF staining seen in
most of the tissue examined. Due to the lack of endothelial VWF expression, some irradiated
vessels’ TF appeared to be directly exposed to the luminal surface and was infrequently
accompanied by occlusive thrombi [182]. Liu et al. [183], who investigated the expression of
thrombotic molecules in cultured mouse brain endothelial cells exposed to radiation, found
that TF expression was not changed by radiation. Their study demonstrated an upregulation of

TM that increased with time after radiation exposure.

Simonian [184] used in vitro biotinylation and the Waters MSF approach to measure
membrane protein changes in the murine brain endothelial cells (bEnd.3). The expression
levels of PECAM and cadherin 5 in bEnd.3 were increased at both 24 and 48 hours post-
irradiation. Both integrin beta-1 and endothelial protein C receptor protein expression

increased in the irradiated samples at 24 hours.

1.9.2.4 Limitation of radiosurgery

Many studies have been done to investigate causes of radiosurgical failure. A higher Spetzler-
Martin grade, larger AVM size, and lower treatment dose have been found to be factors in the
failure rate of radiosurgeical treatment. AVMs treated with a peripheral dose of less than
15 Gy had a high failure rate. In addition, a higher failure rate was found in patients with
AVM volumes greater than 10 cm®[185]. Pollock and colleagues [186] found that the success
of radiosurgeical treatment could be predicted by the following factors: low AVM volume,
few draining veins, young age, and superficial location; they reported that previous

embolisation of the AVM was negative predictive factor. In another study [187], radiosurgical
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treatment failed to obliterate AVMs because the AVM nidus re-expanded after reabsorption
of a prior haematoma that had compressed the vessels within the nidus, and the AVM
recanalised after embolisation. Sometimes a definite cause for failure could not be
determined, and the investigators suggested that the AVMs in these patients had some form of

radiobiological resistance.

Predictive factors for radiosurgical obliteration of AVMs were studied by the Stockholm
group [188], who found a higher radiosurgical dose shortened the latency to AVM
obliteration. Another group found that failure to completely cover the whole nidus at the time
of first treatment led to treatment failure [189]. AVM targeting error was another contributing
factor: 59% of failures was attributed to inadequate targeting [190]. Zipfel and colleagues
[191] investigated the importance of AVM angioarchitecture, finding that the response of
AVMs to radiosurgery was affected by their morphology. Five variables were identified as
related to an excellent outcome of radiosurgical treatment: AVM volume, patient age, AVM
location, previous embolisation, and number of draining veins. The group found that all

patients with an AVM score of less than one had excellent outcomes [192, 193].
1.10 Need for a new treatment

1.10.1 Possible improvements in AVM treatment

Improvement of the outcomes of current treatment modalities seems to be unlikely to lead to
effective treatment of high grade AVMs [194, 195], although potential improvement in AVM
treatment could arise from using radiosurgery [196]. In addition to improving physical
radiation delivery methods, biologically enhancing the occlusive or thrombotic response to

radiosurgery is theoretically attractive as a method for improving AVM treatment.

1.10.2 Vascular targeting therapy

A possible new treatment modality, described for many years in cancer therapy, is vascular

targeting. The concept behind vascular targeting is to stimulate intravascular thrombosis. The
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technique exploits natural differences between the endothelium of tumour vasculature and
normal endothelial cells. Selective stimulation of thrombus formation inside abnormal vessels
is achieved by using ligand or non-ligand targeting strategies. Ligand and non-ligand
strategies result in widespread tumour vascular thrombosis, and necrosis of up to 95% of
tumour cells is reported [197]. Administration of lipopolysaccharide (LPS) and soluble tissue
factor has been reported as a trial treatment for AVM in animal models of AVM using a non-
ligand strategy [198] that relies on the externalisation of phosphatidylserine from the internal
endothelial cell membrane, which occurs not only in apoptosis but also in tumour vasculature
[199] and endothelial cells after radiation [200].

The interaction of LPS—TF with externalised phosphatidylserine is a powerful stimulator of
thrombosis [198]. Although thrombosis occurs particularly within regions receiving radiation
in the animal model, it is still unclear if the method is safe and effective for use in humans.
The LPS-TF methods may lack specificity, as it is not clear if changes that occur in
chronically inflamed or neovascularising tissues also induce inappropriate thrombus
formation [198]. Transient renal, hepatic toxicities, and constitutional effects such as fever,
chills, and hypotension have been reported with administration of endotoxin (4 ng/kg) [201].
In animals, LPS is documented to induce disseminated intravascular coagulation (DIC) and
septic shock syndrome [202]. A ligand-based vascular targeting strategy is the alternative
technique to the non-ligand strategy, and may overcome these difficulties. The strategy uses a
combination of a targeting moiety and an effector moiety. The targeting moiety is an antibody
or peptide that binds to a selectively expressed tumour vessel endothelium marker, and the

effector moiety induces thrombosis [197].

The inherent differences between tumour vessels and normal endothelial cells are sufficient to
enable selective targeting without modification of the endothelium in cancer treatment [200].
Inducing vascular thrombosis in AVMs is an attractive new treatment, but endothelial cells of
AVMs do not significantly differ from normal endothelial cells, and no marker has been
detected that would be sufficiently discriminating in the case of tumour cells [75, 78, 182,
203, 204]. The vascular targeting of AVMs requires an induction or ‘priming’ technique that

selectively changes expression of the endothelial cells’ surface molecules in AVMs without
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affecting normal brain vessels [125]. Radiosurgery is a promising primer, not only because of
its effects on endothelial cells but also for its precise spatial localisation [77, 205]. The spatial
resolution of radiosurgery (in contrast to radiotherapy) has an accuracy of less than 1 mm. It is
been reported in an animal model that there is no endothelial change and no thrombosis in the

surrounding tissue or any organ other than in the targeted vessels using LINAC [77, 198].

1.10.3 Radiosensitisers

Radiosensitising is a process where an agent increases the susceptibility of cells or a tumour
to the effects of radiation. The optimal radiation sensitiser would reach the targeted cells or
tumour selectively in sufficient concentrations, and with minimal toxicity and less
enhancement of radiation toxicity. Chemopotentiation is the process by which radiation

increases the susceptibility of cells or a tumour to the effects of a chemotherapeutic agent.

In 1958 Heidelberger et al. established the concept of administering drugs and radiation
simultaneously to augment the effect of radiation [206]. In 1974, Nigro trialled 5-fluorouracil
(FU) in combination with Mitomycin C as a synchronised treatment with radiation for anal

canal malignancy [207].

1.10.3.1 DNA targeting

One of the earliest agents to be used as a radiation sensitiser was 5-fluorouracil (5FU), which
worked by affecting thymidilate synthase [208]. In vitro incubation of cells with noncytotoxic
concentrations of 5FU before radiation increased radiation sensitivity. In pancreatic and rectal
cancer, continuous intravenous infusion (CIVI) of 5FU with radiation has become the
preferred therapy, because of the short half-life of 5FU in plasma [209, 210]. Capecitabine, an

oral form of 5FU may make the combined modality therapy easier and safer.

Combination therapy is also used for different type of solid tumours. For example cisplatin,

carboplatin, and oxaliplatin, which are platinum analogues, may be combined with
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radiotherapy. It believed to work through several mechanisms when combined with radiation.
These include formation of toxic platinum, inhibition of DNA repair, radiation-induced
increase in cellular platinum uptake, and cell cycle arrest [211-213]. In cultured V79 cells,
irradiation of these cells has been shown to increase cellular uptake of the chemotherapy

agent carboplatin and enhance cell killing [214].

Another drug shown to have activity against human cancers that is a potent radiosensitiser is
Gemcitabine (an analogue of cytarabine) [215-218]. Its sensitisation effect requires concurrent

redistribution into S phase along with deoxyadenosine triphosphate pool depletion [218].

Camptothecin derivatives such as topotecan and irinotecan are Topoisomerase Inhibitors. The
enzyme has roles in DNA metabolism, DNA replication, and the regulation of DNA
supercoiling [219]. Chen et al. [220] indicate that, in cultured mammalian cells (Chinese
hamster DC3F cells), when radiation is used concurrently with or immediately after
camptothecin derivatives treatment, it enhances the cytotoxicity of radiation in a schedule-

dependent manner.

1.10.3.2 Non DNA targeting

These types of drugs do not target the DNA, but work by their effect on apoptosis, tumour
angiogenesis and cellular proliferation. The monoclonal antibody C225 (cetuximab) and the
tyrosine-kinase inhibitor CI-1033 are new non-DNA targeting radiation sensitisers working
through their anti-EGFR effect. In vitro use of C225 has been shown to enhance
radiosensitivity and promote radiation-induced apoptosis [221]; it also has an antiproliferative
effect and inhibits tumour cell growth kinetics. In vivo studies show that it also inhibits post

radiation damage repair and downregulates tumour angiogenesis [222].

The presence of activated oncogene renin angiotensin system (RAS) is known to increase
tumour cell resistance to radiation [223]. In human tumours, appeared that RAS gene
mutations can be found in a variety of tumour types. The incidence varies from 30% in lung

tumour up to 90% in adenocarcinomas of the pancreas [224]. RAS inhibition using
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farnesyltransferase inhibitors (FTIs) has shown a radiosensitisation effect. In advanced head
and neck cancer, and in non-small cell lung cancer, a high response rate was reported in a
phase 1 trial of the FTI L-778-123 [225]. H-Ras transformed rat embryo fibroblasts cells (3.7
and 5R) and human tumour cells (T24 bladder cancer, HS578T breast cancer), after treatment
with prenyltransferase inhibitors, showed a synergistic effect on radiation-induced cell killing
[226, 227]. A significant and synergistic reduction in tumour cell survival was reported when
a combination of FTI and irradiation was used to treat tumour cells in in vivo experiments
[227].

It has been suggested that prostaglandins play a role in cell survival after ionizing radiation.
The radio-protective ability of prostaglandins has been in reported in a number of cell types
[228, 229]. However, indomethacin, a nonsteroidal anti-inflammatory drug, is reported to
have radiopotentiating activity toward tumour cells [230, 231]. Cyclooxygenase (COX)
enzyme 2 (COX-2) inhibitors are also known as radiosensitisers, and have an impact on the
radiosensitivity of cells and tissues. Using nonspecific prostaglandin inhibitors such as
nonsteroidal anti-inflammatory drugs has not been promising, as these drugs lack specificity
against the targeted tumour. It has been reported that they have a tendency to cause toxicities
in other proliferating host tissues such as gastrointestinal mucosa [232]. Highly selective
COX enzyme 1 (COX-1) sparing drugs such as Celecoxib, which works through its selective
inhibition of selective COX-2, have been reported to have radiosensitising and
chemosensitising activities in vitro, and have been used in studies of non-small cell lung

cancers and upper gastrointestinal tract cancers [225].

1.10.4 Targeting vascular growth factors

The mammalian vascular endothelial growth factor (VEGF) family consists of five
glycoproteins, referred to as VEGFA, VEGFB, VEGFC, VEGF and placenta growth factor
[233, 234]. Isolated from bovine pituitary follicular cells, they are heat- and acid-stable
protein with a molecular weight of approximately 45,000 under non-reducing conditions and
approximately 23,000 under reducing conditions [235]. Sengeret al. [236] identify the VEGF
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gene as encoding the vascular permeability factor in tumour ascites, finding that the tumour
ascites fluids of guinea pigs, hamsters, mice and a variety of other tumour cell lines in vitro
contain activity that increases micro-vascular permeability significantly. Three VEGF
receptors (VEGFR) have been discovered: VEGFR-1, VEGFR-2 and VEGFR-3. Both
VEGFR-1 and VEGFR-2 control angiogenesis, whereas VEGFR-3 controls
lymphangiogenesis [237] .

VEGEF is known as one of the most important regulators of angiogenesis, active in embryonic
development [238, 239], a potent inducer of vascular permeability in adults [240, 241], and
present in the process of neovascularisation, such as wound healing or the menstrual cycle
[242]. In cancer cells it plays a role in disease progression and decreased survival rate in

cancer where it is overexpressed [243].

Tumour angiogenesis is known to be secondary to VEGF. It is a compound series of
processes that includes classic sprouting angiogenesis, loss of pericyte—endothelial cell
adhesion, increased permeability, vasodilation and the incorporation of bone marrow-derived
endothelial progenitor cells [244-246]. Several VEGF-targeted agents have emerged from

understanding the role of VEGF in the process of angiogenesis.

Numerous pro-survival pathways in endothelial cells are VEGF mediated, including the
activation of BCL2, Akt, survivin and the inhibitor of apoptosis proteins [247, 248]. Blocking
of VEGF signalling has been posited to lead to endothelial cell apoptosis as VEGF mediates

endothelial cell survival functions.

Using VEGF-targeted therapies in murine models has shown that inhibition of VEGF
signalling may cause endothelial cell apoptosis [249, 250]. Endothelial cell apoptosis
secondary to VEGF-targeted therapy is also supported by clinical trial results [251], in which
a 31% response rate after administration of sunitinib was observed. Tumour necrosis in 44%
of patients after administration of axitinib, a selective VEGF receptor tyrosine kinase inhibitor

(TKI), has also been reported.
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VEGF-targeted agents can be divided into different subgroups including VEGF or VEGFR
neutralising antibodies to soluble VEGF receptors or receptor hybrids, and TKIs with
selectivity for VEGFRs [244, 246].

The anti-VEGF monoclonal antibody ‘bevacizumab’ was the first VEGF-targeted agent used
in combination with chemotherapy to treat metastatic colorectal cancer (CRC), non-small cell
lung cancer and metastatic breast cancer in combination with chemotherapy [252-254].
Studies since then have investigated the benefits of bevacizumab and many other VEGF-
targeted therapies [252, 253, 255, 256].

VEGFR tyrosine kinase inhibitors TKIls are another type of VEGF-targeted agents. TKIs are
‘multi-kinase’ inhibitors, developed to target VEGF receptors selectively. In patients with
advanced renal cell carcinoma (RCC), Sorafenib has shown good efficacy [255] as it also has
with hepatocellular carcinoma [257] and in patients with RCC, where it is effective as a
single agent. SU6668, a small molecule oxindole compound which selectively inhibits Flk-
1/KDR, fibroblast and platelet-derived growth factor receptors (FGFR and PDGFR), exhibits
strong in vivo antiangiogenic activity in intravital tumour microscopy studies [258]. SU5416,
a specific blocker of VEGFR2 and shown to have an additive effect when combined with
radiation in animal tumour models, is undergoing clinical trials for use in patients with lung
cancer and malignant melanomas [259, 260]. Tivozanib is a potent TKI against VEGFR-1, -2
and -3, and minimal c-kit inhibition. Tivozanib demonstrated clinical activity in a phase Il
trial [261].

Endogenous inhibitors of angiogenesis, angiostatin and endostatin have been shown to have
significant antitumour activity in tumour-bearing mice, particularly in combination with
radiation [262-264], although the initial results of clinical trials have been disappointing and
the large amounts of recombinant protein required have limited further work[265] . Similarly,
while animal experiments with integrin antagonists [266, 267] and MMP inhibitors have been
encouraging [268, 269], results from human trials have failed to demonstrate a significant

survival benefit.

Targeting VEGF used in combination with metronomic chemotherapy has been described by
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Kerbel et al. [270] who investigated a combination metronomic therapy using continuous
low-dose chemotherapy given with concurrent VEGF-targeted therapy as a double attack on
the tumour vascular bed. They found that the efficacy of metronomic chemotherapy was

augmented when given in combination with specific anti-angiogenic drugs.

1.10.5 Gene therapy

Many groups in the literature who have used gene therapy for targeting tumour vasculature
have reported that neural and mesenchymal stem cells can deliver genes to induce a
significant antitumour reaction in animal models of intracranial tumour such as glioma,
medulloblastoma, melanoma, brain metastasis, disseminated neuroblastoma and breast cancer
lung metastasis. Up to a 90% a reduction in tumour volume and increased survival of the

animals have been reported [271].

Selective delivery of genes to tumour endothelial cells using engineered retroviruses that can
be coated with an antibody such as anti-VEGF has been reported [272]. This destroys the
tumour endothelium, sparing normal tissues’ angiogenic vessels by using tumour cell-specific
cytotoxic T lymphocytes to deliver a retrovirus containing a gene encoding a VEGF-toxin
fusion protein [273]. Treatment of a murine glioma model by intramuscular administration of
an adeno-associated viral vector expressing angiostatin is described [274]. Other groups have
used adenoviruses or modified adenoviruses to achieve delivery of anti-angiogenic
compounds in glioma models. A study conducted in 2013 showed targeted therapy by gene
transfer of a monovalent antibody in mice using intra-tumour or systemic techniques was

followed by a therapeutic response [275].

Kantar et al. [276] investigated the potential role of stathminl genes in gastric cancer
tumourigenesis. They used a lentiviral vector encoding a short hairpin RNA (shRNA) targeted
against stathminl and reported significant inhibition of gastric cancer cell proliferation,
migration and in tumourigenicity in xenograft animal models. Another group investigated

gene therapy in pancreatic cancer (PC) to determine the anti-tumour effect of oncotic
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adenovirus ZD55 harbouring IL-24 in immune-competent mice; they found that ZD55-1L-24
inhibited PC cell growth and induced PC apoptosis [277].

1.11 Vascular targeting and vascular targeting agents

In the early 1980s Juliana Denekamp described the concepts behind vascular targeting agents
(VTAS) as a therapeutic approach to cancer [278, 279]. VTAs work in different ways from
antiangiogenic agents (Figure 1-4). The vascular targeting approach affects pre-existing
blood vessels, to cause a fast selective shutdown of the blood supply to tumours to cause
tumour cell death from ischemia. The method exploits the differences in the pathophysiology
of tumour versus normal tissue vessels. Antiangiogenic agents prevent the formation of new

blood vessels from existing vessels. In contrast to antiagiogenic agents, VTAS
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Figure 1-4 mechanism of action of vascular targeting agent (VTA) approaches.

VTAs exploit differences between tumour and normal tissue blood vessels, cause the selective and rapid
occlusion of tumour vasculature, and lead to massive tumour cell necrosis. There are broadly two types of VTAs.
The small molecules include combretastatin A-4 disodium phosphate (CA4P), ZD6126, AVE8062, and
DMXAA. Ligand-based VTASs use antibodies, peptides, or growth factors to target tumour endothelial cells with
agents that occlude blood vessels. Adapted from Thorpe 2004 [197]
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are more effective in large tumours models, and can cause widespread central necrosis in
experimental tumours [280, 281]. In contrast to direct-acting antitumour therapies and
angiogenesis inhibitors, which usually work in the periphery of a tumour, VTASs are most
effective in the high-interstitial pressure central area [282]. In experimental solid tumours,
combining VTASs with anti-proliferative antitumour therapies or angiogenesis inhibitors can

lead to synergistic activity [283-285].

1.11.1 Vascular targeting agents

VTAs are divided into two groups, which both cause acute vascular shutdown in tumours
leading to widespread central necrosis [286]. Small molecule VTAs exploit
pathophysiological differences between tumour and normal tissue endothelium such as
increased proliferation or permeability, to selectively occlude tumour vessels [278, 287, 288].
The other group is ligand-directed, which use a targeting ligand to achieve selectivity in

binding to and obstructing tumour vasculature.

1.11.1.1 Small molecule VTASs.

Small molecule VTAs are classified into two subgroups: microtubule destabilising agents
(MTD) and cytokine inducers. MTD small VTAs interrupt quickly proliferating and non-
mature tumour endothelial cells, grounded on their dependence on a tubulin cytoskeleton to
maintain their cell morphology. Tubulin-binding small VTAs have antimitotic and
antivascular abilities that lead to mitotic arrest and decrease the blood supply to tumour cells
[289]. Direct tumour cell cytotoxicity via mitotic arrest is the main mechanism of action in of
MTD.

Combretastatin A-4 is a small molecule VTA shown to have antivascular effects at doses
below the maximum tolerated dose [290]. One example of a tubulin-binding agent is

Combretastatin A-4 Disodium Phosphate (CA4P), which looks like colchicine in structure. It
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has been reported that within one hour’s treatment of experimental tumours with CA4P, fast
selective and extensive vascular damage and subsequent tumour growth delay are apparent
[290-293]. Tozer et al.[294] showed that there is a reduction of tumour blood flow of <5% of
starting value one hour after drug administration [295]. In experimental models, CA4P
enhances the effects of both radiation [296-300] and radio-immunotherapy [301, 302]. A new
synthetic water-soluble combretastatin A4 derivative called AVE8062 has been proven to
cause shape changes in proliferating endothelial cells, the rapid shutdown of tumour blood

flow, and extensive necrosis [303, 304].

Dolastatin 10 and its derivative TZT-1027/Sonidotin are more tubulin-binding agents that
have antivascular activity [305] and, later, potent antitumour activity [306, 307]. The
phosphate prodrug ZD6126, which is another tubulin-binding agent, interrupts the tubulin
cytoskeleton of endothelial cells [308, 309]. In vivo studies have shown that ZD6126 at a
well-tolerated dose causes tumour endothelial cell retraction and widespread endothelial cell
loss [310], dramatic decrease in tumour blood flow [311], and in animal tumour models
massive necrosis [310, 312], inhibiting the metastatic progression of pulmonary metastatic

adenocarcinomas in mice [313].

1.11.1.2 Ligand-directed VTA

In ligand targeting therapy, ligands are directed to bind selectively to tumour blood vessel
components. They exploit the inherent differences between tumour vessel and normal
endothelial cells [200]. Ligand-directed VTAs strategy is consist of a targeting moiety and
effector moieties that are linked together, usually via chemical cross-linkers or peptide bonds.
The targeting moiety is an antibody or peptide that binds to a marker that is selectively expressed
on tumour vessel endothelium; the effector moiety induces thrombosis directly or kill endothelial

cells to cause thrombosis indirectly [197].

Burrows et al. [314] investigated the antibody-directed targeting of mouse tumour
endothelium using the cytokine gene transfection technique to induce the selective expression

of an experimental marker, major histocompatibility complex class Il (MHC class 1) on
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tumour vascular endothelial cells [314]. They injected nude mice with an antitumour
endothelial cell immunotoxin (a ricin-conjugated antibody against the MHC class Il antigen).
Dramatic occlusion of tumour blood vessels and significant regression of tumour was reported
[315].

The extracellular domain of the human coagulation-inducing protein has been targeted to
tumor vessels to induce specific tumour vessel thrombosis. Tissue factor binds to antibody or
peptides directed against tumour vessel markers such as MHC class 1l [316], cell adhesion
molecule VCAM-1 [317], and prostate-specific membrane antigen [318]. All these studies are

reported to selectively induce thrombosis to tumour vessels [197].

VEGEF is another marker that has been used for ligand targeting molecular therapy as the
marker expression in increased in the tumour endothelium. Human VEGF-A has also been
used to target toxins to tumour vessels that show an upregulation of VEGF receptors on the
tumour vessels. VEGF and diphtheria toxin [319] have been shown to induce regression of
mouse models of tumour. Halin et al. [320] and Carnemolla et al. [321] showed that targeting
the ED-B (an extracellular matrix marker of angiogenic vessels) domain of fibronectin with
IL-2 or IL-12 fused to the L19 scFv was found to have a noticeable activity towards

aggressive murine tumours.

1.12 Targeting irradiated vasculature

Radiation can be exploited to direct drugs to specific area such as neoplasms or aberrant blood
vessels. Radiated blood vessels express a number of cell adhesion molecules and receptors
that participate in different pathophysiological process. Radiation has been found to induce
expression of molecules in blood vessels such as ICAM-1, E-selectin, P-selectin and the B3
integrin [322]. Recently Hallahan et al. [322] demonstrated that peptides that bind to the beta
3 integrin can be used to deliver fluorochromes and radionuclides to irradiated tumours. They
observed a three- to four-fold increase in peptide binding in tumour vessels over adjacent

normal tissue.
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In a mouse model of radiation-resistant human lung cancer, He et al. [323] examined the
hypothesis that radiation therapy can enhance the antitumour effects of phosphatidylserine-
targeting antibodies. They demonstrated that radiation therapy improves the localisation of
anti-phosphatidylserine antibodies to lung tumour vasculature. Recently Storer et al.
investigated radiation-induced molecular targeting therapy, showing that in animal models of
AVM, radiation therapy could be used to localise the VTA effect to the desired area.
Lipopolysaccharides and TF were successfully used to promote thrombosis in the nidus area
[198].

Kiani et al. [324] investigated exploiting radiation-induced upregulated molecules to target
drugs or genes to select segments of the endothelium, using microspheres coated with a mAb
to ICAM-1 to target irradiated tissue. They found that the number of adherent microspheres
on irradiated human umbilical vein endothelial cells (HUVECS) was significantly higher than
in the control, perhaps related to the presence of red blood cells (20% haematocrit) in the
medium. The results from the in vivo work were similar. In a rat model, the number of

adherent anti-ICAM-1 microspheres in locally irradiated cerebral tissue was also significant.

1.13 Potential use of VTA for AVMs.

1.13.1 No discriminating molecule

Many studies have investigated the molecular characteristic of the ECs of the AVM. Several
molecules have been found to increase expression in AVM ECs. Endothelial expression of P-
selectin seen in AVMs was found to be similar to that in controls [78]. Although E-selectin in
AVM tissue was reported to be upregulated, its expression was either faint or absent in the
endothelium. Most of the vascular malformations had indistinct to moderate endothelial
expression of ICAM-1, insufficient to characterise the EC of the AVM. There were no overall
systematic differences in PECAM-1 and VCAM-1 in the intensity and pattern of expression
in normal vessels when compared with AVMs. These findings were supported by a study by
Shenkar, et al [203] which demonstrated that PECAM-1 gene expression is reduced in AVMs
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compared with superficial temporal arteries. Hashimoto et al. [325] showed that the ICAM-1
gene is upregulated in AVMs, E-selectin is expressed only on activated endothelium, and

ICAM-1 and VCAM-1 are constitutively expressed at low levels.

1.13.2 Need for primer

To induce selective occlusion of AVM vessels, an endothelial surface molecule that
discriminates them from normal vessels is required. Although it has been shown that AVM
endothelium differs from normal vasculature, no marker has been identified that would be
sufficiently discriminating [78, 182, 203]. Successful application of vascular targeting to
AVMs therefore requires a ‘priming’ technique that selectively alters the surface molecule

expression of the endothelial cells in AVMs without affecting normal brain vessels.
1.13.2.1 Possible primers

AVM endothelial cells’ molecular expression does not show a significant difference from
normal endothelial cells. Using radiosurgery as primer might be a suitable choice for the
ligand-directed molecular targeting therapy as radiosurgery has been shown to induce ECs
molecular changes and is a potent stimulus for expression of these molecules [326-331].
Some of these changes are significant enough to discriminate AVM endothelial cells from
normal endothelial [200]. As it has been used for decades, there are no significant limitations
for its use in humans. A core hypothesis of this thesis is that the efficacy of radiosurgery can
be augmented by use of an agent of antibody, or a combination of both, to enhance and target

the pathophysiological changes that occur in AVM tissue after radiation treatment.

Upregulation of certain endothelial cell molecules secondary to radiation injury and micro-
vascular dysfunction has been reported [332]. Post-radiation upregulation of endothelial
adhesion molecules such as E-selectin, P-selectin and ICAM-1 have been well documented in
both in vivo [332] and in vitro [333] studies. Voisard et al. [334] investigated the effect of
low-dose vy-irradiation (LDI) on mRNA expressions of ICAM-1 in human coronary

endothelial cells (HCAECs), human coronary smooth muscle cells (HCMSMCs) and
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HUVEC, irradiating the cells at doses of 0.5 Gy, 1 Gy, 10 Gy, 20 Gy, and 30 Gy. In HCAECs
and HCMSMC:s at the different doses, ICAM-1 mRNA was seen to be upregulated. Radiation
was also reported to cause endothelial cell activation and lead to over-expression of VEGF,
phosphoinositide 3 kinase/protein kinase B (PI3k/Akt), cyclooxygenase 2, and integrin
receptors [335].

1.14 Endothelial cells

Developing techniques to culture human endothelial cells in the 1970s allowed investigators
to understand the function of endothelium in detail. Adult humans have about 1 to 6 x 10"
ECs covering a surface area of 1 to 7 m?[336]. The ECs line vessels and control the flow of
nutrient substances, diverse biologically active molecules, and blood cells themselves. They
play an important function in controlling blood flow by formation of an active antithrombotic
surface, which helps the transit of plasma and cellular constituents throughout the vascular

lumen.
1.14.1 Growth and proliferation

The role of ECs in growth and proliferation has been investigated through both angiogenesis
and vasculogenesis. Angiogenesis is the process of the formation of new blood vessels from
existing ones, believed to be important for tissue regeneration and wound healing, and a
prerequisite for tumour growth [337]. The normal turnover period of ECs is from 2.5 to 3
years [279]; during angiogenesis, however, the ECs of capillaries are capable of dividing as
often as every five days. On the other hand, in vascular development during embryonic
growth, endothelial cell precursors undergo division, differentiation, and organisation into
tubules, a process known as vasculogenesis [338]. Endothelial-cell-specific growth factors
(VEGFs) have been found to be responsible for initiation and regulation of angiogenesis and

vasculogenesis, and were found to nearly exclusively express endothelium [339].

Liu [340] investigated the role of hypoxia in the regulation of vascular endothelial growth

factor gene expression in ECs. Liu found that VEGF expression was demonstrated in
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pulmonary artery endothelial cells in response to hypoxia, which indicates that an autocrine
mechanism may be responsible for the proliferation of ECs. Moreover, the release of VEGF
from endothelial cells can be stimulated by platelet-derived growth factor (PDGF) acting
through phosphatidylinositol 39-kinase [341]. This mechanism, therefore, couples the
proliferative effects of VEGF to intracellular structures responsible for cellular migration on

matrix proteins.

VEGF was also found to stimulate migration of ECs, perhaps stimulating the reorganisation
of the endothelial cell microfilament cytoskeleton and the formation of stress fibres. VEGF
signals for ECs cytoskeletal changes are conveyed from VEGFR-2 through enhancement of
MAP kinases, ERK and p38. The end result of VEGFR-2-dependent activation of p38 is
phosphorylation of MAP kinase-activated protein kinase-2/3 and phosphorylated hsp27 [339,
342, 343]. Hsp27 is thought to play important roles in ECs migration during angiogenic
sprouting through the regulation of F-actin polymerisation and changes in actin-based

microfilaments.

1.14.2 EC heterogeneity

Discrepancies in the appearance of capillary ECs from distinctive vascular sites have long
been identified, and seem well placed to theorise differences in function. ECs in the brain and
retina have been found to be continuous and connected by tight junctions that help to maintain
the blood-brain barrier. However, discontinuous ECs are found in liver, spleen, and bone
marrow sinusoids and allow cellular trafficking between intercellular gaps. Where selective
permeability is required, as in intestinal villi, endocrine glands and kidneys, the ECs are
identified as fenestrated [344]. ECs from different tissues are also heterogeneous in surface
phenotype and protein expression; for example, VWF, a common marker for ECs, is not
expressed consistently in cells from all types of vessels [345]. In vascular ECs, only 3%
express tissue type plasminogen activator [346]. Microvascular ECs also vary in their
vulnerability to undergo apoptosis [347]. Mitra et al. documented that plasma from

thrombotic thrombocytopenic purpura and sporadic haemolytic-uraemic syndrome patients
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was able to induce apoptosis and expression of the apoptosis-associated molecule Fas (CD95)
in ECs of small vessel dermal, renal and cerebral origins. In contrast, microvascular ECs of

pulmonary and hepatic origin in large vessels such as the coronary artery were resistant.

Expression of homing receptors involved in cell trafficking is another example of EC
heterogeneity. For example, pulmonary postcapillary ECs and some splenic venules
exclusively express lung-specific EC adhesion molecule [348]. Expression of mucosal
addressin cell adhesion molecule-1 is primarily restricted to high endothelial venules in
Peyer’s patches of the small intestine [349], while bone marrow-derived microvascular ECs
demonstrate an affinity for binding megakaryocytes and CD34+ progenitor cells and
constitutively produce hematopoietic stimulating factors such as Kit-ligand, granulocyte
colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, and I1L-6 which
assist control trafficking, proliferation, and hematopoietic lineage-specific differentiation of
ECs [350]. ECs also show distinct subsets within the same organ: two distinct sinusoidal EC
phenotypes present in adult human liver show distinct protein expression: hepatic periportal
vessels express PECAM-1 and CD34, whereas PECAM-1 and CD34 are not expressed in
sinusoidal intrahepatic ECs [351].

1.14.3 Endothelial cells and shear stress

Mechanical stresses on a blood vessel are determined by two principal vectors, stress (stretch)
and shear (friction). The former is directed perpendicular to the endothelial surface by blood
pressure and transmitted across the entire vessel wall. The latter acts tangentially to the vessel
wall, creating shear (frictional) stress at the endothelial cell luminal surface which is applied
to the endothelial cells through blood flow. The normal human shear stress ranges from

negative values up to approximately 50 dyn/ cm? [339, 352].

Endothelial cells respond to shear stress by undergoing marked structural changes, leading to
elongated, spindle-shaped cells with their long axis oriented in the direction of flow.

Gimbrone et al. [353] found that the morphological changes are accompanied by distinct
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alterations in the actin cytoskeleton, and that elongation of the endothelial cell in response to
shear markedly modifies surface topography, reducing fractional gradients across the cell
surface [353]. Mechanical stimuli produce many genotypic and phenotypic changes in
endothelium [354, 355]. Zhao et al. [354] studied the effect of physiological levels of shear
stress and hoop stretch on endothelial cell morphology, finding that both shear stress and
hoop stretch markedly change in the cytoskeleton, evidenced by the formation of stress fibres.
Combinations of shear stress and cyclic circumferential strain have a synergistic effect on
vascular endothelial cell remodelling processes, as Ziegler et al. [355], who studied the
influence of unidirectional flow environments on the expression of endothelin and nitric oxide
synthase, demonstrated: shear stress with pressure induced a greater expression of Endothelin-
1 (ET-1) mRNA and a lesser expression of nitric oxide synthase (ecNOS) mRNA than
unidirectional shear stress and pressure. The combination of pressure and oscillatory shear
stress can downregulate ecNOS levels, as well as upregulate ET-1 expression compared with

unidirectional shear stress.

Expansile force applied to ECs modifies the expression of endothelin-1 [356], prostacyclin
(PGI2) [357], and tissue plasminogen activator [358]. Up-regulation of eNOS and increased
NO production are documented as being secondary to cyclic strain forces on endothelial cells
[359]. Shear stress stimulates the synthesis and secretion of various bioactive molecules,
including PGI2, tissue plasminogen activator, PDGF [360], and NO synthase [361].

Chiu [362] investigated the effect of shear stress (20 dynes/cm2) on ECs before and after the
addition of tumour necrosis factor -o (TNF-a)). He found that shear stress increased the TNF-
a—induced expression of ICAM-1 at both mMRNA and surface protein levels but decreased the
TNF-o—-induced expression of VCAM-1 and E-selectin. In another study, oscillatory shear
stress was found to increase expression of VCAM-1, ICAM-1 and E-selectin in cultured

human endothelium [363].

Cui et al. [364] investigated endothelial cell differentiation marker expression in response to
shear stress at 12 dyne/cm?. In late endothelial progenitor cells isolated from rat bone marrow,

shear stress was found to upregulate the expression of endothelial cell differentiation markers
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such as VWF and CD31. Shear stress causes an increase in the expression of mRNA of

integrin subunits B1 and 3. This increase leads to an up-regulation of vVWF and CD31.

1.14.4 Molecular expression of EC
1.14.4.1 Intercellular adhesive molecule-1 (ICAM-1)

ICAM-1 is a cell surface immunoglobulin discovered by a monoclonal antibody that inhibits
phorbol ester-stimulated leukocyte aggregation. Many experimental methods have been used
to investigate expression in ICAM-1 such as immunofluorescence and flow cytometry.
ICAM-1 is expressed in many different tissues such as the endothelial cells of the vascular
system, fibroblasts, and in portions of the haemopoietic system such as macrophages, tonsils,
lymph nodes and Peyer’s patches (Table 1-3). The expression is usually more profound in
lymph nodes and tonsils with reactive hyperplasia, and to a lesser extent in peripheral blood
leukocytes [365].

Table 1-3 Distribution of ICAM-I in normal human tissues

1.14.4.1.1.1 Vascular endothelium

1.14.4.1.1.2 Germinal centre cells (dendritic reticulum cells, B cells), interdigitating reticulum cells,

and macrophages in lymphoid tissue [tonsils, lymph nodes, Peyer’s patches)

1.14.4.1.1.3 Fibroblast-like cells and dendritic cells in all organs including skin, intestine, kidney,

liver and thymus

1.14.4.1.1.4 Epithelial cells (thymic epithelial cells, mucosal epithelia in tonsils and sometimes

tubular epithelial cells in kidneys)
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1.14.4.1.2 Structure

ICAM-1 is a single chain trans-membrane protein of 505 amino acids [366]. The molecular
weight of ICAM-1 varies between 80-114 kDa [91] depending on its level of glycosylation;
non-glycosylated ICAM-1 has a molecular weight of 60 kDa. The extracellular part of these
adhesive molecules is composed of 453 amino acids, the vast majority of which are
hydrophobic, and which form five immunoglobulin (Ig)-like domains. The extracellular part
is bound to a solitary hydrophobic transmembrane region (24 residues) and a small
cytoplasmic tail (28 residues). The Ig domain has a sheet structure, which is stabilised by
disulfide bonds. The cytoplasmic tail lacks classical signalling motifs but has one tyrosine
residue which may be important for signalling [367]. The gene sequence of ICAM-1 is

composed of seven exons separated by six introns [367].

1.14.4.1.3 Function

ICAM-1 appears to play a role in neutrophil migration to the inflammation site. It is believed
that ICAM-1 has an important immunological function in activating CD8T cells [368] and
signalling between lymphoid cells [369, 370]. It is also believed to facilitate Human
Immunodeficiency Virus -1 (HIV-1) fusion with PM-1 [371], and to elicit a specific and
reversible cell-cell adhesion [372]. Mice with absent ICAM-1 are more protected from lethal
septic shock caused by bacteria by decreasing leukocyte-endothelial cell interaction [373].
Studies show that ICAM-1 has a role in inflammatory response via leukocyte adhesion,
endothelial transmigration and mediating leukocyte rolling [374, 375]. The role of ICAM-1 in
leukocyte adhesion to endothelium is also well reported [376]. A significant reduction in
leukocyte migration has been documented by using antibodies which block ICAM-1. ICAM-1
is believed to play a role in T lymphocyte maturation [377]. Another function is that of
outside-in signalling. The activation of kinase pp60 src in the brain endothelial cell has been
linked to ICAM-1 cross linking [378, 379].
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IgM and ICAM-1 co-cross-linking on Burkitt lymphoma cells interfere with mobilisation on
calcium [380], so, following cell-cell adhesion, ICAM-1 might have a signalling function
[381-383]. In addition to its other roles, it is believed to have a potential role in haemostasis
and thrombosis via initiation of the extrinsic coagulation pathways that convert fibrinogen to
fibrin [384]. It also plays a role in myeloid cell lineage differentiation [385] and is believed to
have a role in infection prevention. Soluble ICAM-1 has been reported to inhibit viral

infection of the human cell [386] and to play a role in P. falciparum malaria [387].

In one study that investigated the role of ICAM-1 in the pathogenesis of bronchial asthma,
results suggested that ICAM-1 may be important in the pathogenesis of airway
hyperresponsiveness and asthma. It may also be implicated in the pathogenesis of other
diseases such as chronic bronchitis, emphysema, idiopathic pulmonary fibrosis, eosinophil in

infiltration rhinitis, nasal polyposis, chronic urticaria and atopic dermatitis [388].

1.14.4.1.4 ICAM-1 expression

Studies performed on human organs (thymus, lymph node, intestine, skin, kidney and liver) to
discover distribution of the ICAM-1 found staining in all tissues’ blood vessel endothelia.
There was more staining in the interfollicular area in lymph nodes, tonsils and Peyer’s patches

than in the vessels in other organs [365].

Miller et al. [389] carried out a comparative study to investigate the expression of adhesion
molecules in human micro-vascular and macro-vascular endothelial cells. They found 40% of
un-stimulated HUVEC expressed mild to faint ICAM-1 staining. 100% of the studied tissues
expressed ICAM-1 after stimulation with TNF-a and LPS at 18 hours. The stimulated cells
expressed strong 80% to moderate 20% staining. They also found only 5% of the un-
stimulated human pulmonary micro-vascular endothelial cell (HPMEC) had ICAM-1
expression. Eighteen hours after the cells were stimulated with TNF-o and LPS, all HPMEC
showed staining. Muller et al. described the in vivo expression of ICAM-1 in normal lungs

and in acute respiratory distress syndrome (ARDS) lungs: weak basal in the normal lungs, but
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considerable increase in ARDS lungs. Upregulation of ICAM-1 is also documented in lung
microvascular endothelial ECs of ARDS [390].

1.14.4.1.5 Response to radiation

ICAM-1 expression can be modulated by inflammatory and immune cytokines. A three- to
four-fold increase in ICAM-1 expression on dermal fibroblast after exposure to IL1 or IFN a
is well reported. ICAM-1 expression increases in atherosclerotic and transplant-associated

atherosclerotic tissue and in animal models of atherosclerosis [367].

Many studies have reported that ICAM-1 plays a part in radiation-induced inflammation;
ICAM-1 expression 24 hours after radiation has been documented in lungs [391]. Other
studies have revealed upregulation of ICAM-1 in human umbilical cord as a response to
radiation [392]; Sharp et al. showed the same result using human endothelial cells radiated by
Gamma Knife [333]. Using 5 Gy is documented to increase ICAM-1 expression in HUVECs
24 hours post-radiation [327]. A four-fold increase in expression is seen in GKS-irradiated
human brain endothelial cells [393]. Gaugler et al. [394] investigated the effect of low doses
of radiation on cultured human bone marrow endothelial cells and found a significant increase
of the cells’ surface ICAM-1 up to seven days post-radiation. Further evidence of the
upregulation of surface ICAM-1 is the increase of leukocyte rolling, adherence and migration;
in addition, leakage of albumin increased at two, four and six hours after 20 Gy abdominal
irradiation in rats [395]. In subsequent work, mesenteric venules irradiated with 10 Gy
induced ICAM-1 expression when delivered at rate of 3Gy/min, but it did not show any
significant difference when the rate was 0.9 Gy/min [396]. There was an increase in ICAM-1
expression on the lung microvascular endothelium when it was irradiated with 2 Gy at 24
hours post-radiation; this lasted for many days [329]. Serum levels of ICAM-1 were reported
to increase in people suffering radiation pneumonitis [397]. Marked upregulation of ICAM-1
on the pulmonary vascular endothelium of mice 80 days after thoracic irradiation has been
reported [398], and the immediate upregulation of ICAM-1 on the oral mucosa in patients

treated with either 30 or 60 Gy radiotherapy for head and neck cancers is well reported [330].
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Gamma Kbnife induces production of intracellular reactive oxygen species (ROS), which can
be countered via administration of antioxidants which decrease the cytotoxic effect resulting
from ROS increase. Endothelial adhesive molecules’ mobilisation can be interfered with by
an antioxidant or agent that increases antioxidant status [399, 400]. Another important step in
Endothelial Cell Adhesion Molecules (ECAMSs) transduction is the production of an oxidant
second messenger, which may lead to activation of poly-adenosin diphosphate ribose
polymerase (PARP) [401]. Cell dysfunction, increased endothelial permeability and cell
necrosis can result from a rapid activation of PARP and deplete the intracellular concentration
of its substrate, which results from DNA strand breakage [401-404]. PARP also appears to
influence inflammation by regulating the ICAM-1 gene expression [401]. Activation of PARP
is essential for activation of the necrosis factor kappaB (NF-kappaB), which plays a main role
in inflammation by controlling the expression of ICAM-1 [405]. In wild-type C57BL/6J mice,
a study showed that ICAM-1 was upregulated by laser photocoagulation [406] .

1.14.4.1.6 Ligands for ICAM-1

Two types of ligand for ICAM-1 are well known as either cell-associated or soluble ligands.
ICAM-1 binds to two integrins belonging to the beta2 subfamily CDIla/CD18 (LFA-I) and
CDIIb/CD18 (Mac-l) which is expressed by leukocytes [407-409]. Another well described
membrane receptor for ICAM-1, profusely expressed by leukocytes and platelets, is CD43
(sialophorin) [410, 411]. Furthermore, ICAM-1 also operates as receptor for soluble
fibrinogen and for the extracellular matrix hyaluronan to stimulate cell-cell adhesion [412,
413]. Human ICAM-1 also works as receptor for the several group of rhinoviruses [414, 415]
and coxsackie A13 virus [416]. It is considered that LFA-1 as the most important ligand in
vivo [372, 417, 418].
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1.14.4.2 PECAM-1

Platelet endothelial cell adhesion molecule-1 or PECAM-1 is type 1 trans-membrane cell
adhesion molecule, a member of cell adhesion molecules of the immunoglobulin superfamily
(1g-CAMs). It has a molecular weight of 130 KD [419]. It is expressed on the external surface
of platelets, monocytes, neutrophils and some T cells. It forms a part of the endothelial cell
intercellular junction [420-422]. PECAM-1 is absent from some cells, including fibroblasts,

epithelium, muscular cells and non-vascular cells [423].
1.14.4.2.1 Structure

The PECAM-1 gene is located on the long end of chromosome 17 and is encoded by a 17-kb
gene. PECAM-1 in early reports was known as myeloid differentiation antigen, a homologue
of platelet GPlla [420]. The primary structure of the PECAM-1 was determined in 1990 [424-
426]. The extracellular part of this molecule consists of 574-amino acids, which form six Ig-
like homology domains; each domain is encoded by a single exon [427]. PECAM-1 consists
of 118 intracyoplasmic amino acids that have a complex structure. The intracellular part is
encoded by eight different exon [419] (Figure 1-5).

Extracellular Domain
574 AA’s

{ Cytoplasmic Domain
118 AA

9 N-linked CHO'’s

\t7

5 Tyr, 5 Thr
& 12 Ser Residues

Figure 1-5 Schematic diagram of the structure of PECAM-I.

Adapted from Newman, P. J. 1994 [419]



1.14.4.2.2 Function

It well reported that PECAM-1 plays a role in the inflammation process. It plays a key role in
the adhesion process which leads to extravasation of leucocytes. Inhibition of monocyte or
neutrophil trans-endothelial emigration was achieved by using an anti-PECAM-1 antibody
[428]. Leukocyte transmigration is inhibited by blocking endothelial cell junction PECAM-1
[428, 429]. Accumulation of neutrophils in the peritoneal cavity, the alveolar compartment,
and human skin grafts in rat models of inflammation was prevented by using anti-PECAM-1
antibody [429]. In a mouse model of acute peritonitis, leukocyte migration to the peritoneal
cavity was reduced by anti murine PECAM-1 antibody [430]. Myocardial infarction size is
reduced by antagonising the adhesive and/or signalling function of PECAM-1 [431, 432]. A
Less well-documented function for PECAM-1 is its role in chemotaxis. It was found that an
antibody directed to PECAM-1 reduces neutrophil and monocyte chemotaxis [433]. Zehnder
et al. [434] reported that it also has a role in alloimmune response by participating in T-
lymphocyte function. In mixed T-lymphocyte reaction, blocking PECAM-1 with antibodies
inhibit T-cell activation (Table 1-4).

Table 1-4 Summary of alternative names and reported functions of PECAM-1.

Name Antibody Reported Function

gpl120 TM2, TM3 Leukocyte chemotaxis

GPlla HEC-75 Endothelial cell membrane

SG SG 134 Myelomonocytic stem cell marker
GP130 Polyclonal Platelet/endothelial cell shared antigen
hec 7 hec 7 Endothelial cell junction

CD31 Multiple Leukocyte typing workshop

Endocam Polyclonal Endothelial cell adhesion molecule
PECAM-I WM59 Cell adhesion molecule

Adapted from Newman, 1994 [419]
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Formation of endothelial cell-cell contact requires the presence of functioning PECAM-1
[422]. Many studies have reported that PECAM-1 has a role in the process of angiogenesis.
Studies of mouse brain endothelial cells indicate that PECAM-1 suppression decreases the
ability of the cells to form three-dimensional vascular networks [435]. PECAM-1 was
believed to have a positive a role in the early steps of clot formation [424], while the growth
of platelet thrombi is negatively regulated by PECAM-1 [436]. An investigation of the
prognostic significance of PECAM-1 antigens in patients with primary non-Hodgkin’s gastric
lymphoma found that PECAM-1is a representative marker of tumour expansion potential
[437].

1.14.4.2.3 Ligand

It is generally believed that PECAM-1 is the principal ligand for itself. There are many
indications that the cellular adhesive interaction of adjacent cells is mediated by PECAM-1
present in these cells, transforming PECAM-1 to PECAM-1 homophilic binding involving the
distal N-terminal lg-domain 1 and amino acid contact sites [438, 439]. Many ligands are
known to interact with PECAM-1 in a heterophilic manner involving Ig-domains 1-3 of
PECAM-1, including integrin a3 which is expressed in many cell types such as endothelial,
lymphoid, NK and mast cells[440] and also including CD38, 120-kDa ligands on T cells, and
heparin-dependent-proteoglycans [440-443]. Cell surface glycosaminoglycans have also been
reported as not serving as a ligand for PECAM-1 [444]. Changing the ligand binding ability
of PECAM-1 from heterophilic to homophilic binding is also reported [445].

1.14.4.2.4 Radiation response

Unregulated CD31 expression on HUVECs has been achieved by using a single dose of

gamma radiation (3.3 Gy/min) from a *’Cs source [446]. A previous study on human AVM

showed no significant change in expression of PECAM-1 after radiation [78]. Quarmby et al.
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[447] investigated the effect of radiation on the expression of CD31 in cultured human dermal
microvascular endothelial cells using flow cytometry and northern analysis. Dose-dependent
increases in the surface expression of CD31 were observed and upregulation 72 hours after
using 20 Gy was documented. In another study PECAM-1 expression increased in an
irradiated human bone marrow EC line [448]. Upregulated PECAM-I expression has also
been documented six days post-radiation, where a six-fold increase was observed compared to
sham-irradiated mice [449]. The same group found that PECAM-I was upregulated in lung

endothelial cells after total-body irradiation in mice [450].

1.14.4.3 Von Willebrand factor

The von Willebrand factor is a glycoprotein with an essential role in maintaining haemostasis.
The gene for VWF is located on the tip of the short arm of chromosome 12 [451], is composed
of about 180 kilobase and contains about 52 exons [452]. It is expressed in many different

cells such as EC, and is also present in blood, plasma, platelets and the subendothelial matrix.

1.14.4.3.1 Structure

Purified VWF is seen under the electron microscope as a filamentous structure with a diameter
ranging from 2-3 mm to 1300 nm. The largest oligomers, which are believed to be the most
effective in cell aggregation and platelet adhesion, are detected in the blood of normal adults
[453], the molecules present in plasma in variable size multimers. The pre-pro-vWF or the
primary peptide translation is a polypeptide composed of 2813 amino acids and has a
molecular mass of 307 kD [454]. Removal of signal peptide results in a pro-vWF subunit
[455, 456]. The mature factor is a multimetric glycoprotein consisting of multiple subunits
with identical structures. Each consists of 2,050 amino acid residues and up to 22
carbohydrate chains. The subunits are disulphide-bound to form dimers of 500 KDa, which in

turn bond to form multimers of different sizes and may reach 20 MDa [457]. The
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carbohydrate content of the molecules ranges from 10 — 19% of the total mass of the mature
subunit [458].

1.14.4.3.2 Expression and radiation response

VWEF is synthesised in endothelial cells and megakaryocytes exclusively. Endothelial cell
VWEF is secreted in two ways, a constitutive pathway or a regulated pathway [459]. A
significant release of VWF in cultured endothelial cells irradiated with 20 Gy has been
reported, but no significant change when they are irradiated with 10 Gy [460]. In irradiated
mice kidneys with 16 Gy using a 250 kV x-ray, the glomerular expression of the protein
decreases at 24 hours post-radiation, but is markedly increased at 40 weeks after radiation
[461]. Using a single dose of 20 Gy to radiate a rat heart has been found to make no change in
the expression of VWF mRNA [462]. Hong et al., [463] demonstrated that there was no
change in expression of VWF mRNA in mice following whole body radiation or localised
radiation of the midbrain. The same result has been documented in the radiation of mice
kidneys, where 16 Gy radiation saw no change in the 10 — 30 weeks post-radiation level of
VWF mRNA [464]. In another study there was an increase in production of VWF after
irradiating HUVECs with 20Gy [460]. An increase in excretion of VWF after radiation of
bone marrow has been linked to the increase in cell apoptosis [394]. Jahroudi et al. [465]
investigated the effect of 20 Gy on human and bovine endothelial cells and found that
ionising irradiation increased the procoagulant activity of the cells, including VWF. They
concluded that VWF gene transcriptional activity is responsible for the higher levels of VWF
MRNA accumulation; the promoter region of the vVWF gene was shown to undergo increased
activity after radiation. Verheij et al. [466] investigated ionising radiation on the release of
VWEF and documented that the release of VWEF significantly increased at 48 hours after a single
y-radiation dose of 20 Gy in both the luminal and abluminal direction. In another study, vVWF
MRNA levels increased when either human or bovine endothelial cells were exposed to 20 Gy
irradiation [467]. VWF positive stained vessels were slightly increased in irradiated sections

compared to control sections in irradiated intestine [468].
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1.14.4.4 Tissue factor

Tissue factor, also known as factor 111, isa membrane glycoprotein that acts as a cofactor for
factor VII in the extrinsic pathway of blood coagulation. It also participates in the conversion
of factors X to Xa and IX to IXa, leading to the formation of thrombin. TF is highly expressed
in cells such as astrocytes, trophoblasts, and alveolar cells. It is aso highly expressed in
myocytes, pericytes, fibroblasts, kidney, intestine, testes and uterus. Less TF expression was
found in spleen, thymus, and liver [469]. Circulating TF mostly results from its expression in
blood cells such as monocytes, macrophages and platelet free microparticles containing TF.

The serum level can be measured by ELISA, and is related to procoagulant activity [470].

1.14.4.4.1 Structure

The tissue factor gene has been identified using cell hybridisation techniques; it is located on
chromosome 1 [471].The primary structure of human TF has been deduced from a single
2,147-base pair cDNA insert derived from a placental library and cloned bacteriophage [472].
The protein consists of 263 residues; in its extracellular domain it contains three N-linked
carbohydrate chains. It has a derived molecular weight of 29,593 [472]. One study has
deduced the amino acid of the protein from human foetal lung fibroblast-derived cells, finding
that the molecule consists of three domains: a short cytoplasmic domain composed of 21
residues, a transmembrane with domain 23 very hydrophobic residues, and a remarkably

hydrophilic 219-residue extracellular domain [473].

1.14.4.4.2 Expression

Many tissues showing TF activity have been isolated and cloned, including adipose [474],
fibroblast [475] and placental tissues [472, 473]. Structures corresponding to human TF
MRNA have been identified in adipose tissue, small intestine, placenta, kidney [474] and

brain [473]. Low levels of TF mRNA are documented as produced by cultured endothelial



cells [474]. One study using monocyte cell line U937 also identified TF mRNA [473].
Activation of monocytes with endotoxin or phorbol ester increases TF activity in the cells
[476, 477]. The procoagulant of activity TF in endothelial cells is increased by the addition of
endotoxin [478], thrombin [479], phorbol esters [478], interleukin 1 or tumour necrosis factor
[480, 481] to the culture medium.

Wilcox et al. [482] investigated TF-producing cells in the normal vessel wall and in
atherosclerotic plaques. They found that in all vascular tissues examined, the endothelial cells
were negative for TF mRNA and protein, whereas large numbers of scattered cells in the
tunica media of the saphenous vein were positive for TF mRNA. They also found that the
adventitia had the strongest labelling for TF due to the presence of fibroblasts, which had the

strongest TF staining.

Expression of TF in pancreatic neoplastic cells shows that TF was expressed in most non-
invasive and invasive pancreatic neoplasia, of which about 54% tended to have both TF
expression [483]. There has been a report that suggests that granulocytes acquire TF but do
not synthesise. Whole-blood isolated granulocytes are reported that have very low or no TF
activity or antigen, different from stimulated whole blood which contains very low levels of
TF activity [484]. Similar data has shown that resting or stimulating eosinophil does not

reveal TF antigens [485].

The expression of TF in endothelial cell is controversial. Many studies have found that
HUVECs express TF [486] but Drake et al. [487] reported that endothelium does not show
any expression of TF. Many factors are known to work as agonists for TF induction in the
endothelial cells. In cultured endothelial cells, LPS is known to stimulate TF expression [488,
489]; VEGF and TNF also induce TF expression in HUVECs [319]. However, one study
which investigated the presence of protein in saphenous veins and internal mammary arteries
failed to find either endothelial TF expression [486] or any indication of TF in endothelial
cells when inducted by thrombin [490]. In a diseased vessel wall the expression seems to be
different, with atherosclerotic plaques characterised by significant TF in the extracellular

matrix and in foam cell regions [491, 492]. The migratory smooth muscle cells in case of
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restenosis of the coronary artery after angioplasty are associated with a marked increase in the
synthesis of TF [493, 494].

1.14.4.4.3 Radiation response

Goldin-Lang et al. [495] investigated the effect of radiation on human peripheral blood
mononuclear cells (PBMNCs) using 20 Gy and found a significant increase of PBMNC-
associated procoagulant activity. This was associated with TF expression up to seven days
post-radiation. IR has been documented to cause endothelial cell apoptosis, and increase
endothelial permeability and thrombo-resistance by enhancing TF expression [496]. A
transient increase in endothelial activity of TF 4-8 hours post-IR (20 Gy) has also been
reported [496].

A study using mouse lungs to examine the expression of mMRNA 10 to 18 days post-IR
revealed 1.7-fold increase in mMRNA expression in irradiated cells compared to non-irradiated
controls [497]. An in vivo study of rat small intestine showed an increased TF expression up
to 26 weeks post-radiation [498]. Finkelstein et al. [499] investigated the effect of
intracoronary brachytherapy on TF, finding that the protein expresseion, with the TF
procoagulant activity of PBMNCs elevated up to seven fold post-IR, indicating an increase in
TF procoagulant activity associated with PBMNCs at that stage. TF was found to be the major
contributor to extracellular thrombo-genicity in HUVECs post-IR [500]. In another study, the
effect of lonising radiation on endothelial TF activity and its cellular localisation also led to
upregulation of TF [496], and upregulation of tissue factor receptor and protease-activated

receptor 1 in irradiated intestine have been determined [501].

1.14.4.5 Thrombomodulin

TM, also known as fetomodulin, CD141, and BDCAZ3trans-, is a glycoprotein expressed on

the surface of all vascular endothelial cells. It has a multidomain structure and is involved in
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complex interactions with thrombin and protein C. The glycoprotein has many roles in
regulating haemostasis as an anticoagulant, exhibits a range of physiological functions as an
anti-inflammatory, and is an essential cofactor in a range of biologic processes and has anti-

fibrinolysis properties.

1.14.4.5.1 Structure and Function of TM

In 1981 Esmon and Owen identified and isolated TM to determine how Vitamin K functioned
[502], and to understand the molecular mechanism behind this molecule’s coagulation,
inflammation and fibrinolysis properties. Originally the molecule was believed to be a
vascular endothelial cell receptor [503-505], but lately the molecule has been found to

demonstrate many functions of coagulation.

In humans, TM is encoded by a gene that has been localised to chromosome 20 [506]. The
human mature protein is a single-chain trans-membrane glycoprotein 557 amino acid residues
long. In mice, the intracellular or C-terminus has no effect on development, survival,
coagulation or inflammation [507]. A serine/threonine-rich domain has sites for O-linked
glycosylation and supports the attachment of chondroitin sulphate. An in vivo study showed
that the chondroitin sulphate of TM enhances the protein C cofactor activity of TM [508] and
enhances the process of neutralisation of thrombin, therefore facilitating the binding of

platelets factor 4 to protein C to increase its activation.

Another domain comprises six repeats of epidermal growth factor (EGF)-like units. In
cultured fibroblasts and vascular smooth muscle cells, this domain is believed to have a
mitogenic function that might play a role in cellular proliferation and atherogenesis [509,
510]. It is also essential for activation of protein C and the thrombin activatable fibrinolysis
inhibitor by thrombin [511-513]. Such antifibrinolytic activity is supported by the EGF-like
repeats of TM [514] and interference with the production of plasmin [515, 516].

At the N-terminus of the molecule there is a 154-amino acid residue module [517, 518]. The

lectin-like domain of TM is spherical and sited furthest from the plasma membrane as is seen
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under electron microscopy and in computer models [519, 520]. The domain plays a major role
in inflammation and cell survival, and participates in innate immune functions such as

complement activation, leukocyte trafficking and regulation of apoptosis [521, 522].

1.14.4.5.2 Expression of TM

TM is expressed in the vascular endothelium of all arteries, veins, capillaries and lymphatic
endothelium, and is also found on the syncytiotrophoblasts of the human placenta [523].
Kawanami et al. [524] showed that in the alveolar zones of the lungs, the expression is high in
capillary endothelial cells. Many other cells have been shown to express TM, such as
astrocytes, keratinocytes, mesothelial cells, synovial lining cells, alveolar epithelial cells,
ciliary non-pigmented epithelial cells of the eye [525, 526], and dendritic cells [527]. Many
studies have shown that it also is produced by giant trophoblasts where it plays an important
role in embryo survival [528, 529]. Proteolysis of the membrane-bound protein results in
soluble forms of thrombomodulin, which circulate in the blood [530, 531] and are excreted in
the urine [532].

TM has been found to be expressed in intimal monocytes and macrophages, smooth muscle
cells of the intima and media, and vascular endothelial cells of the vasa vasorum in humans,
and in rabbit atherosclerotic lesions [533]. One study has demonstrated that TM is
downregulated in atherosclerotic coronary arteries that predispose to further inflammation and
thrombosis [534]. Much evidence indicates that TM plays an important part in the
inflammatory response in arthritis; TM has been seen expressed in the synovial lining cells of
inflamed joints of rabbits and humans [535, 536]. This is evident in rheumatoid arthritis,

where there is a marked elevation in synovial fluid TM [537].

Internalisation of TM via endocytosis in response to the pro-inflammatory cytokine shows
that tumour necrosis factor (TNF) has links to inflammation [538, 539]. A reduction in the
expression of TM at a site of injury may increase inflammation and coagulation responses,

and may also have a role in removing thrombin from the circulation [540]. Beretz et al. [541]

61



and Brisson et al. [542] indicate that internalisation of thrombin—-TM does not occur in human

saphenous vein endothelial cells and the endothelial cell line.

Many factors are known to have a downregulation effect on TM, including fluid shear stress
[543], hypoxia, oxidised LDL, free fatty acids, transforming growth factor beta [544-546] and
C-reactive protein [547]. However, an in vitro study of monocyte-like cells demonstrated that
TNF and IL-1p upregulate the expression of TM in these cells [548] and LPS downregulates
it in monocytes [549]. Conway et al. [550] noted that in endothelial cells these cytokines
significantly suppress TM mRNA. Infusion of LPS is shown cause a significant reduction in
TM expression in aged mice [551]. This may somewhat explain the heightened sensitivity of
elderly patients to infections and chronic inflammatory diseases such as atherosclerosis. Other

experiments [552] have shown that NF-kB mediates TNF-induced suppression of TM.

Conway et al. [553] investigated the effect of heat shock on TM expression, showing that it
upregulates the protein. They concluded that stress-induced upregulation of TM may be
important during inflammation and ischemia-reperfusion. In an in vivo study of baboons,
although there was a significant increase of TNF level after a lethal dose of Escherichia coli,
expression of endothelial cell surface TM remained unchanged [550, 554, 555]. More studies
supporting these findings come from a rat model of sepsis-induced thrombotic
microaniopathy in which TM levels were not suppressed [556]. TM or its mRNA are also
upregulated by other factors, including thrombin, vascular endothelial growth factor (VEGF),
histamine, dibutyryl cyclic AMP, 1,25-dihydroxyvitamin D3, retinoic acid, prostaglandin E1,
IL-4, theophylline and statins [541, 550, 557, 558].

1.14.4.5.3 Radiation response

Hauer-Jensen et al. [501] investigated acute and chronic radiation responses in normal tissues
and the consequence of radiation injury on expression of the TM-protein C system. They
documented that ionising radiation causes a pronounced, sustained deficiency of endothelial

TM in normal tissues and concluded that this was likely due to initial inactivation of TM by
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reactive oxygen species, reduced transcription of TM, and release of TM into the circulation.
In another study cultured confluent HUVECs were treated with 60 Co y rays at doses ranging
from 0 to 50 Gy; an increase in the release of TM from irradiated endothelial cells and an
increase in the number of molecules and the activity of TM on the surface of the cells were
observed 24 hours post-irradiation. The release was time- and radiation dose-dependent [559].
A markedly significant decrease in TM immunoreactivity in irradiated intestine was also
reported [468].

Circulating TM during radiation therapy of lung cancer was also investigated. The TM level
was not significantly changed in patients with radiation pneumonitis, but a moderately
significant decrease in plasma TM antigen during the initial 1-2 weeks was noted in
pneumonitis-free patients [560]. Radiation caused a sustained, dose-dependent decrease in

microvascular TM in irradiated rat intestine [561].

1.14.4.6 Integrins

Integrins are type | trans-membrane cell adhesion receptors composed of o and B chains. They
play roles in developmental and pathological processes such as cancer, osteoporosis and
autoimmune diseases, mediating the attachment of cells to the extracellular matrix (ECM) and

contributing to specialised cell—cell interactions.

1.14.4.6.1 Structure

With the emergence of antibodies to integrin a subunits, and with evolution of the technology
that allowed affinity purification of pure receptors, it has become clear that functional
receptors are heterodimers comprised of non-covalently connected a and B chains [562].
Takada et al. discovered that integrins in vertebrates consist of 18 a subunits and 8 B subunits
that can form 24 distinctive heterodimers for different ECM proteins [563]. Integrins are

classified according to ligand-binding properties, or the composition of the subunit. The three
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largest groups according to this classification are B1 integrins, f2 integrins, and av-containing

integrins.
1.14.4.6.2 Integrin expression and function

Integrins are expressed in the vast majority of human cells. Of several studies that have
examined the role of integrin in angiogenesis, one found that avp3 and avp5 integrins are not
fundamental for vascular growth or in pathological angiogenesis [564]. It identified that mice
deficient in B3 integrins or both B3 and B5 display enhanced angiogenesis, suggesting that
neither 3 nor B5 integrins are essential for neovascularisation, while using monoclonal
antibodies or low-molecular-weight antagonists to block av3 inhibits blood vessel formation

in in vivo models [565] and tumour angiogenesis [566].

Epidermal stem cells express high levels of Bl integrins [567]. In some mammals, limited
quantities of integrin are expressed in certain cell types or tissues; for instance, allbf3 is only
expressed on platelets, a6p4 is restricted to keratinocytes, aEB7 to T cells, dendritic cells and
mast cells in mucosal tissues, a4p1l to leukocytes, a4p7 to memory T cells, and the B2
integrins to leukocytes; aVVB3 integrins are largely expressed in endothelium [568]. Integrin
has many functions depending on its localisation; for example, leucocyte-limited B2 integrins
play an essential role in immune reaction [569]. Severe leucocyte adhesion deficiency type |
results from a genetic anomaly of the B2 integrin [570]. Antonin et al. [571] suggest that it is
involved in critical processes in the creation of the immunological synapse in immune
response. It is also believed to have a function in leucocyte adhesion and extravasation
through the endothelium [569, 572]. o4Pl is essentially expressed on the surface of
lymphocytes, eosinophils, monocytes, basophils and mast cells, while a4p7 exists on
subpopulations of T- and B-lymphocytes and on eosinophils [573, 574]. Both a4p1 and o4p7
contribute to leukocyte adhesion, migration, and activation [575]. It is believed that both a4p1
and a4f7 are linked to diseases such as inflammatory bowel disease, rheumatoid arthritis,
asthma, Crohn’s disease and multiple sclerosis (MS), in which they are connected to activated
leukocytes in the diseased tissue [569]. Integrin subtypes alpl, a2p1, al0B1, and al1p1 are
collagen integrin receptors bound to helical collagen expressed in fibrous tissues such skin,

cartilage and bone [576]; it has been suggested that they participate in cell adhesion,
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migration, and proliferation, in immune response [577]. Researchers investigating the role of
alfl and a2PB1 in several animal models of inflammation report that using mAb against
murine al and a2 was found to significantly inhibit effector phase inflammatory responses in
animal models [577]. White et al. [576] found that a11 may be involved in proliferation and
a2fB1 in matrix remodelling. a1p1 may also play a role in angiogenesis in cancer [578]. A
high expression of a2B1 has been associated with a higher risk of stroke and myocardial
infarction [579].

1.14.4.6.3 Radiation exposure

In one study the level of a2bB3 integrin within tumour blood vessels after radiation was
investigated using immunohistochemical staining and Western immunoblots. At six hours
after irradiation, increased levels of the B3 and a2b chains of integrin a2bp3 and integrin avp3
were reported; however, there was no significant increase in expression of the av chain post-
radiation. The study also showed an increase of the a2b chain of the a2bB3 integrin,
beginning at 3 h and persisting at 6 h after tumour irradiation [580]. The effect of ionising
radiation on functional B1-integrin in human lung tumour cell lines in vitro has also been
studied. Lung carcinoma cell lines A549 and SKMESL1 cells grown on fibronectin, laminin, or
plastic were exposed to 2 Gy or 6 Gy, and Bl-integrin radiation-induced upregulation was
observed [581]. An investigation of the effects of | Gy radiation on B16 melanoma reported a
radiation-induced increase in expression of the allbp3 integrin in melanoma cells [582]; after
0.5 Gy radiation, 99% of radiated B16 tumour cells were positively stained with monoclonal

antibodies directed against allbp3, compared with 22% of sham-irradiated cells.

1.14.4.7 Vascular endothelial (VE)-cadherins

VE-Cadherins are a superfamily of Ca2+dependent cell surface transmembrane adhesive
glycoproteins including epithelial (E)-, neuronal (N)- and placental (P)-cadherins [583]. In

vertebrates and invertebrates, vascular endothelial (VE)-cadherin is an endothelial specific
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adhesion molecule found at junctions among ECs, and is a constitutive endothelial-specific
marker [584]. It has a fundamental adhesive function with an important role in the
maintenance and control of EC contacts. They also regulate cellular proliferation and
apoptosis, modulate vascular endothelial growth factor receptor functions, and are necessary

during embryonic angiogenesis [585].

1.14.4.7.1 Structure

More than 350 cadherins have been recognised and classified into subfamilies: the vertebrate
classical cadherin subfamily includes type | and type Il classical cadherins; and in mice and

humans, 5 type | cadherins and 13 type Il cadherins have been described [586].

Structurally both type | and type Il classical cadherins have an ectodomain area comprising
five extracellular cadherin domains, each consisting of about 110 amino acids. The
extracellular cadherin domain are rigidified by calcium ion binding [586, 587]. Cadherins are
mostly transmembrane proteins that contain a small cytoplasmic domain with binding places

for /v -catenins and p120 catenins that mediate attachment to the cytoskeleton and control

cadherin trafficking [588, 589].

1.14.4.7.2 Function

VE-cadherin is crucial for embryonic angiogenesis, vascular maintenance, and the restoration
of vascular integrity after injury [590-592]. Cadherins have been documented as vital in
different organs’ morphogenesis [593, 594]. Gulino et al. [591] used a polyclonal anti-VE-
cadherin antibody to block VE-cadherin in human endothelial cell culture, finding that the
VE-cadherin antibody interrupts confluent endothelial cell monolayers and generates several
gaps at cell-cell junctions. The destruction of interactions among the extracellular domains of
VE-cadherins provokes a quick reproduction of VE-cadherins. Vittet et al. [595] found that in

VE-cadherin-negative mouse embryonic stem cells, endothelial cells remained dispersed and
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lacked an organised vasculature in embryonic bodies. Inactivation of the beta-catenin-binding
cytosolic domain of the VE-cadherin gene in mice impairs EC remodelling and maturation;
mice were found to die during development due to disintegration of the vasculature [596].
Antibodies directed against VE-cadherin cause disassembly of the vasculature in wild-type
adult mice [597]. VE-cadherin also has been found to play a role in cellular processes such as

leukocyte trafficking [598] and vascular permeability [599].

1.14.4.7.3 Expression

Expression varies for every individual cadherin, although different cadherins may be
expressed concurrently within a tissue and the same cadherin can be found in a variety of
embryonic cell types and tissues [584]. N-cadherin has been found expressed in human
endothelial cells to a significant degree, and in other cell types such as in the nervous system
and skeletal and cardiac muscle. M-cadherin is specifically found in skeletal muscle cells
[600]. VE-cadherin (7B4 or cadherin-5) has been found exclusively in the cells of the
adherens junctions of the vascular endothelium in vertebrate species [584, 588]. VE-cadherin
can be found in all types of endothelium, in large and small vessels, arteries, veins, and the

microvasculature of all tissues, but not in blood cells or in hematopoietic precursors [584].

1.14.4.7.4 Radiation response

A few studies have investigated the effect of radiation on VE-cadherin. In one study radiation
was found to downregulate endothelial VE-cadherin in radiation of human aortic endothelial
cells; the downregulation was dose-dependent [601]. Moriconi et al. [602] studied the effect
of irradiation on gene expression of rat liver adhesion molecules, including E-cadherin. A
real-time PCR analysis and northern blot study of the total RNA from rat liver in vivo showed
that E-cadherin reached a significant peak 48 hours after irradiation. A significant
downregulation of E-cadherin was detected by real-time PCR analysis of the total RNA from

isolated rat hepatocytes in vitro. Gabrys et al. [603] studied radiation effects on human dermal
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microvascular endothelial cells (DMECs) and HUVECs and found that within ten minutes of
irradiation, significant dose-dependent VE-cadherin redistribution was observed, very
prominently at 20 Gy, and persisting for up to 24 hours. After more than 24 hours the protein
level was not changed, suggesting that irradiation primarily affects the distribution, but not
the expression, of junctional proteins. Radiation was also found to increase expression of E-
cadherin in laryngeal carcinoma [604], thyroid carcinoma [583] and human lung cancer cell
lines in vitro where the expression increased six hours after irradiation with 10 Gy and

reached its peak level at 24 hours [605].
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Hypotheses and Aims

Hypotheses

The overall hypothesis: Radiosurgery induces changes in the molecular profile of the
endothelial membrane that allow discrimination from normal endothelial cells, thereby
providing molecular targets that can be used for a ligand-based vascular targeting thrombotic
therapy for AVMs.

Aims of the study

1. To develop a suitable animal model for AVM molecular targeting, using Gamma
Knife as the radiosurgery method,;

2. To investigate the haemodynamics, morphological and histological changes that
Gamma Knife induces on the animal model;

3. To investigate the expression of adhesive molecules in the animal model of AVM
following Gamma Knife radiosurgery and to determine their cellular localization;

4. To investigate the expression of thrombotic molecules in an animal model of AVM

following Gamma Knife radiosurgery.
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Chapter 2

General methods.

2.1 Ethics

All animal experiments were approved by the Animal Care and Ethics Committee of
Macquarie University (ACEC reference numbers 2011/011). Animal experimentation was
performed within ACEC guidelines and the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes (8th Edition, 2013). At 4-5 weeks of age, animals were
obtained with average weights between 250 to 300 g. All rats were kept in standard rat cages,
with a maximum of four per cage. Bedding was changed twice weekly. Animals were

acclimatised for two weeks pre-operatively and were housed for two weeks post-operatively.

2.2 Morbidity and mortality

None of the animals had evidence of significant neurological morbidity at any stage of the
experiments. One animal died during the Gamma Knife process due to an unknown reason
and one animal died due to fistula occlusion. No complication was recorded after GKS. Mild
haematuria was reported in some animals on the first day after GKS. None of the animals had

to be euthanised in the post-procedure period.
2.3 Animal Experimental procedures

2.3.1 Anaesthesia and operative care
2.3.1.1 Inhalational anaesthesia

Animals were induced in an anaesthetic chamber using isoflurane (4%) and oxygen (1.5

L/min) and maintained with 2% isoflurane through a nose cone. Isoflurane was increased as
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required to maintain an adequate level of anaesthesia. Respiratory rate and pedal reflex were
used to check the depth of anaesthesia. Following surgery, the animals received oxygen
through the nose cone until they recovered. The animals were kept under supervision for two
hours post procedures. When there was no indication of morbidity, the animal was returned to

the holding facility.

2.3.1.2 Intraperitoneal anaesthesia

Radiosurgery was performed under intraperitoneal anaesthesia. Ketamine and midazolam
were used for all radiation experiments. Ten minutes prior to the procedure, ketamine (37.5
mg/kg) and midazolam (2.5 mg/kg) were given. The depth of the anaesthesia was tested in the
same way as described previously in inhalation anaesthesia. After the procedure, animals
were given atipamezole for recovery, and kept under observation for two hours and kept in a
quiet area until recovery. If there was no evidence of significant morbidity, the animal was

returned to the animal holding facility and kept in single boxes until the day after.

2.3.2 Operative and post-procedure care

All surgical procedures were done under general anaesthetic under aseptic conditions. The
surgical site at the neck region was shaved and prepared with povidone-iodine. An
implantable microchip was inserted subcutaneously and an alphabetical code was assigned to
help with further animal identification. Animals were then observed daily for two weeks and
then once weekly thereafter. Weight, assessment of motor function, behaviour and wound
health were observed. Weight loss greater that 20% of pre-procedure body weight was an

indication for animal euthanasia.
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2.3.3 Fistula formation

Sixty-four male Sprague-Dawley ratswere used to investigate the haemodynamic,
angiographic and histological characteristics of AVMs. For the immunohistochemistry study,

50 male Sprague-Dawley rats were used to investigate the different molecules.

The model AVM was created using microsurgical techniques with the animal in a supine
position. The rat’s midline was identified using the sternum as a reference point, and a
midline incision was made over the anterior neck. The left sternocleidomastoid muscle was
identified and the left omohyoid muscle was divided to expose the left common carotid artery
(LCCA). Haemostasis was secured using electro diathermy and pressure. Mobilisation of the
left external jugular vein (LEJV) was performed by sacrificing the most caudal feeding veins.
The caudal LEJV was ligated at the junction with the subclavian vein and the rostral end was
clipped with an aneurysm clip. The LEJV was transected close to subclavian vein then
mobilised to the lateral side of the LCCA.

The LCCA was clipped proximally and distally with Codman AVM clips. Then an elliptical
hole was cut in the LCCA. After that the rostral end of the LEJV was anastomosed to the
LCCA using running 10-0 prolene suture. If there was any bleeding after clip removal, gentle
pressure was applied to the anastomosis site to stop further bleeding. The wound was closed
with non-absorbable sutures (Figures 2-1, 2-2). Sixty-four male Sprague-Dawley rats were
used to investigate the haemodynamic, angiographic and histological studies. For the
immunohistochemistry study 50 male Sprague-Dawley rats was used to investigate the

different molecules.
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6 weeks (for maturation)

Experimental steps below repeated at:
Day: 1,3
Weeks: 1,3,6, 12

Figure 2-1 Schematic diagram illustrate the general methodology used in this study.

74



External
jugular vein

Common
carotid artery

Figure 2-2 Drawing illustrates AVM creation.

(A) Surgical exposure of the rat neck area, showing LCCA and LEJV, (B) rostral end of the LEJV was
anastomosed to the LCCA using running 10-0 Prolene suture.
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2.3.4 Radiation planning and delivery

Each rat was anaesthetised using midazolam and ketamine for this procedure. Each rat
underwent a multislice CT prior to Gamma Knife radiation. The rats were placed in a
specially designed frame in a supine position (SC Medical biomedical engineering, Australia)
(Figure 2-3). The resulting image was reconstructed to a 3D image. The 3D images, axial and
sagittal sections were used to determine the exact position of the created AVM. This
information was used to plan the radiation that would be required to deliver a marginal dose
of 20 Gy of gamma irradiation. Gamma Knife (Elekta) machine was then used to deliver 20

Gy gamma radiations to the AVM nidus.

2.3.5 Haemodynamic studies

Each fistula was carefully exposed under general anaesthesia after angiography. Blood flow
measurements were obtained in the ipsilateral proximal and distal LCCA and the ipsilateral
arterialised LEJV using a Doppler flowmeter (Figure 2-4). Each measurement was recorded
over an average of 10-minutes. Peri-vascular flow-probes (Transonic Systems, Australia)
were selected to match the size of the vessel in which flow was being measured. Probes
were connected to a transit time perivascular flow-meter (TS420, Transonic Systems,
Australia), which was connected to a data acquisition system. Measurements of blood
pressure were performed simultaneously in the ipsilateral left femoral artery (for mean
systemic arterial pressure). A 0.58 mm polyethylene catheter was inserted into the vessel and
pressure measured with a blood pressure transducer (Edwards Lifesciences, CA, USA). Flow
and pressure data were acquired through a data acquisition system for off-line analysis (CED
Limited, UK).
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2.3.6 Angiography

Angiography was performed immediately prior to sacrifice. Eight control and eight GKS-
treated animals were studied at each time point (1, 3, 6, and 12 weeks). Animals were placed
under general anaesthesia using 2-3% Isoflurane (2 L/min). Under the operating microscope,
the left femoral artery was exposed. A 0.8 mm Progreat microcatheter (TERUMO, Australia)
was advanced through a small arteriotomy under a fluoroscopic C-arm (GE Healthcare,
Australia) up to the left CCA. An arterial-phase anteroposterior angiogram was obtained by
manual injection of 1 mL/kg contrast medium (Meglumine lothalamate, 60% w/v. Covidien

Pty Ltd, Australia) over three seconds. The catheter was withdrawn and the femoral artery

was ligated after completion of angiography.

Figure 2-3. Anesthetized animal in supine position in GKS special designed frame.
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Figure 2-4. Placement of a perivascular flow-probe around the ipsilateral CCA for blood flow
measurements.

2.3.7 External morphology study

After completion of angiography, a 4-0 silk suture was applied around the proximal segment
of the arterialised LEJV. The fistula was exposed to measure the circumference and calculate

the diameter (circumference/x) (Figure 2-5).
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Figure 2-5. External morphology study. Measurement of the circumference of the proximal segment of the
arterialised external jugular vein.

2.3.8 Perfusion-fixation

The animals were perfused at the end of each experiment. Animals were anaesthetised under
general anaesthesia and the depth of anaesthesia was tested as described above. The animals
were positioned supine. Laparotomy was performed and extended to a bilateral thoracotomy
and the diaphragm was separated from the rib cage. The heart and great vessels were exposed.
The heart was then cannulated through the left ventricle and the needle was carefully placed
in the origin of the ascending aorta. A right atrium incision was made to allow out flow of
blood and the perfusion solution. Phosphate buffered saline (PBS) was perfused through the
heart using pulsatile delivery system. The fistula was exposed; ipsilateral CCA, ipsilateral
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jugular vein and its small tributaries, contralateral CCA, contralateral jugular vein and

contralateral femoral vein and artery, aorta and inferior vena cava were removed.

2.4 Tissue processing

Tissue was collected from the AVM animal model. The created AVM was taken and the
LCCA, LEJV and the nidus were embedded in tissue freezing medium (ProSciTeck,
Australia) and frozen in liquid nitrogen. Tissue was stored at —80°C until the time of staining.
Tissues were sectioned (12 um thickness) using a cryostat (Leica Microsystem, Germany),
the proximal end of the vessels (towards the created AVM) was sectioned and stained with
haematoxylin and eosin and Shikata Orcine for histological characterisation, with Martius

Scarlet Blue staining for thrombus formation and for immunohistochemistry.

2.5 Staining

2.5.1.1 Haematoxylin and Eosin

Frozen sections were used for this study. The OCT medium was removed by rinsing the slides
containing tissue in distilled water. The sections were deposited in haematoxylin for five
minutes; the slides were then washed in distilled water. The slides were then dipped quickly
in 2% of hydrochloric acid three times then rinsed in tap water. Lithium carbonate was used
for bluing, by immersing the slide for 10 seconds in the solution. The slides were washed with
tap water for three minutes. That was followed by counterstaining of the slides with eosin
(alcoholic) for two minutes. Slides were dehydrated in serial alcohol (ethanol) concentration,
2 x 90% for 15 seconds, then 2 x 100% / 15 seconds and then washed in xylene for four
minutes in two different baths. The slides were then covered with cover slips and left to dry at
37° C for two days.
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2.5.1.2 Shikata Orcein staining

Frozen sections were used for this study. The OCT medium was removed by rinsing the slides
containing tissue in distilled water. The sections then treated with acidified potassium
permanganate for 3 minutes. After a second wash in water, decolourization of the tissue was
performed by dipping the slides 7 times in 1% oxalic acid. The slides were washed in tap
water again, and then slides stained with shikata orcein for 35 minutes. The slides were then

washed in water, dehydrated, coverslipped and left to dry at 37° C for two days.

2.5.1.3 Immunohistochemistry

Sections were in dried at room temperature for 24 hours. A wax pen was used to place a
border around the sections to help in applying the antibody on the tissue and to prevent loss of
antibodies from the slides. Sections were then washed in PBS three times (3 x 5 min). The
sections were permealised in 50% ethanol for 10 minutes then washed again with PBS (3 x 5
min). After that, sections were blocked in 10% donkey serum /PBS for 1 hr., RT. Then all
slides were incubated overnight with primary antibody anti-vWF mixed with an antibody for
the protein of interest in PBS humidifier (details of all antibodies in the following chapters) at
4°C, and washed with PBS (3 x 5 min). Then, the sections were incubated with the secondary
antibody (Directed against the appropriate antibody isotype) (Details of all secondary
antibody are given in the following chapters) in a dark humidifier for one hour at room
temperature then washed with PBS (3 x 5 min). The slides were then incubated with DAPI for
1 minute and after that they were jet rinsed, cover-slipped (Dako, Carpinteria, CA) and cured
for 24 hours in a dark room before microscopy. All chemicals used for immunofluorescence
had a pH of 7.45 + 0.1. Rat lymph node, liver and heart were used as a positive control for
several antibodies and negative controls had the primary antibodies omitted from the staining

procedure.
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2.6 Microscopy

2.6.1 Light microscopy

For analysis of proteins expression microscopy was performed using a Zeiss microscope (Carl
Zeiss, Germany). Digital images were captured under fixed parameters with an AxioCam

HRc digital camera (Carl Zeiss, Germany).

2.6.2 Confocal microscope

Cellular localization of the protein was investigated using a confocal microscope (Leica TCS
SP5 X, Leica Microsystems). Digital images were captured under fixed parameters with a
digital camera (Leica TCS SP5 X).

2.6.3 Immunofluorescence

A grading system reported previously [82, 182] was used to evaluate the expression of each
molecule. The immunofluorescence intensity of the proteins was semi-quantified by giving
grade from 0-3 (0: no expression; 1: faint expression; 2: moderate but focal expression; and 3:
generalized and intense expression. Sections were digitally photographed using each filter and

then merged to allow visualization of dual staining (Carl Zeiss, Germany).
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Preparation

Fixatives
Phosphate buffer stock

o dissolve 26.20 g NaH2P0O4.H20 and 143.65 g Na2HPO4.2H20 in 5 L distilled
water

e adjustpHto 7.45

Phosphate buffered saline (PBS)
PBS stock

e dissolve 1052 g NaCl in 3.250 L distilled water whilst stirring
* add 165.6 g NaH2PO4.H20
e once solution is clear, adjust pH to 6.33 using 5 M NaOH

PBS working solution (0.01 M)

* dilute 660 mL of PBS stock in 20 L distilled water
e adjustpHto 7.45
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Chapter 3

Angiographic, haemodynamic and histological changes in an
animal model of AVM treated with Gamma Knife radiosurgery

3.1 Abstract

Object: Brain arteriovenous malformations (AVMSs) are a major cause of stroke. Many
AVMs are effectively obliterated by stereotactic radiosurgery, but treatment of lesions larger
than 3 cm is not as effective. Understanding the responses to radiosurgery may lead to new
biological enhancements to this treatment modality. The aim of the present study was to
investigate the hemodynamic, morphological and histological effects of Gamma Knife

radiosurgery (GKS) in an animal model of brain AVM.

Methods: An arteriovenous fistula was created by anastomosing the left external jugular vein
to the side of the common carotid artery in 64 male Sprague-Dawley rats (345 + 8.8 g). Six
weeks after AVM creation, 32 rats were treated with a single dose of GKS (20 Gy); 32
animals had sham irradiation. Eight irradiated and eight control animals were studied at 1, 3, 6

and 12 weeks for haemodynamic, morphological and histological characterization.

Results: Two AVMs had partial angiographic obliteration at 6 weeks. Angiography revealed
complete obliteration in three irradiated rats at 12 weeks. Ipsilateral proximal carotid artery
(P<0.001) and arterialized jugular vein (P<0.05) blood flow was significantly lower in the
irradiated group than in the control group. The arterialized vein external diameter was
significantly smaller in Gamma Kbnife-treated animals at 6 weeks (P<0.05) and 12 weeks
(P<0.001). Histological changes included subendothelial cellular proliferation and luminal
narrowing in irradiated animals. Neither luminal obliteration nor thrombus formation was

identified at any of the time points in either irradiated or non-irradiated animals.

Conclusions: GKS produced morphological, angiographic and histological changes in the
model of AVM as early as 6 weeks. These results support the use of this model for studying

methods to enhance radiation response in AVMs.
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3.2 Introduction

Brain arteriovenous malformation (AVMSs) are a major cause of stroke in children and young
adults. Surgical excision of an AVM offers immediate protection from haemorrhage and is
suitable for small and superficial lesions. Approximately 70% of small AVMs (< 3 cm
diameter) are completely obliterated by 2 — 3 years after Gamma Khnife surgery (GKS) [606-
608]. However, patients treated with GKS remain at risk of suffering hemorrhage during the
latent period before AVM occlusion [609, 610]. A large number of patients who have large
and/or deeply located AVMs are not treatable using current methods [609]. An improved

method of treating AVMs is required for these patients.

One potential new treatment is to induce thrombosis in the AVM vessels using molecular
techniques targeting endothelial changes induced by radiosurgery. Development of such a
treatment requires an animal model that mimics the characteristics of human AVMs. An
animal model has been developed that shares hemodynamic, structural, and molecular
characteristics with human AVMs [72, 77]. However, the effects of GKS in this model have
not been studied. The aim of this study was to investigate the morphological, haemodynamic

and histological changes in the animal mode of AVM treated with GKS.

3.3 Materials and methods

3.3.1 Surgical fistula formation

All studies were approved by the Animal Care and Ethics Committee at Macquarie University
(ACEC reference number 2011/011). Animal experimentation was performed in accordance
with ACEC guidelines and the Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes, (ACEC reference numbers 2011/011).



The AVM model was created in 64 male Sprague-Dawley rats (345 + 8.8 g). Creation of the
AVM animal model was described previously [611]. Briefly, rats were anaesthetised by
Isoflurane inhalation. The left common carotid artery (LCCA) and external jugular vein
(LEJV) were exposed under an operating microscope (Carl Zeiss, Germany). The LEJV was
ligated at its junction with the subclavian vein with 10-0 monofilament nylon suture (Ethicon,
Ohio, USA). Mobilisation of the LEJV was achieved by coagulation of no more than two side
branches with care taken not to injure the LEJV. The end of the LEJV was anastomosed to the
side of the LCCA with continuous 10-0 monofilament nylon suture (Ethicon, Ohio, USA). A
monofilament Vicryl suture (4-0) (Ethicon, Ohio, USA) was used to close the wound in a

single layer.

3.3.2 Gamma Knife radiosurgery

Thirty-two male rats were treated with the Leksell Perfexion (Elekta Inc, Stockholm,
Sweden) six weeks after AVM creation. The animals were sedated using ketamine (75 mg/kg)
and medetomidine (0.5 mg/kg). Adequate anaesthesia was determined by the hind limb pinch
test. Animals were then placed in the supine position in a specially designed frame (SC
Medical Biomedical Engineering, Australia). An axial full body CT scan with 3D
reconstruction was performed for AVM localisation (Figure 3-1). The model AVM nidus was
then treated with GKS with a marginal dose of 20 Gy. The non-irradiated animals had AVMs

created but did not receive any radiation
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Figure 3-1. GKS planning and treatment.

A: each rat is placed in a frame and a CT scan is performed of the whole body. B: three-dimensional
reconstruction demonstrating the position of the animal in the frame. C: Axial CT of the rat showing the
marginal dose to the AVM nidus. D: Anaesthetised animal on frame about to enter the Gamma Khnife for
treatment.
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3.3.3 Angiography

Eight control and eight GKS-treated animals were studied at each time point (1, 3, 6, and 12
weeks). Angiography was performed immediately prior to sacrifice. Animals were placed
under general anaesthesia using 2 — 3% Isoflurane in oxygen. Under the operating
microscope, the left femoral artery was exposed. A 0.8 mm Progreat microcatheter
(TERUMO, Australia) was advanced through a small arteriotomy under fluoroscopic C-arm
(GE Healthcare, Australia) control up to the LCCA. An arterial-phase antero-posterior
angiogram was obtained by manual injection of 1 mL/kg contrast medium (Meglumine
lothalamate, 60% w/v Covidien Pty Ltd, Australia) over 3 s. The catheter was withdrawn and

the femoral artery was ligated after completion of angiography.

3.3.4 Arterialised vein diameter

Each fistula was exposed after completion of angiography. A 4-0 silk suture was applied
around the proximal segment of the arterialised external jugular vein to measure the

circumference and calculate the diameter (circumference/n) (Figure 2-5).

3.3.5 Haemodynamic studies

Blood flow measurements were obtained from the proximal LCCA and the LEJV using a
Doppler flowmeter. Peri-vascular flow probes (Transonic Systems, Australia) were selected to
match the size of the vessel in which flow was being measured. Probes were connected to a
transit time perivascular flow meter (TS420, Transonic Systems, Australia). The average of a
10 min recording was used to determine the blood flow. Measurements of blood pressure
were performed simultaneously in the left femoral artery (for mean systemic arterial
pressure). A 0.58 mm polyethylene catheter was inserted into the vessel and pressure

measured with a blood pressure transducer (Edwards Lifesciences, CA, USA). Flow and
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pressure data were acquired through a data acquisition system for off-line analysis (CED
Limited, UK).

3.3.6 Histological study

Eight irradiated and eight control animals were studied at 1, 3, 6 and 12 weeks following GKS
for histological characterization. Histological sections were obtained from different parts of
the AVM, including the LCCA, LEJV and the nidus. Animals were sacrificed by trans-cardiac
perfusion of phosphate buffered saline. Different parts of the fistula were collected and
embedded in freezing medium (ProSciTeck, Australia) and frozen in liquid nitrogen. The
tissues were sectioned with a thickness of 10 micron and stained with haematoxylin and eosin

or Shikata Orcein, or immunostained for vVWF for endothelial staining.

3.3.7 Light microscope and data and statistical analysis

Microscopy was performed using a Zeiss microscope (Carl Zeiss, Germany). Digital images
were captured under fixed parameters with an AxioCam HRc digital camera (Carl Zeiss,
Germany). Image J was used to measure the diameters of the proximal and distal parts of the
LEJV and proximal part of the LCCA. Blood flow analysis was performed using Spike (CED
Limited, UK). All data are presented as mean + SD. Statistical analysis was performed
by  2-way analysis of variance (ANOVA). A P value < 0.05 was considered statistically

significant.
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3.4 Results
3.4.1 Angiography

The fistula was patent in all control animals. In the GKS treated group, two animals had
partial obliteration at six weeks and three animals had complete obliteration at 12 weeks
(Figure 3-2). At the one week and three week time points, there were no significant
differences between the control and treated groups in proximal and distal LEJV and LCCA
diameters (Figure 3). Two rats had partial angiographic changes at 6 weeks and three rats had
complete obliteration at 12 weeks, with statistically significant differences in proximal and
distal LEJV diameters between the treatment group and the control group (P < 0.05) (Figure
3-3).
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Figure 3-2. Angiography of the AVM model at 12 weeks.

A: Control animal. The fistula is patent and the jugular vein is enlarged. B: Animal treated with Gamma Knife
radiosurgery. The fistula is patent but the jugular vein is narrowed. C: Animal treated with Gamma Knife
radiosurgery. The fistula is occluded. 1: LCCA, 2: LEJV.
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Figure 3-3. Angiographically-measured vessel diameters in control and irradiated animals.

(A) Proximal left carotid internal diameter (P > 0.05), (B) Proximal arterialised vein internal diameter (P <
0.05), and (C) Distal arterialised vein internal diameter (P < 0.05).
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3.4.2 Haemodynamic study

Blood flow increased with time in the control group. However, in the GKS treated group the
CCA flow increased until three weeks, and then decreased or stabilised (Figure 3-4). The
treated group had a lower flow when assessed across all time points using ANOVA (P <
0.001). At 12 weeks, there was a significantly lower flow rate in the LCCA in the treated
group compared with the control group (P < 0.001). There was a significant difference in flow
in the LEJV in animals in the treated group compared to the control group using ANOVA (P
< 0.05). However, individual time point comparisons between the two groups did not show

any statistically significant differences (Figure 3-4).

3.4.3 Histological changes

Radiated AVMs were not significantly different from the non-irradiated controls at 1 day, 3
days, or at 1 or 3 weeks. Concentric subendothelial cell growth was identified in some
irradiated AVMs at 6 weeks and 12 weeks with vessel wall thickening and luminal narrowing.
Although there was angiographic obliteration in some GKS treated AVMs, Neither luminal
obliteration nor thrombus formation was identified at any of the time points on the
histological analysis (Figure 3-5). The elastic lamina had multiple layers in both groups with
no changes in either group over time (Figure 3-6). The endothelial lining remained intact in

both groups at all time points (Figure 3-7).
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Figure 3-4. Blood flow measured with Doppler flowmeter.

(A) Proximal left common carotid artery flow. The flow was significantly lower in the treated group at 12 weeks
(P < 0.001) and (B) flow in the left jugular vein. The treated group had a lower flow than the control group

(ANOVA, P < 0.05).
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Figure 3-5. Histological study of model AVM.

(A) Non-irradiated animals, 12 weeks time point (A, D, G and J: LCCA. B, E, H and K: LEJV. C, F, | and
L: nidus), (B) Irradiated animals, 12 weeks time point (A, D, G and J: LCCA. B, E, H and K: LEJV.
C, F, L and I: nidus), (H and E; original magnification X 20) (Scale bar: 200 um).
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Figure 3-6. Left common carotid artery stained for elastin with Shikata Orcein.

(A) Control animal and (B) GKS-irradiated animal at 12 weeks. (Shikata Orcine stain, original magnification X
20) (Scale bar: 200 pm).

A C

Figure 3-7. Endothelial staining for vVWF.

VWF: red and DAPI: blue in an irradiated animal at 12 weeks. (A) Left common carotid artery, (B) arterialised
jugular vein and (C) nidus. (* = lumen) (Scale bar: 200 um).
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Figure 3-8. External diameter of the arterialised vein.

(A) Time-dependent external diameter changes of irradiated and non-irradiated animals, (B) Non- irradiated
AVM model and (C) irradiated AVM showing narrowing of the external diameter of the jugular vein and whitish
fibrinous material in the vessel wall. The vein diameter change was significantly smaller in the irradiated group
at 6 weeks (P < 0.05) and at 12 weeks (P < 0.001) Arrows: arterialised vein.
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3.4.4 Arterialised vein diameter and morphology

The LEJV external diameter was significantly smaller in the treated animals compared to the
control group at 6 (P <0.05) and 12 weeks (P < 0.001) (Figure 3-8). Whitish fibrinous
material was seen in the wall of the LEJV in the majority of treated animals; this was not seen
in the control animals. Perivascular fibrous adhesions were seen in most of the treated animals
at 6 weeks and 12 weeks. Hematoma was also seen in tissue around treated AVMs at 1 week

and 3 weeks.

3.5 Discussion

Animal models of human AVMs are needed for a variety of reasons. Biological models can
contribute to the understanding of AVM pathogenesis and rupture [72, 105]. They could also
be used to study the effects of radiosurgery, since the mechanism of action of this treatment
method is not well understood [612]. Models in large animals can be used to develop
endovascular treatments and train operators in their use. Our need for an animal model is
driven by our desire to develop a new molecular treatment for these lesions, many of which

cannot be treated safely or effectively with current methods [125, 613-615].

The overall goal of our research is to develop a new treatment of AVMs that involves rapid
stimulation of thrombosis within the abnormal vessels. Our proposal is that pro-thrombotic
agents could be administered systemically, but accumulates selectively within AVM vessels
by attaching them to antibodies (or other specific binding molecules) that target endothelial
surface molecules that are expressed in the AVM vessels and not in normal vessels. As a
powerful inducer of endothelial molecular change [183, 616] and with its precise spatial
localisation, we suggest that radiosurgery be used as a first step in this treatment to stimulate
discriminating endothelial molecular changes within only AVM vessels. The successful
development of this treatment relies on an animal model that mimics the structural,
haemodynamic, and molecular characteristics of human AVMs, and can be treated with

radiosurgery. Endothelial phenotype varies widely depending on the organ of origin, and
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AVM endothelium is also different to normal cerebral endothelium in its molecular
characteristics [78, 182]. The response of endothelium to radiation may vary with different
phenotypes, so it is essential that our research developing a molecular treatment targeting
radiation-induced endothelial changes be done using a model that mimics the human AVM

phenotype and its response to radiation.

The animal model used here has been shown previously to mimic human AVMs in its
structural, haemodynamic, angiographic, and molecular characteristics [72]. We also
developed a method to treat the model AVM with LINAC radiosurgery and studied adhesion
molecule changes after radiation [616]. The feasibility of the proposed thrombotic treatment
was demonstrated using LINAC as the radiosurgery priming method [198, 617]. We now
have access to GKS and the facility to use 3D CT scan planning for each rat that is treated.
Our intention is to continue this research using GKS rather than LINAC. However, the
responses of the AVM model to GKS are not necessarily the same as to LINAC and a detailed

study of responses to GKS was required before trialling new molecular treatments.

The change to GKS involved the development of a new frame and individual planning of the
treatment based on 3D CT scans. The carotid artery and the arterialised jugular vein are
readily identified on the non-contrast CT scans and treatment planning is relatively

straightforward (Figure 3-1).

GKS resulted in angiographic, haemodynamic, and structural changes that were evident by 6
weeks after treatment. Angiography revealed narrowing or occlusion of the arterialised vein in
animals at 6 and 12 weeks, although complete occlusion of the vein was not confirmed
histologically. Blood flow was lower at 6 weeks and 12 weeks in the GKS-treated animals.
The diameter of the arterialised vein was also smaller in the later time points. Vessel wall
thickening, perivascular fibrosis, and subendothelial cellular proliferation were observed at 6

and 12 weeks.

There have been very few studies of radiosurgery in animal models of AVM. De Salles et al.
used LINAC doses from 20 — 90 Gy to treat the rete mirabilis in pigs. They found no

angiographic changes by 2 months and substantial reductions in vascularity only with doses
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of 50 Gy or more [110]. They reported histological effects similar to those reported here, with
intimal proliferation that correlated with the dose of radiation. Reports of the effect of
radiosurgery on normal vessels include a study of GKS on cat basilar artery [618] and rat
anterior cerebral artery [619]. Findings included intimal proliferation, but no vessel occlusion

except for one rat anterior cerebral artery 20 months after treatment with 100 Gy.

The morphological changes in our treated animals were similar to the reported effects of
radiosurgery in human AVMSs, which have shown perivascular fibrosis, subendothelial
proliferation, and luminal narrowing [178, 181, 620]. Although it is not possible to perform a
detailed study of the short-term effects of GKS in human AVMs, it seems reasonable to infer

that the effects in our model simulate the processes occurring in human AVMs.

Development of a successful prothrombotic treatment strategy for AVMs will depend on
identification of a highly discriminating endothelial surface marker in AVMs treated with
radiosurgery. We are currently using the model described here, treated with GKS, in a search

for the most prospective targets.

3.6 Conclusion

This study examined the haemodynamic and structural responses of the animal model to GKS
treatment at different time points. This model may be suitable for further study seeking to
identify highly discriminating endothelial molecular changes after radiosurgery that could be

used as targets in prothrombotic molecular treatments.
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Chapter 4

Gamma knife radiation injury in animal model of arteriovenous
malformation leads to differential regulation of vascular
endothelial cell adhesion molecules

4.1 Abstract

Introduction: Brain arteriovenous malformations (AVMSs) are a major cause of stroke in
children and young adults. Molecular targeting is a promising future therapy for large and
deep AVMs, which cannot be treated with conventional therapy. Previous studies on
irradiated human AVM endothelial tissue has shown that endothelial adhesion molecules such
as intercellular adhesion molecule-1 (ICAM-1) were upregulated when compared with non-
irradiated AVM and normal endothelial cells. The aim of this study was to investigate the
changes in expression of ICAM-1 and platelet endothelial cell adhesion molecule-1 (PECAM-

1) in an experimental model of AVM of rats after Gamma Knife irradiation.

Methods: Fifty male Sprague-Dawley rats (345 £ 8.8 g) were used for this study. The AVM

Model was created by anastomosing the rostral part of the left external jugular vein to the left
common carotid artery. The model nidus of thirty rats received a single dose of radiosurgery
(20 Gy) using Gamma Knife six weeks after AVM creation. The rest of the rats were sham-
irradiated animals. Animals were sacrificed at 1, 3 days and 1, 3, 6 and 12 weeks. Frozen

sections were used for immunohistochemical analysis.

Results: ICAM-1 was significantly upregulated through all the time points in the irradiated
AVM compared to the non-irradiated AVM. There were no significant changes when we
compared the irradiated AVMs across different time points over a period of 12 weeks. The
expression was observed to be similar in all examined regions of the AVM. When comparing
the expression of ICAM-1 in the irradiated AVM to the contralateral jugular vein, inferior
vena cava and abdominal aorta, the AVM specimen was significantly higher in GKS-treated
AVM (P < 0.05). Confocal analysis indicated that the upregulation of ICAM-1 was primarily
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confined to the endothelial cell surface. No significant differences in PECAM-1 expression

between the irradiated and non-irradiated tissues were observed.

Conclusion: This study demonstrates that ICAM-1 is significantly upregulated in the
irradiated AVM model and that this enhanced expression is localised on the surface of
endothelial cells. PECAM-1 expression is not altered significantly. These results corroborate
the previous findings and highlight the possibility of ICAM-1 being used for future ligand
based therapy.

4.2 Introduction

Brain arteriovenous malformation (AVM) is a common cause of haemorrhage and strokes in
children and adults [621, 622]. The morbidity and mortality rate from ruptured AVMs is high
[49, 623, 624]. Around 35 percent of total AVMSs are high grade and 90% of these are not
manageable by conventional treatments [125, 625]. Vascular targeting is emerging as an
attractive strategy to enhance the response of AVMs to radiosurgery and produce targeted
thrombosis. Non-ligand vascular therapy using low dose lipopolysaccharide and soluble tissue
factor (LPS+TF) to accelerate thrombosis after radiosurgery in animal models has been
previously documented [198]. However, systemic use of LPS in humans may not be safe
[626]. Alternatively, ligand-based therapies have the potential to overcome safety concerns
and can utilise a range of effector molecules to alter vascular endothelial function as well as
induce localised thrombosis. Developing a ligand based vascular targeting therapy for brain
AVMs requires identification and detailed characterisation of specific endothelial cell surface
molecules that distinguish AVMs from the normal vessels. Unlike the tumour vascular
targeting therapies in practice, endothelial cells of AVMs do not appear to have a specific
constitutive marker that distinguishes them from the endothelial cells of normal blood vessels
[78, 627].

Exposing cells to drugs, stress and different types of radiation can alter proteins expression

pattern. Inducing AVM endothelial cell surface molecular changes using radiosurgery might
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be able to distinguish AVMs from other vessels for vascular targeting. The key to developing
a successful molecular targeting treatment will be to identify the molecules that are respond
on the endothelial surface after radiation and are highly discriminating from normal vessels.
We have shown previously that expression of E-selectin and vascular cell adhesion molecule-

1 is significantly altered after radiosurgery [182, 183, 616].

Understanding the changes in the expression pattern of other endothelial adhesion molecules
such as ICAM-1 and PECAM-1 to radiosurgery treatment will be an important step forward
to develop the proposed treatment. Although expression of ICAM-1 and PECAM-1 in brain
AVM has been investigated [78], what happens to the relative expression of these molecules
post radiation treatment is not known. In this study we have investigated the expression of
ICAM-1 and PECAM-1 in an animal model of AVM and the effect of radiosurgery on their

expression.

4.3 Materials and methods.

4.3.1 AVM model

All studies were approved by the Animal Care and Ethics Committee at Macquarie
University. Animal experimentation was performed in accordance with the Australian Code
of Practice for the Care and Use of animals for Scientific Purposes, (ACEC reference numbers
2011/011).

A model of AVM was created in 50 male Sprague-Dawley rats (345 = 8 g). Animals were
anesthetised using isoflourane inhalation as described previously in Chapter 2. An
anastomosis was created surgically between the left common carotid artery LCCA and LEJV

as previously described [105].
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4.3.2 Gamma knife radiaosurgery

A Perfexion Leksell Gamma Knife (Elekta Inc) was used to deliver gamma radiation to each
treated rat 6six weeks after creating the AVM. All radiation procedures were performed under
general anaesthesia using ketamine (75 mg/kg) and medetomidin (0.5 mg/kg). Hind limb
pinch was used to determine the depth of the anaesthesia. Animals were placed in a radiation
frame (SC Medical biomedical engineering, Australia). The position of the created AVM
nidus was confirmed using an axial neck CT scan and 3D reconstructed image. Gamma
radiation (20 Gy marginal dose) was delivered to the model nidus of thirty animals (GKS

Group); the other 20 animals were used as controls.
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Figure 4-1 ICAM-1 expression in left carotid artery.

(A) Expression level in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E):
ICAM-1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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4.3.3 Immunohistochemistry

Animals were sacrificed at 1 day, 3 days, 1week, 3 weeks, 6 weeks and 12 weeks. The model
AVM was collected, embedded in freezing medium (ProSciTeck, Australia) and frozen in
liquid nitrogen. The tissues were sectioned with a thickness of 18 micron and stained using
immunohistochemistry protocols. The slides were left at room temperature for 24 hours,
washed using PBS and permeabilised with 50% ethanol in PBS for 10 minutes. After another
washing with PBS, the sections were blocked in 10% donkey serum for 1 hour at room
temperature. This was followed by overnight incubation at 4°C with anti Von Willebrand
factor (VWF) rabbit polyclonal antibody (Abcam, ab6994) (dilution 1:500) and with anti
ICAM-1 goat polyclonal antibody (Santa Cruze, sc-1511) (dilution 1:50). The slides were
then washed and incubated with Anti-rabbit 1IgG-Alexa Flour 594 Molecular Probe, A21207)
(dilution 1:500) and anti-goat 1gG-DyLt 650 (Abcam, ab 98517, dilution 1:500) for one hour
in the dark at room temperature. Slides were washed thoroughly and incubated with DAPI
(Molecular Probes) for nuclear staining for 1 minute, coverslipped and cured for 48 hours
before subjecting to fluorescence microscopy. A similar protocol was used for PECAM-1
except that the slides were incubated with anti PECAM-1 mouse monoclonal antibody
(Abcam, ab64543, dilution 1:250) and polyclonal secondary antibody IgG-DyLt 650 (Abcam,
ab98769, dilution 1:500).

4.3.4 Light microscopy

Microscopy was performed using a Zeiss microscope (Carl Zeiss, Germany). Digital images
were captured under fixed parameters with an AxioCam HRc digital camera (Carl Zeiss,
Germany) for intensity expression and with a confocal microscope (Leica Germany) for

cellular anatomical expression to investigate the localisation of proteins.
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Figure 4-2 Expression of ICAM-1 in the left jugular vein.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E):
ICAM-1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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Figure 4-3 Expression of ICAM-1 in the AVM nidus.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E):
ICAM-1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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4.3.5 Data and statistical analysis

All data are presented as mean + SD. Statistical analysis was performed using Graphpad
Prism by 2-way analysis of variance (ANOVA). A P value < 0.05 was considered statistically
significant. Protein expression was evaluated using a grading system reported previously [82,
182].

The expression in vessels was examined according to the location in four histological layers:

endothelium, subendothelium, tunica media, and tunica adventitia.

4.4 Results

Overall ICAM-1 expression was significantly increased in the GKS treated group compared
to the non-irradiated group ANOVA (P < 0.001). An increase was detected starting at 1 day,
persisting throughout the time points in the irradiated animals. When comparing the
expression of ICAM-1 in the arterialised vein to the contralateral jugular vein, inferior vena
cava and abdominal aorta, the increase was significant (P < 0.05). Expression of ICAM-1 was
only in the endothelial cells; it was absent from the subendothelial and the other layers
examined (Figure 4-1, 4-2 and 4-3). Confocal microscopy confirmed that the expression was
mainly on the endothelial cell surface (Figure 4-4). In the control animals, ICAM-1

expression did not significantly change over the time points (P > 0.05).

PECAM-1 expression was unchanged in response to radiation. PECAM-1 staining was
confined to the endothelial cells and was intense in the endothelial cell of the tissues
examined. There was no significant difference in the expression of PECAM-1 in the GKS and
control groups in the AVM or non-AVM vessels ANOVA (P > 0.05), (Figure 4-5, 4-6 and 4-
7).
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Figure 4-4 Cellular location of ICAM-1 expression.

Confocal images of individual endothelial cells of the left jugular vein. The endothelial cell surface is stained
with VWF in red (A) and (C). (B) and (D): ICAM-1 staining (blue) (double labelling) (Scale bar: 5 um).
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Figure 4-5 Expression of PECAM-1 in the left carotid artery.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E):
PECAM-1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 um).
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4.5 Discussion

AVMs remain a problem; the pathogenesis is poorly understood and many are untreatable.
Radiosurgery (RS) is a good treatment for some AVMs, but the mechanism of action is
unknown [628].Understanding the molecular characteristic of AVMSs and their response to RS
would be beneficial for improving our understanding of AVM pathogenesis and mechanism
of action of RS. However, our focus is on developing vascular targeting as a new treatment
for AVM.

Application of ligand-based vascular targeting therapy to AVMs would require identification
of an endothelial surface molecule that is highly expressed in AVM vessels and not in normal
vessels, so that selective thrombosis is induced in only the AVM vessels. In the absence of a
constitutively expressed discriminating surface molecule, we have proposed that radiosurgery
be used to alter endothelial expression in the prescribed volume of the AVM, allowing the use

of specific ligand targeting agents.

Adhesion molecules are highly prospective targets because they are known to have increased
expression in many endothelial phenotypes in response to external stimuli including radiation.
The purpose of this study was to determine whether ICAM-1 and PECAM-1 are upregulated
on the EC surface in the AVM endothelial phenotype. Responses to radiation vary by

phenotype, hence the need for an animal model that replicates the AVM phenotype.

This study showed an increase in ICAM-1 expression but not PECAM-1 after GKS. Our
study showed that ICAM-1 is expressed on the surface of the endothelial cells of irradiated,
non-irradiated tissue and non-AVM tissue. The level of the expression in non-irradiated tissue
was low. We demonstrated that there is a significant upregulation of ICAM-1 in the irradiated
AVM starting 24 hours after radiation and continuing up to 12 weeks after radiation. Over the
time course there were no changes in the expression of ICAM-1 in the irradiated tissue. It has
been reported that ICAM-1 expression is increased in irradiated cells 24 hours after radiation
[391] and 7 days after radiation of cultured human bone marrow [394]. Upregulation of
ICAM-1 in human umbilical cord as a response to radiation is also reported [392].

Upregulation of ICAM-1 in first few hours after radiation and returning to the baseline within
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days to weeks is well documented [392]. Late upregulated of ICAM-1 on pulmonary vascular
endothelium of mice 80 days after thoracic irradiation is also reported [398, 629]. Previous
work on human AVMs also found an upregulation of ICAM-1 in the irradiated tissue

compared with non irradiated controls [78].

Our study demonstrated that PECAM-1 is strongly expressed on the endothelial cells of all
tissue examined. There was no significant upregulation in the irradiated tissue. These results
are consistent with previous reports that PECAM-1 in human AVM [78] and also in cultured
HUVEC at 5 or 10 Gy is not upregulated. Other studies have documented that PECAM-1 is
upregulated significantly after exposure to 5 Gy [447, 448, 630].

An increase in ICAM-1 expression in irradiated AVM EC demonstrated here means that
ICAM-1 is a potential target for vascular targeting therapy to accelerate thrombosis after
radiosurgery. ICAM-1 expression suggests that an anti-ICAM-1 could be injected one day
after radiosurgery. Even though ICAM-1 is expressed on the surface of normal endothelial
and endothelial cell of AVM without radiation, the level of expression is low and we do not
expect induced thrombosis to happen anywhere else except in the irradiated vessels. Studies
have shown that binding of anti-ICAM-1 (alCAM-1) antibodies to ICAM-1 is dependent on
the level of ICAM-1 expression on the endothelial cell [631]. Kiani et al. [324] demonstrated
that the number of anti-ICAM-1 microspheres binding to HUVECs was increased after
irradiation by 4.8 times compared to non irradiated cells. The number was increased by 8 and
13 times relative to controls at 24 hours and 48 hours post-irradiation within the irradiated
tissue after augmentation of rate of adhesion by addition of erythrocytes to the media. This
indicates that many factors play a role in ligand directed vascular targeting. Study
demonstrated that a co-ligand directed against tumour endothelium VCAM-1 for example,
does not cause thrombosis in other area that express VACM-1 such as heart and lung. The
answer was that present antiVCAM-1 vecam-1 interaction this does not seem to be the only
factor. They found that presence of externalized PS is important in may paly a role in

activation of coagulation complexes [632].
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Figure 4-6 Expression of PECAM-1 in the left jugular vein.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E):
PECAM-1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 um).
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ICAM-1 expression is sustained over a period of time indicating that any time between 1 day
and 12 weeks may be optimum for recognition of these targets by antibodies and associated
therapeutics such as beads and toxins. There is a possibility that more than one antibody
dosage can be given as the ICAM-1 expression will be sustained and there is no need to
irradiate the tissues again and again. Even at an extended time of 12 weeks there was no sign
of decreasing ICAM-1 expression. At this dosage we did not observe any deterioration of the
blood vessels either indicating it is a good strategy. When the expression comes down is not
known—Ilonger studies will be required to test this. This strategy may also help other diseases
such as tumour treatments. Whether an enhanced ICAM-1 expression will lead to recruitment
of inflammatory molecules and fibrosis is not known. Also it is not known how it will affect

the biomechanical properties of the vessels.
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Figure 4-7 Expression of PECAM-1 in the nidus.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E):
PECAM-1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 um).
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4.6 Conclusion

This study demonstrates that ICAM-1 is significantly upregulated in the irradiated AVM
model. Moreover, ICAM-1 enhanced expression is localised on the surface of endothelial
cells. This study shows a high potential of ICAM-1 as a radiation-induced target in deep brain

tissues where conventional surgery is not possible.
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Chapter 5

Thrombotic molecule expression after Gamma knife radiosurgery
in animal model of AVM.

5.1 Abstract

Introduction: Over 90% of large AVMs are untreatable with current treatment methods.
Molecular targeting is a prospective new treatment for these lesions. Understanding the
endothelial response to radiosurgery is crucial in developing this technique. The aim of this
study was to elucidate endothelial thrombotic molecules (tissue factor, thrombomodulin and

von willebrand factor) expression changes after radiosurgery.

Methods: The following study was carried out using tissue extracted from the rats used in
chapter 4. Fifty male Sprague-Dawley rats (345 £ 8.8 g) underwent AVM creation by
connecting the rostral part of the left external jugular vein to left common carotid artery. The
created AVMs in 30 rats were exposed to a single dose of radiosurgery (20 Gy) using the
Gamma Knife after six weeks. The rest of the rats were sham-irradiated. Animals were
sacrificed at 1 and 3 days, and at 1, 3, 6 and 12 weeks; tissue was frozen and used for the

immunohistochemistry study.

Results: A slight upregulation in TF expression in irradiated AVMs was identified at one,
three, six and twelve weeks after radiation. Thrombomodulin and von Willebrand factor

expression did not change after radiation exposure any time.

Conclusion: The up-regulation of TF, although not significant, suggests that the pro-
thrombotic effect of radiation starts at approximately one-week post-gamma knife
radiosurgery. The results indicate that TF is unlikely to be a good candidate for vascular
targeting, as expression was not significantly up regulated in the irradiated samples compared
to controls. However, the timing of these expression changes may still be important when
considering the optimal timing for applying pro-thrombotic strategies targeting E-selectin or

ICAM-1.
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5.2 Introduction

Brain arteriovenous malformation (AVM) is a common cause of haemorrhage and stroke in
children and adults [621, 622]. High grade cerebral AVMs make up around one third of
lesions, 90% of which are not treatable by surgery or radiosurgery [125, 625]. Most of these
AVMs are larger than 3cm making radiosurgery ineffective for most cases [125, 625, 633].
Although the precise mechanism of action of radiosurgery is not known [628], EC damage,
smooth muscle cells (SMC) and myofibroblast proliferation and also intraluminal thrombosis

are part of the radiosurgery process [181].

Accelerating thrombus formation after radiosurgery has been proposed as a new method of
AVM treatment, and has shown promising results in an animal model of AVM [634]. Further
development of this strategy require a thorough understanding of endothelial molecular
changes after radiosurgery, especially with regard to molecules involved in the thrombotic

process.

The aim of this study was to investigate the effect of Gamma Knife radiosurgery on

thrombotic molecules in an AVM model including the time course of expression changes.

5.3 Materials and methods

The Animal Care and Ethics Committee at Macquarie University approved all studies. Animal
experimentation was performed in accordance with the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes.

5.3.1 AVM formation

Fifty male Sprague-Dawley rats (345 £+ 8 g) were used in this study. They were put under

general anaesthesia using inhaled isoflurane and underwent surgery under surgical

microscopes (Carl Zeiss, Germany) as described in chapter 2. Left common carotid artery was
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anastomosed to left external jugular vein using a 10-0 monofilament nylon suture (Ethicon,
Ohio, USA). After securing the patency of the fistulae, the wound was closed using (4-0)
(Ethicon, Ohio, USA).

5.3.2 Gamma knife radiation

After maturation period of 6 weeks, the rats underwent radiosurgery or sham radiosurgery.
Under general anaesthesia using ketamine (75 mg/kg) and medetomidine (0.5 mg/kg), thirty
male Sprague Dawley rats received a single dose of gamma radiation using a Perfexion
Leksell machine (Elekta Inc.). Animals were placed in a radiation frame (SC Medical
biomedical engineering, Australia). A CT scan and 3D reconstructive image (Figure 3-1)
were used for visualising the AVM, and for planning treatment. Gamma radiation (20 Gy
marginal dose) was then delivered to the model nidus of thirty animals; the other 20 were a
sham control. Hind limb pinch was used to determine the depth of the anaesthesia before and

after the procedure.
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Figure 5-1 TF expression in left carotid artery.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E): TF
staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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5.3.3 Immunohistochemistry

At the different time points mentioned before, animals were sacrificed. Ipsilateral LCCA,
LEJV and nidus were collected then embedded in freezing media (ProSciTeck, Australia) and
frozen in liquid nitrogen. Using cryostat, 18-micron tissue thicknesses were sectioned and
placed on positive charged slides, and stained using protocols described in the
immunohistochemistry technique. The slides were left at room temperature for 24 hours, and
then washed using PBS and permeabilised with 50% ethanol in PBS for 10 minutes. After
another washing with PBS, the sections were blocked in 10% donkey serum for one hour at
room temperature. This was followed by overnight incubation at 4°C anti-vWF rabbit
polyclonal antibody (Abcam, ab6994, dilution 1:500) and with TM goat polyclonal 1gG
(SANTA CRUZ, sc-7097, dilution 1:50). The slides were then washed and incubated with
anti-rabbit 1gG-Alexa Fluor 594 (Molecular Probe, A21207, dilution 1:500) and anti-goat
IgG-DyLt 650 (Abcam, Ab98517, dilution 1:500) for one hour in the dark at room
temperature. Slides were washed thoroughly and incubated with DAPI (Molecular Probes) for
nuclear staining for one minute, cover-slipped and cured for 48 hours before being subjected
to fluorescence microscopy. A similar protocol were used for TF: the slides were incubated
with VWF rabbit polyclonal antibody (Abcam, ab6994, dilution 1:500) and then with TF goat
polyclonal 1gG (SANTA CRUZ, sc-23596, dilution 1:50). Anti-rabbit 1gG-Alexa Fluor 594
(Molecular Probe, A21207)(dilution 1:500) and anti-goat 1gG-DyLt 650 (Abcam, ab 98517,
dilution 1:500) were used as a secondary antibody. Expression of VWF was examined using a
single labelling technique; the slides were stained with VWF rabbit polyclonal antibody
(Abcam, ab6994, dilution 1:500) and anti-rabbit 1gG-Alexa Fluor 594 (Molecular Probe,
A21207, dilution 1:500).
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Figure 5-2. TF expression in the left external jugular vein.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E): TF
staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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5.3.4 Light microscopy

Digital images were captured under fixed parameters with an AxioCam HRc digital camera

(Zeiss, Germany) on a Zeiss microscope.

5.3.5 Data and statistical analysis

Protein expressions were evaluated using a grading system reported previously [82, 182],
according to intensity and histological location in four histological layers: endothelium,

subendothelium, tunica media, and tunica adventitia.

5.4 Results

5.4.1 Tissue factor

TF was expressed in the adventitial and perivascular layers in all tissues examined endothelial
staining was detected in some sections. TF expression in irradiated tissue did not differ
significantly from non-irradiated controls at any time point, although the expression was
slightly higher at 1, 3, 6 and 12 weeks (P>0.05). However, analysis of all time points using
ANOVA showed a significant change in LCCA (P<0.05) and nidus (P<0.01), and in the
LEJV (P>0.05). (Figures 5-1, 5-2, 5-3).

5.4.2 Thrombomodulin

TM was observed in all AVM tissue, in both endothelial and sub-endothelial layers. The
expression ranged from faint to moderate. No significant changes in expression of TM were
found when comparing the irradiated with non-irradiated tissue at different time points or
across all time points in the various parts of the created AVM. (P>0.05), ANOVA was
(P>0.05). (Figures 5-4, 5-5, 5-6).
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Figure 5-3 TF expression in the AVM nidus.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E): TF
staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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Figure 5-4 TM expression in left carotid artery.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E): TM
staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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5.4.3 von Willebrand factor

All irradiated and non-irradiated tissues expressed VWF, the expression ranging from
moderate to strong and mostly confined to the endothelial cells, with some subendothelial
layer staining. Expression in irradiated tissue was not significantly different from the non-
irradiated controls at different time points (P > 0.05) or across all time points ANOVA (P >
0.05). (Figures 5-7, 5-8, 5-9).
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Figure 5-5. TM expression in the left jugular vein.
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(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E): TM

staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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5.5 Discussion

Radiosurgery is one treatment option for brain AVMs. Complete obliteration of a lesion may
take up to three years and does not occur in all cases. Although the GKS process involves cell

proliferation and thrombus formation, the exact mechanism is not well understood [635].

Molecular targeting therapy may be an alternative treatment for AVMs that are not able to be
safely or effectively treated using surgery or radiosurgery. Previous work has shown that
selective thrombosis can be achieved in animal models of AVM using a non-ligand targeting
therapy [198, 636]. However, there are safety concerns using LPS in humans. Ligand-based
molecular targeting therapy could overcome the safety limitations of LPS, but this type of
treatment requires a highly discriminatory molecule that differentiation the ECs of AVM from
normal ECs to allow selective accumulation of the pro-thrombotic agents in the AVM area.
Unfortunately, the molecular expression of AVM endothelium is not significantly different
from normal endothelium [78, 627]. We therefore used radiosurgery as a first step to stimulate

discriminating endothelial molecular changes within AVM vessels only.
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Figure 5-6. TM expression in the AVM nidus.

(A) Expression in the GKS group compared to the control group. (B) and (D): VWF staining. (C) and (E): TM
staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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Investigating the expression of both adhesion and thrombotic molecules in endothelium after
radiosurgery help to identify the most suitable targeting molecule and choose the best time for

treatment.

5.5.1.1 Tissue factor

The results indicate that upregulation of TF starts at one week and continues to 12 weeks
post-GKS treatment. Expression of TF was found predominately in subendothelial cells,
namely the media and adventitia of the vascular wall [637]. Other studies have found
expression of TF in activated endothelial cells and cultured HUVECs [469, 637]. Tissue
factor was found not significantly changed after radiation of human cerebral AVMs [182]. In
another study, ionised radiation (IR) was shown to cause endothelial cell apoptosis, enhancing
TF by a three- to four-fold increase [496]; while Liu et al. [183] found that TF expression is
not significantly affected by radiation and was expressed mainly on the cell membrane. He

also indicated that at 12, 24 and 72 post radiation there was cytoplasmic expressions of TF.

5.5.1.2 Thrombomodulin

The current study identified no change in expression of TM in acute and chronic time after
radiation exposure. A previous study on cultured murine cerebral EC showed that a single
dose of 25 Gy increase expression of TM [183]. Hauer-Jensen et al. [501] investigated the
effect of radiation injury on expression of thrombomodulin (TM)-protein C system, and found
exposure of normal tissues to ionising radiation causes a pronounced, sustained deficiency of
endothelial TM. Cultured confluent HUVECs showed an increase in the release of TM from
irradiated endothelial cells when treated with 60 Co y rays at doses ranging from 0 to 50 Gy
[559].
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Figure 5-7. vVWF expression in left carotid artery.

(A) Expression in the GKS group compared to the control group. (B) VWF staining in non-irradiated control. (C)
VWEF staining in irradiated treated. (* = lumen) (Scale bar: 200 um).
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Figure 5-8. VWF expression in the left jugular vein.

(A) Expression in the GKS group compared to the control group. (B) VWF staining in non-irradiated control. (C)
VWEF staining in irradiated treated. (* = lumen) (Scale bar: 200 pm).
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5.5.1.3 The Von Willebrand factor

We demonstrated that all irradiated and non-irradiated samples stained with VWF, the
expression was not significantly different between the groups. Storer et al. [182] showed that
irradiated samples frequently have no staining for VWF in the intima, indicating loss of the
endothelium. Other studies have shown that radiation produces a significant release of VWF in
cultured endothelial cells treated with 20 Gy [460]. An increase in production of VWF after
radiating HUVECSs with 20 Gy has also been reported [460].

5.6 Conclusion

This study indicates that level of TF expression is unlikely to be sufficient to be used as a
target. However, acceleration of thrombus formation using a ligand vascular targeting such as
E-selectin or ICAM1-1 for example, might be more effective when the pro-thrombotic effects
of radiation are at their maximum effect. We demonstrated that there is an upregulation in TF,
beginning at 1 week. Injecting a ligand might be more effective if performed after one week

of radiation exposure.
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Figure 5-9. vVWF expression in the nidus.

(A) Expression in the GKS group compared to the control group. (B) VWF staining in non-irradiated control. (C)
VWEF staining in irradiated treated. (* = lumen) (Scale bar: 200 pm).
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Chapter 6

Expression of Integrin beta 1 in a rat model of AVM after Gamma
knife radiosurgery.

6.1 Abstract

Introduction: A large percentage of high -grade deeply located AVMs are not treated with
surgery or radiosurgery. Investigating different endothelial molecules expressed on the
surface of endothelial cells may help in developing a new molecular targeting therapy for
AVMs. The aim of this study was to determine the changes in Integrin beta 1 expression after

exposure to radiation.

Methods: A rat model of AVM was created by anastomosing the left external jugular vein to
left common carotid artery of fifty Sprague-Dawley rats. After 6weeks of AVM creation, 30
model AVMs were irradiated with a single dose of radiosurgery (20 Gy) using the Gamma
Knife. Twenty rats were used as non-irradiated controls. Animals were perfused with
Phosphate buffered saline, then tissue was collected at 1and 3 days and 1, 3, 6 and 12 weeks.

Frozen tissue was used for immunohistochemistry study.

Results: Integrin beta 1 was expressed in all examined tissue; expression was found in all
vessel layers. In endothelial cells the expression was scattered and moderate to weak; it was
diffuse in all other layers. Arteries tended to have stronger staining than other examined
tissue. A reduction in expression of beta 1 integrin in irradiated tissues compared to non-
irradiated controls was identified at 1 and 3 days and 1 week, returning to normal by 3 weeks
to 12 weeks: (ANOVA P < 0.05).

Conclusion: The study illustrates response of the protein to GKS; the protein is not suitable

for the proposed molecular targeting therapy at the time points were described.
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6.2 Introduction

Brain AVMs are abnormal conglomerations of dilated arteries and veins connected by single
or multiple fistulae [124]. Surgery is suitable for small superficially located AVMs; however,
grades IV and V are not surgically treated without high risk [125, 638]. Radiosurgery is
suitable for AVMs under 3 cm [124], with a latency period that may extend to three years
[639] in which the patient remains at risk of haemorrhage [640, 641].

Molecular targeting therapy is a promising new treatment for previously non-treatable AVMs.
Work in animal model of AVM has shown that molecular targeting therapy is possible with
non -ligand methods [634, 636], although, non-ligand vascular targeting is not effective in

larger vessels and might not be safe for use in humans [634].

Developing ligand vascular targeting for AVMs requires choosing the most suitable EC
molecule that can discriminate AVM ECs from normal ECs. The expression of EC molecules
in AVM is not significantly different from normal ECs [78, 627]. Radiation is a powerful
stimulator for of endothelial molecular changes [616]. We propose that radiosurgery can
stimulate the cell surface expression of discriminating proteins that would then enable

molecular targeting therapy.

Several AVM endothelial proteins have been identified [642] including E-selectin, ICAM-1,
VCAM-1 and Integrin beta 1. The effect of radiation on E-selectin, ICAM-1 and VCAM-1
has been documented [333, 616]. Also, Integrin beta 1 is upregulated in lung tumour cell

lines after radiation [581].

The aim of this experiment was to study the time course of the expression of Integrin beta 1 in
a rodent model of arteriovenous fistula following radiosurgery, and to determine its suitability

for targeting by a coaguligand.
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6.3 Materials and methods

6.3.1 Surgical fistula formation

All animal experiments were approved by The Animal Care and Ethics Committee at
Macquarie University and were conducted in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes, (ACEC reference numbers
2011/011).

Fifty rats underwent AVM creation surgery. Animal care, anaesthesia and the surgical

procedure for anastomosing LEJV and LCCA were as described in the previous chapter.

6.3.2 Gamma Knife radiation

Radiosurgery was performed under intraperitoneal ketamine and midazolam anaesthesia.
Non-irradiated animal models were treated in the same manner but did not receive any
radiation. At the time points described previously, animals were anaesthetised and perfused
with phosphate buffered saline. Six weeks post-AVM creation, the rats underwent the
radiosurgical procedure, in which thirty male Sprague Dawley rats received a single dose of
gamma radiation as described in the previous chapter. CT scan and 3D reconstructive images
were used for visualising AVM and planning the treatment, then 20 Gy gamma radiation was

delivered to the model nidus of thirty animals, the other 20 animals were sham controls.
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Figure 6-1. Integrin beta 1 expression in left carotid artery.

(A) Expression in the GKS group compared to the control group. (B) and (D) VWF staining. (C) and (E) Integrin
beta 1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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6.3.3 Immunohistochemistry

Animals were sacrificed at 1 and 3 days and 1, 3, 6 and 12 weeks. For each time point, 5
irradiated and 4 non-irradiated rats were used for the immunohistochemistry study. Tissue
was collected and embedded in freezing media (ProSciTeck, Australia) and frozen in liquid
nitrogen. Sections were cut 18-micron and placed on positively charged slides, and stained
using the protocols described before. The slides were left at room temperature for 24 hours,
washed using PBS and permeabilised with 50% ethanol in PBS for 10 minutes. After another
washing with PBS, the sections were blocked in 10% donkey serum for one hour at room
temperature. This was followed by overnight incubation at 4°C anti-vWF antibody rabbit
polyclonal antibody (Abcam, ab6994, dilution 1:500) and with anti-Integrin beta 1 (sc-6622,
dilution 1:100) goat polyclonal antibody. The slides were then washed again and incubated
with anti-rabbit 1gG-Alexa Fluor 594 (Molecular Probe, A21207, dilution 1:500) and anti-
goat 1gG-DyLt 650 (Abcam, Ab98517, dilution 1:500) for one hour in the dark at room
temperature. Slides were washed thoroughly and incubated with DAPI (Molecular Probes) for
nuclear staining for one minute, cover-slipped and cured for 48 hours before being subjected

to fluorescence microscopy.

6.3.4 Light microscopy, data and statistical analysis

Digital images were captured under fixed parameters as explained above; the same grading

system was used to evaluate the protein expressions [82, 182].

6.4 Results

Integrin beta 1 was expressed in all examined tissue; the expression was found in all vessel
layers. In ECs the expression was scattered and moderate to weak, but was diffuse in all other
layers. The LCCA tended to have stronger staining than other tissues examined (Figures 6-1,

6-2, 6-3). Reduced expression of the examined molecule in irradiated tissues compared to
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non-irradiated controls was identified at 1 and 3 days and 1 week (P > 0.05). At 3, 6, and 12
weeks, the expression in the irradiated tissue was normalised (P > 0.05). Although the

expression was not significant each time point (P > 0.05), overall ANOVA was (P < 0.05).
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Figure 6-2. Expression of Integrin beta one in the left jugular vein.

(A) Expression in the GKS group compared to the control group. (B) and (D) VWF staining. (C) and (E) Integrin
beta 1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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6.5 Discussion

Integrin beta one is a type | transmembrane cell adhesion receptor. It plays an important role
in immune responses [569], leukocyte adhesion, migration and activation [575], and has a role
in cancer angiogenesis [578]. The family of integrin receptors mediate the attachment of cells
to the extracellular matrix [581]. Simonian et al. [642] have determined several surface
membrane proteins expressed in an AVM rat model, including Integrin beta 1, Integrin beta 4

and Integrin alpha 6.

The results of this study suggest that Integrin beta one is expressed in all layers of the created
AVM including ECs. The protein was downregulated during the first week following GKS
treatment, then the expression normalised up to 12 weeks. In contrast, other study have
indicated that Integrin beta 1 is upregulated in lung tumour cell lines within 48 hours after
radiosurgery exposure [581], and in irradiated epidermis cells at the end of five weeks of

radiotherapy compared to the non-irradiated controls.

6.6 Conclusion

This study gives more detail about the molecular characteristic of AVMs and their response to
radiosurgery. The results of this study suggest the response of cells to radiation might vary
according to cell phenotype; however, our focus is on developing vascular targeting as a new
treatment for AVM. The study suggests that the response of this protein to GKS is not enough

to discriminate the ECs of AVM from normal ECs.
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Figure 6-3. Expression of Integrin beta 1 in the AVM nidus.

(A) Expression in the GKS group compared to the control group. (B) and (D) vVWF staining. (C) and (E) Integrin
beta 1 staining in the same sections as (B) and (D). (* = lumen) (Scale bar: 200 pm).
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Chapter 7

General discussion and future directions

7.1 What are cerebral AVMs?

Brain arteriovenous malformation is a common cause of haemorrhage and strokes in children
and adults [621, 622]. Al-Shahi et al. reported that AVM prevalence varies between 15 and 18
per 100,000 adults [643]. The morbidity and mortality rate from ruptured AVMs is
considerable [49, 623, 624]. Around 35% of total AVMs are high grade, and 90% are not
manageable by conventional treatments [125, 625]; the partial treatment of a large and deeply
located AVM can compound risks [125]. Ruptured brain AVMs has higher haemorrhage risk
(4.5%-34%) than previously unruptured ones (0.9%-8%) [644]. Statistically significant risk
factors for haemorrhage are previous haemorrhage (HR 3.2, 95% CI 2.1-4.3), deeply located
AVM (HR 2.4, 95% CI 1.4-3.4), AVM with exclusively deep venous drainage (HR 2.4, 95%
Cl 1.1-3.8), and association with aneurysms (HR 1.8, 95% CI 1.6-2.0) [645]. Death from
AVM haemorrhages are high, accounting for 10% to 30% of patients [36, 37, 646], and the
risk of permanent morbidity ranges from 5% to 20% [646].

The goals of brain AVM treatment are to prevent haemorrhage, control seizures, and prevent
the progress of neurological deficits [647]. Almost all AVMs of grades | to Il can be treated
surgically with relative safety; however, surgery for grade IV and V AVMs carries a risk of
permanent neurological disability or death ranging from 12% to almost 40% [127, 648]. A

subtotal resection or obliteration can increase the risk of haemorrhage [125].

Endovascular treatment of AVMs involves intra-arterial injection of occluding substances.
The indications for this type of therapy may include preoperative and pre-radiosurgery
reduction of AVM size or flow, obliterating a source of haemorrhage as targeted
embolisation, attempting curative modality for small lesions, and using palliative
embolisation to relieve shunting related symptoms. Endovascular treatment is used most
commonly as an adjunct to surgery or radiosurgery to reduce the size of the AVM nidus to a

range that is amenable to radiosurgical ablation [649].
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Stereotactic radiosurgery is a relatively non-invasive approach suitable for small AVMs (<3
cm) where surgery is not suitable because the AVM is located in an eloquent area of the brain
or patients are unable to go through surgery because of comorbidity issues [650]. The AVM
obliteration rate following radiosurgery is hard to determine with certainty, as obliteration
rates are based only on patients who had late angiography. Although the obliteration rate is

high in lesions that are less than 10 ml, it is as much as 47% in lesions larger than this [651].

Radiosurgery has many disadvantages. The latency period in patients whose AVM is
eventually obliterated may extend from one to many years, during which the risk of
haemorrhage remains at 3-4% per year as it is not treated. Radiosurgery is not therapeutically
effective in about 10-15% of small lesions [633]; and the reappearance of AVMs has been

reported after totally obliteration by radiosurgery [652].

Although there have been considerable advances in terms of AVM treatment, a large number
of patients still cannot be treated without risk. Low grade AVMs comprise approximately
40% of AVMs and can be managed with low risk [123, 653], but over 90% of high grade
lesions (IV-V) are untreatable [125, 625] and 25% of grade 11l AVMs cannot be treated
without high risk. Current treatments are safe and effective for small AVMs, but over one
third of all AVM patients cannot be effectively treated [625, 654].

Molecular targeting therapy is an attractive new treatment for AVMs that are not treated with
currently available therapies. In this technique, intravascular thrombosis is stimulated and
complete obliteration could be achieved. By exploiting the differences resulting from

radiosurgery, thrombosis can be enhanced.

Radiosurgery enhancing vascular targeting has been developed before, in cancer treatments
where intravascular thrombosis has been stimulated to achieve tumour necrosis [200, 655,
656]. Selective vascular thrombosis was achieved in an AVM animal model [198] using

lipopolysaccharide (LPS) and soluble tissue factor (sTF).

LPS is the major component of the outer membrane of gram-negative bacteria such as E. coli.

This is localised in the outer layer of the membrane and is, in noncapsulated strains, exposed

146



on the cell surface. Non-damaged bacterial lipopolysaccharides are macromolecules with the
molecular mass 10-20 kDa. They consist of a hydrophobic lipid section, a hydrophilic core
polysaccharide chain and a repeating hydrophilic O-antigenic oligosaccharide side chain
[657], and are known to have prothrombotic and proinflammatory effects. LPS directly
stimulates expression of TF, interstitial and vascular cell adhesion molecules, and E-selectin
[658-660].

Using LPS combined with soluble TF to initiate coagulation has shown that it is possible to
selectively induce thrombosis of irradiated vessels in a rat model of arteriovenous
malformation [634]. Reddy et al. [636] investigated vascular targeting enhancement of
radiosurgery in an animal model of AVM up to 90 days after treatment with LPS and soluble
TF, reporting that histologically, durable micro vessel thrombosis was achieved following

radiosurgery and coadministration of LPS/sTF.

Although the reported result is promising as thrombosis was selectivity induced without any
evidence of LPS toxicity in the animals, no systemic thrombosis occurred anywhere except in
the AVM areas. Inducing thrombosis using a non-ligand strategy (LPS and sTF) has many
limitations. LPS is known to cause leukopenia in animals [661] and has been reported to
induce DIC and septic shock [662]. Another study has shown decreased survival of newborn
neurons in the dorsal hippocampus after neonatal LPS exposure in mice [663]. Furthermore,
the approach lacks clear specificity and it is not certainly known that the method is safe or
effective for use in humans: already it has been documented to cause transient renal and
hepatic toxicities, fever, chills and hypotension [664]. Many other adverse effects may limit
the use of LPS for molecular targeting in humans. Another limitation is that thrombosis
induced by the administration of LPS and sTF is not radiation-specific and may lead to
secondary high blood flow and shear stress. Thrombosis occurs even in AVMs that do not
receive radiation, following administration of the targeting agent; this is more significant in
small vessels (< 50 um) [634]. The thrombosis in non-irradiated vessels could be explained by
the fact that non-irradiated fistula vessels tend to overexpress VCAM and might externalise

phosphatidylserine [77], allowing the LPS and sTF to cause thrombosis.
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A ligand-based vascular targeting strategy is an alternative technique to the non-ligand
strategy and would overcome the difficulties that arise from that therapy in animal models of
AVM. The strategy uses a combination of a targeting moiety and an effector moiety.
Radiosurgery has been proposed to induce molecular changes that allow discrimination of the
endothelium of AVM vessels from those of non-AVM vessels, thus allowing successful

selective targeting of the vascular lesions.

Different methods are been used to investigate the molecular expression of endothelial cell.
These methods include immunohistochemistry, western blotting, polymerase chain reaction
and proteomics technique. Imunohischemistry on fresh frozen as gives good morphologic
features, and clean background. The Morphologic features for frozen tissue sections
demonstrated apparently better cell and tissue features. Western blotting is not appropriate in
the animal model because the protein changes on the endothelial surface are a very small
fraction of the total proteins that would be obtained in any tissue sample. Both polymerase
chain reaction and proteomics technique is been used to investigate the similar molecules in

our laboratories

7.2 Reponses of the animal model to radiation

7.2.1 Developing the radiation technique for the animal model

GKS irradiated animal model was developed in this study. A pilot study of 3 animals was
used to adjust the rat position in the animal frame, obtain CT images to locate the AVM and
adjust the dose delivered to the model. No animal death was reported as a consequence of
Gamma Knife treatment. With the help of radiosurgical experts we developed the animal
frame, a critical requirement to allow for targeted radiosurgery. We are confident that using
this technique we can identify the exact position of the AVM using CT and three-dimensional
re-constructed images and administer highly targeted radiation to the AVM, an achievement

not possible without planning for each animal. The dose to adjacent structures can be
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controlled to minimise adverse effects. No neurological- surgical- or radiation-related

complications were observed in any animals.
7.2.2 Angiographic changes

Our study was able to demonstrate that angiographic evaluation of the fistula in the created
animal model of the AVM could be performed. Although the angiographic features observed
in this model do not completely resemble human AVMs, many similarities are present, such
as a feeding artery and a draining vein (Figure 3.2). The angiography revealed narrowing and
occlusion of the arterialised vein in animals at six and twelve weeks, although complete
occlusion of the vein was not confirmed histologically. We believe that with the angiographic
study we will be able to use this technique and progress to evaluating molecular targeting

therapy at different time points without sacrificing the animals.

The primary limitation of the angiographic study was visualization of the nidus. The nidus in
our model consisted of many small ipsilateral external jugular vein tributaries that could not

be seen on the angiographic study.

7.2.3 Histological study

The histological study and immunohistochemistry with vVWF provide more information about
the characteristics of the animal model and how AVMs respond to radiation over different
time points. We conclude that our AVM animal model responds to radiation in the same ways
as have been documented in human studies. Neither the irradiated or non-irradiated animals
showed any lumen obliteration or thrombosis. The endothelial cells were strongly stained
with VWF, indicating that the endothelium was intact. We have confidence that the GKS

irradiated model is suitable for future targeting therapy.
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7.2.4 Blood flow measurement

This study provides some new insights into AVM haemodynamic changes resulting from
GKS treatment. Our study supports our previous published results in non-irradiating AVM
animal model, in that the blood flow increased over the time period. It incorporated a high
flow shunt, and had an anatomic arrangement that resembles the human AVM [72]. More
importantly, our study demonstrates a decrease in the blood flow after radiation at early time
points, which becomes significant at 12 weeks, and shows that blood flow decreases before
any histological or angiographic changes become evident. A decrease in blood flow before a
significant anatomic change is apparent is well documented [151, 191, 665]. Again with this
technique we will be able to measure the flow in several time points without the need to

sacrifice the animals.

7.2.5 Vascular malformation endothelium molecular response

Several adhesive and thrombotic molecules have been investigated in this study. ICAM-1
expression was significantly increased in the GKS-treated group compared to the non-
irradiated group; the expression was on the surface of the endothelial cell of irradiated tissue.
PECAM-1 expression was unchanged in response to radiation. Early downregulation of
Integrin beta 1 in irradiated tissues was observed compared to the non-irradiated controls. The
upregulation of ICAM-1 expression in irradiated AVM ECs compared to PECAM-1 and
Integrin beta 1 means that ICAM-1 is a potential target for vascular targeting therapy to

accelerate thrombosis after radiosurgery.

Choosing the time for injection of anti-ICAM-1, for example after radiosurgery procedure,
could be subject to change. The drug should be injected where there is a prothrombotic
environment to ensure the best result. We have shown that TF a coagulation factor, starts to
increase slightly one week after radiosurgery, and continues up to 12 weeks. Although other

thrombotic molecules have not shown any changes, according to these results giving anti-
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ICAM-1 after one week of radiosurgery procedure might produce a better thrombotic effect

than injection at earlier time points.

7.3 Future directions

Several studies will follow this work. Many other EC molecules remains be investigated.
These molecules include E-Selectin, VCAM-1, ESAM, Hmga2, Cadherin 5 and 13, and the
spectrin beta chain. Molecular imaging study will further help to investigate the different

molecules and their response to radiosurgery.

Primary AVM EC cultures and investigating the levels of circulating soluble adhesion and
coagulation factors in AVM-irradiated patients will provide information about the expression
of several molecules and their suitability for targeting. Also, a larger animal model study is

needed to examine the effect of radiosurgery and to test the proposed molecular therapy.

Future steps in this project will be to prepare and optimise conjugates of anti-target antibodies
with thrombotic agents. For example, the E-selectin: thrombin co-ligand and the I-CAM-
1: thrombin co-ligand are being developed and will be tested using in vivo and in vitro
studies. In addition, the conjugates will be tested using an in vitro thrombus formation system
to determine their efficacy in inducing thrombus around irradiated human AVM endothelial
cells. The conjugates will also be tested using in vitro cultured AVM vessels and in vivo
animal models (small and large animals) for their efficacy in inducing thrombus after

irradiation. Finally, clinical trials of this technique in AVM patients need to be conducted.

7.4 Conclusion

In the GKS treated group, two animals had partial angiographic obliteration of the AVM at
six weeks and three animals had complete obliteration at 12 weeks. There was a statistically

significant difference in the angiographic diameters in proximal and distal LEJV between the
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treatment group and the control group (P < 0.05). Individual time point comparisons between
the two groups did not show any statistically significant differences in the blood flow.
Concentric subendothelial cell growth was identified in the irradiated AVMs at 6 weeks and
12 weeks with vessel wall thickening and luminal narrowing. However, the endothelial lining
remained intact in both groups at all time points. The immunohistochemistry study revealed
significant up regulation of ICAM-1 at all time points in the irradiated AVM compared to the
non-irradiated AVM (P < 0.05). ICAM-1 was confined to the endothelial cell surface. Up
regulation of TF expression in irradiated AVMs was identified at 1, 3, 6 and 12 weeks after

irradiation. However, this did not reach significance.

This thesis demonstrates that the GKS-treated rat model is suitable for studying methods to
enhance radiation response in AVMs. The experiment suggests that I-CAM-1 may be a
suitable candidate for VTs. As TF starts to increase one week after GKS, co-ligand may be

better injected at that time, which may help to achieve maximum prothrombotic effect.
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