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Abstract 

In the current thesis, spatio-temporal evaluation of the endogenous angiogenic 

response to ischemia was perfomed. After vascular occlusion, ischemic angiogenesis 

is an important reparative mechanism and can ameliorate the outcome of ischemic 

disease. Diabetic foot ulcers affect almost 15% of diabetic patients and are the 

leading cause of amputations worldwide (Yoon et al., 2005). Diminished blood flow 

because of atherosclerotic occlusive disease of the peripheral arteries of diabetic 

patients, in conjunction with anatomic and functional microcirculatory impairments 

contribute to development of trophic ulcerations, infections and gangrene of the 

lower extremities, frequently requiring amputation of the leg (Sasso et al., 2005). 

Numerous studies have confirmed the impaired post-ischemic angiogenesis in 

diabetes (Yoon et al., 2005; Sasso et al., 2005). Consequently, wound healing patterns 

are disturbed in diabetes mainly due to decreased ischemia-driven angiogenesis 

(Yoon et al., 2005). Integrin ανβ3 is a promising imaging target of angiogenic activity 

which is up-regulated on activated endothelial cells (ECs) but not on quiescent ones. 

Molecular imaging (MI) of ανβ3 integrin expression with the aid of a dedicated high 

resolution gamma camera, is a very sensitive imaging approach for the evaluation of 

angiogenesis in the rabbit hindlimb ischemia model. Furthermore, diabetes mellitus 

(DM) was induced, to study the effects of this pathology on the spatio-temporal 

distribution of angiogenesis. In order to evaluate the whole spectrum of endogenous 

process of collateralization after occlusion of an artery, Digital Subtraction 

Angiography (DSA) was also used for the visualization of larger collaterals.  

During the first part of the study DM experimental protocol was investigated in order 

to find the appropriate protocol for the induction of long-term diabetic animal 

model, as it is a methodology that has not yet been standardized. At the same time a 

cohort of animals underwent endovascular embolization for the establishment of 

hindlimb ischemia and were imaged with the aid of a MI radiotracer technique in 

order to deal with unresolved issues and establish the imaging protocol. The study 

included seven New Zealand White (NZW) rabbits that underwent unilateral 

percutaneous endovascular embolization of the femoral artery, for the 
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establishment of hindlimb ischemia that triggers the endogenous process of 

collateralization. The contralateral limb was not embolized and served as a control. 

The employed radiotracer for angiogenesis imaging, was a 99mTc labeled cyclic RGD 

peptide [c RGDfk-His]-99mTc that binds specifically to ανβ3 integrin via the three 

amino acid sequence Arginine-Glycine-Aspartic acid or RGD. Image acquisition was 

performed with a high resolution gamma camera and all animals underwent 

molecular imaging on the 3rd and the 9th day post-embolization. In all animals DSA 

was performed on the 9th day post-embolization. 

The acquired images demonstrated that retention of the radiotracer at the ischemic 

tissue is remarkably increased compared to the non-ischemic hindlimb (normal limb) 

(16020 ± 2309 vs. 13139 ± 2493 on day 3; p=0.0014 and 21616 ± 2528 vs. 13362 ± 

2529 on day 9; p<0.0001, respectively). In addition, radiotracer retention in normal 

limbs seems to be increased at day 9 in normal limbs compared to day 3 (p=0.0112). 

DSA at day 9, demonstrated that the mean vessel length detected was significantly 

superior in the normal compared to the ischemic limb (mean value 3680 ± 369.8 

vs.2772 ± 267.7; p< 0.0001, respectively). 

Angiogenesis was successfully detected using a 99mTc labeled cyclic RGD peptide MI 

technique and was significantly more pronounced in the ischemic compared to 

normal limbs, both at day 3 and day 9 after embolization. The peak of the 

phenomenon was detected at day 9. Increased mean vessel length in the normal 

compared to the ischemic limb demonstrates that although angiogenesis is 

pronounced in day 9, arteriogenesis is not sufficiently pronounced and that the 

phenomenon of arteriogenesis has just initiated. 

The study of the angiogenic response to ischemia, has not yet been completed as MI 

of diabetic animals with hindlimb ischemia is underway and not completed due to 

many difficulties and delay in different phases of the experiment. With the 

conclusion of the MI of diabetic animals with hindlimb ischemia, the study will be 

completed and we expect to demonstrate the effect of DM on the spatio-temporal 

pattern of angiogenesis, providing a valuable tool in clinical practice for the precise 

and early diagnosis and therapy assessment of the ‘diabetic foot’. 
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Περίληψη 

Σκοπός της παρούσας μελέτης ήταν η χωρο-χρονική εκτίμηση της ενδογενούς 

αγγειογενετικής διαδικασίας ως απόκριση στο ερέθισμα της προκλητής ισχαιμίας. 

Μετά από απόφραξη αρτηρίας, η επαγόμενη αγγειογένεση είναι ένα σημαντικός 

μηχανισμός αποκατάστασης που μπορεί να περιορίσει το αποτέλεσμα της 

ισχαιμίας.  Το έλκος του ‘διαβητικού ποδιού’ εμφανίζεται στο 15% περίπου των 

ασθενών που πάσχουν από διαβήτη και αποτελεί την κύρια αιτία ακρωτηριασμού 

του κάτω άκρου, μετά τα ατυχήματα (Yoon et al., 2005). Η μειωμένη αιματική ροή 

λόγω της αποφρακτικής αρτηριοπάθειας που οφείλεται στην αθηροσκληρωτική 

προσβολή των περιφερικών αρτηριών των διαβητικών, σε συνδυασμό με ανατομική 

και λειτουργική  φθορά του αγγειακού δικτύου της μικροκυκλοφορίας, οδηγούν 

στην ανάπτυξη ελκών, μολύνσεων και γάγγραινας των κάτω άκρων που πολύ συχνά 

οδηγεί στον ακρωτηριασμό του ποδιού (Sasso et al., 2005). Πολυάριθμες μελέτες 

όμως έχουν δείξει ότι η αγγειογένεση που επάγεται από κρίσιμη ισχαιμία, στην 

παθολογία του διαβήτη  δεν είναι φυσιολογική (Yoon et al., 2005; Sasso et al., 2005). 

Συνεπώς στον διαβήτη και ο μηχανισμός επούλωσης πληγών δεν συμβαίνει 

φυσιολογικά κυρίως λόγω ελαττωματικής ενδογενούς αγγειογένεσης ως απόκριση 

στην ισχαιμία (Yoon et al., 2005). Το μόριο της ιντεγκρίνης ανβ3 υπερεκφράζεται στα 

ενεργοποιημένα ενδοθηλιακά κύτταρα που συμμετέχουν στην αγγειογενετική 

διαδικασία αλλά όχι στο ανενεργό ή αλλιώς «σιωπηλό» ενδοθήλιο. Συνεπώς 

αποτελεί έναν πολύ καλό μοριακό στόχο για απεικόνιση και δείκτη της 

αγγειογενετικής δραστηριότητας. Η Μοριακή Απεικόνιση (ΜΑ) του επιπέδου 

έκφρασης του μορίου ιντεγκρίνης ανβ3 με τη χρήση ραδιοϊσοτοπικών τεχνικών έχει 

το πλεονέκτημα υψηλής ευαισθησίας ανίχνευσης πολύ χαμηλών συγκεντρώσεων 

του ραδιοϊχνηθέτη σε σχέση με τις συμβατικές τεχνικές (x-ray computed 

tomography (CT) angiography, contrast-enhanced ultrasound και high-resolution 

magnetic resonance angiography). Ο σκοπός της μελέτης μας ήταν να ερευνήσουμε 

τις δυνατότητες της ΜΑ με την βοήθεια γ-κάμερας υψηλής διακριτικής ικανότητας 

και πειραματικού μοντέλου κονίκλου με ίσχαιμο οπίσθιο άκρο. Επιπλέον ένα 

σημαντικό μέρος της μελέτης αφορούσε την εφαρμογή του πρωτοκόλλου για τη 
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πρόκληση διαβήτη ώστε να γίνει μελέτη της επίδρασης της συγκεκριμένης 

παθολογίας στην χωρο-χρονική κατανομή της αγγειογένεσης. Προκειμένου να 

αποδοθεί μία συνολική εκτίμηση του ενδογενούς μηχανισμού αποκατάστασης του 

αγγειακού δικτύου, εφαρμόστηκε Ψηφιακή Αφαιρετική Αγγειογραφία για την 

εκτίμηση της δημιουργίας παράπλευρου δικτύου. 

Στη πρώτη φάση της μελέτης, έγινε διερεύνηση του πρωτοκόλλου πρόκλησης 

διαβήτη δεδομένου ότι η μεθοδολογία παρουσιάζει έλλειψη προτυποποίησης. 

Παράλληλα  εφαρμόστηκε το πρωτόκολλο ισχαιμίας σε μια ομάδα λευκών κονίκλων 

Νέας Ζηλανδίας για την διερεύνηση του πρωτοκόλλου ΜΑ. Στην μελέτη, 

χρησιμοποιήθηκαν συνολικά επτά κόνικλοι Νέας Ζηλανδίας οι οποίοι υπεβλήθησαν 

σε εμβολισμό της μηριαίας αρτηρίας ενός από τα δύο οπίσθια άκρα για την 

πρόκληση οξείας ισχαιμίας. Στους κόνικλους έγινε ενδοφλέβια έγχυση του κυκλικού 

επισημασμένου πεπτιδίου [c RGDfk-His]-99mTc που περιέχει την αλληλουχία τριών 

αμινοξέων Αργινίνης-Γλυκίνης-Ασπαρτικού οξέος (Arginine-Glycine-Aspartic acid or 

RGD), μέσω της οποίας δεσμεύεται το πεπτίδιο στο μόριο της ιντεγκρίνης ανβ3. Η 

απεικόνιση του επιπέδου έκφρασης του μορίου ιντεγκρίνης ανβ3 

πραγματοποιήθηκε με γ-κάμερα υψηλής διακριτικής ικανότητας την 3η και την 9η 

ημέρα μετά την απόφραξη της μηριαίας αρτηρίας. Ψηφιακή Αφαιρετική 

Αγγειογραφία πραγματοποιήθηκε την 9η ημέρα μετά την απόφραξη της μηριαίας 

αρτηρίας. 

Τα δεδομένα από την ποσοτικοποίηση των απεικονιστικών δεδομένων, έδειξαν ότι 

υπάρχει αυξημένη πρόσληψη του ραδιοϊχνηθέτη στη περιοχή ισχαιμίας σε σχέση με 

τη περιοχή φυσιολογικής αιμάτωσης του ετερόπλευρου άκρου (16020 ± 2309 έναντι 

13139 ± 2493 την 3η ημέρα, p=0.0014 και 21616 ± 2528 έναντι 13362 ± 2529 την 9η 

ημέρα, p<0.0001, αντίστοιχα). Επιπλέον η πρόσληψη του ραδιοϊχνηθέτη στα 

φυσιολογικά άκρα φαίνεται να είναι αυξημένη  την 9η ημέρα σε σχέση με την 3η 

ημέρα (p=0.0112), γεγονός που μπορεί να αποδοθεί στην σταδιακή συγκέντρωση 

ενεργοποιημένου ενδοθηλίου και στους φυσιολογικούς ιστούς. Η Ψηφιακή 

Αφαιρετική Αγγειογραφία έδειξε ότι την 9η ημέρα που έγινε η λήψη δεδομένων, το 

μέσο μήκος αγγείων στα φυσιολογικά άκρα ήταν αρκετά μεγαλύτερο σε σχέση με 



Page 7 
 

τα ίσχαιμα άκρα (μέση τιμή 3680 ± 369.8 έναντι 2772 ± 267.7, p< 0.0001, 

αντίστοιχα). 

Η ραδιοϊσοτοπική τεχνική που εφαρμόστηκε για την απεικόνιση του επιπέδου 

έκφρασης του μορίου ιντεγκρίνης ανβ3 στη παρούσα μελέτη, έδειξε ότι υπάρχει 

αυξημένη πρόσληψη του ραδιοϊχνηθέτη στη περιοχή ισχαιμίας σε σχέση με τη 

περιοχή φυσιολογικής αιμάτωσης του ετερόπλευρου άκρου, την 3η ημέρα και την 9η 

ημέρα μετά την απόφραξη της μηριαίας αρτηρίας. Τα πειραματικά δεδομένα 

δείχνουν επίσης ότι το φαινόμενο της αγγειογένεσης κορυφώνεται την 9η ημέρα 

μετά την πρόκληση ισχαιμίας. Επιπλέον τα δεδομένα από τη Ψηφιακή Αφαιρετική 

Αγγειογραφία την 9η ημέρα, δείχνουν ότι ο ενδογενής μηχανισμός σχηματισμού 

παράπλευρου δικτύου αν και έχει πυροδοτηθεί δεν έχουν σχηματιστεί ακόμα 

μεγαλύτερα αγγεία και γι αυτό το λόγο η αρτηριογένεση υπολείπεται της 

αγγειογένεσης σε αυτή τη φάση. 

Για την ολοκλήρωση της μελέτης, εκκρεμεί η απεικόνιση των διαβητικών κονίκλων 

με ίσχαιμο οπίσθιο άκρο η οποία καθυστέρησε λόγω επιμέρους δυσκολιών στη 

διαδικασία των πειραμάτων. Η ΜΑ δεικτών της αγγειογένεσης σε άκρο που πάσχει 

από ισχαιμία παρουσία διαβήτη, δύναται να έχει τεράστια εφαρμογή στην κλινική 

πράξη για την ιατρική παρακολούθηση του ‘διαβητικού ποδιού’. 

 

Φορέας χρηματοδότησης: 

Η παρούσα έρευνα χρηματοδοτήθηκε από το Ίδρυμα Κρατικών Υποτροφιών (ΙΚΥ) 

στα πλαίσια υποτροφιών για μεταπτυχιακές σπουδές εσωτερικού για το χρονικό 

διάστημα 2010-2013. 
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1 Introduction 
 

Peripheral vascular disease (PVD) is caused by atherosclerotic occlusion of the 

arteries that supply the lower extremities, resulting in inadequate oxygen supply and 

muscle ischemia. The normal mechanism that compensates tissue ischemia 

encompasses two distinct biological processes that occur in parallel; angiogenesis 

and arteriogenesis (Heilmann, Beyersdorf & Lutter, 2002). Angiogenesis is defined as 

the sprouting of new capillaries whereas arteriogenesis is the formation of collateral 

arteries by enlargement of preexistent collateral arterioles (Carmeliet, 2000; Risau, 

1997; W. Schaper & Buschmann, 1999). Angiogenesis and arteriogenesis are initiated 

by distinct triggering signals. The driving force for angiogenesis is hypoxia in the 

surrounding tissue. Due to hypoxia, a transcription factor named hypoxia-inducible 

factor-1 (HIF-1) is expressed, binds hypoxia response elements (HREs) within the 

promoters of target genes and activates their transcription (Semenza & Wang, 

1992). The HIF pathway regulates a host of pro-angiogenic genes and this regulation 

ultimately leads to increased vascular permeability, EC proliferation, sprouting, 

migration, adhesion, and tube formation (Krock, Skuli & Simon, 2011). In contrast, 

arteriogenesis is induced independently of the presence of hypoxia and is probably 

mediated by alterations in mechanical pressure or shear force and the subsequent 

invasion and activation of circulating monocytes (Heilmann, Beyersdorf & Lutter, 

2002). 

Hershey et al. (2001), demonstrated a clear temporal dissociation between capillary 

sprouting and arteriogenesis. According to their study, angiogenesis occurs and is 

maximized within the first 5 days after femoral artery occlusion in NZW rabbits 

whereas the growth of angiographically visible collateral vessels takes place 

approximately after 10 days. Consequently the time course of angiogenesis and 

arteriogenesis were clearly distinct. Moreover angiogenesis was associated with 

reduced resting hindlimb blood flow and detectable levels of skeletal muscle 

vascular endothelial growth factor (VEGF). In contrast, arteriogenesis did not 

correlate with tissue ischemia or skeletal muscle VEGF content but did exhibit 

improvement in blood flow reserve.  

file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_7
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_5
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_24
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_24
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_27
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_28
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_28
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_18
file:///C:/MY%20FILES/UNIVERSITY/Phd/paper/Frontiers%20in%20BIOMEDICAL%20TECHNOLOGIES/final%20revision/kagadis_FINAL.docx%23_ENREF_8
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Experiments were designed in order to in vivo evaluate the whole spectrum of the 

recovery mechanism occurring after the ischemia onset. That is, at early time points 

when capillary sprouts are formed in the hypoxic region distal to the occlusion and at 

late time points when collateral arteries are formed in the upper thigh proximal to 

the occlusion. Angiogenesis offers a temporary relief to hypoxia by locally increasing 

blood perfusion of hypoxic tissue and restoring local oxygen and nutrient supply. 

Arteriogenesis on the other hand is induced in order to restore functional blood flow 

circulation of the extremities. Precise evaluation of the normal recovery mechanism 

with the aid of a noninvasive imaging approach, serves as a valuable tool for the 

assessment of therapeutic stimulation and acceleration of this natural protective 

mechanism (Katsanos et al., 2009). MI of angiogenesis with the aid of a dedicated 

gamma camera is a highly sensitive imaging approach that enables direct evaluation 

of primary mediators of angiogenesis (Orbay, Hong, Zhang & Cai, 2013; Stacy, 

Maxfield & Sinusas, 2012).  Integrin ανβ3 is one of the key molecules during 

angiogenesis and is highly expressed on the surface of proliferating ECs that migrate 

to form the capillary sprouts, but not on quiescent ones (Beer & Schwaiger, 2008; 

Horton, 1997). Characterization and evaluation of the expression profile of ανβ3 and 

therefore of the angiogenic response is feasible if ανβ3 integrin is targeted with a 

radiolabelled RGD peptide (Ruoslahti, 1996). The RGD sequence is proved to allow 

high affinity and specific binding to the ανβ3 integrin (M. S. Morrison, Davis, Ricketts, 

Cuthbertson & Mendizabal, 2003). This experimental protocol was designed to 

investigate the time course and progress of angiogenesis as detected by the changes 

in the relative retention of a cyclic RGD peptide labeled with Technetium (99mTc) in a 

model of peripheral hindlimb ischemia (Hua et al., 2005). The specific RGD peptide 

(cRGDfk-His) has demonstrated acceptable labeling, kinetics and blood pool 

clearance (Bouziotis et al., 2006). Digital Subtraction Angiography (DSA) was also 

used for the visualization of larger collaterals which according to the literature are 

first detected about 10 days after occlusion. (Karnabatidis, Katsanos, 

Diamantopoulos, Kagadis & Siablis, 2006; Katsanos et al., 2009).  

DM impairs physiological angiogenesis and collateral vessel formation through 

multiple molecular mechanisms. The study of the evolving angiogenesis in 
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concurrence with diabetic microangiopathy was the next goal of our study since 

diabetes is a pathology with high morbidity and mortality rates (Currie, Morgan & 

Peters, 1998). First the diabetic animal model protocol was standardized and then 

the effort was focused on MI of angiogenesis in the diabetic animal. The whole 

method has significant clinical perspectives since in diabetic individuals’ accurate 

screening at early time points and therapy evaluation is of outmost importance in 

order to ameliorate lower extremity vasculopathies and reduce amputation rates.  
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2 Angiogenesis - Arteriogenesis 

2.1 Definitions  

 

Vasculogenesis and angiogenesis are two distint mechanisms for new blood vessel 

formation. Vasculogenesis is termed the process of de novo formation of new blood 

vessels from mesoderm by differentiation of angioblasts (Risau, 1997). 

Vasculogenesis occurs during the development of the embryo resulting in the 

formation of a primary vascular plexus. ECs from the primary plexus proliferate and 

new capillaries are then generated by sprouting or by splitting from their vessel of 

origin; a process termed angiogenesis. Therefore there are two types of 

angiogenesis; true sprouting of capillaries and non-sprouting angiogenesis or 

intussusception (Risau, 1997). 

Sprouting angiogenesis encompasses proteolytic degradation and remodeling of the 

extracellular matrix (ECM), chemotactic migration and proliferation of andothelial 

cells, formation of a lumen and functional maturation of the endothelium. Non-

sprouting angiogenesis occurs by proliferation of endothelial cells inside a vessel, 

producing a wide lumen that can be split by transcapillary pillars, or fusion and 

splitting of capillaries. The type of angiogenesis in a given organ or tissue may 

depend on the number of vessels already present when the organ starts to grow 

(Risau, 1997). 

During arteriogenesis, another process of vessel formation, peexisting arterioles, 

that already have a thin muscle layer, transform into arteries by dilatation, 

proliferation of ECs and smooth muscle cells (SMCs) and consecutive acquisition of 

the typical arterial structure (Schaper & Buschman, 1999; Carmeliet, 2000). 

 

2.2 The Angiogenic Process 

 

The angiogenic process is highly pleiotropic and involves many cellular and molecular 

activities (Figure 2.1). Initially a triggering signal is required for EC activation and 

promotion of survival. Basement membrane (BM) is then degraded. In the next 

stage, ECs proliferate dramatically and migrate throughout the provisional matrix, 
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forming sprouts. After 

the formation and 

elongation of tubes, a 

process of remodeling 

and pruning of the 

immature vascular 

plexus takes place. 

Finally, stabilization of 

the mature, 

differentiated vascular 

network is facilitated by 

the attachment of two 

specific cell types such as pericytes and SMCs to the vessel wall.  

 

2.2.1 Triggering signals for angiogenic response 

 

Stenosis or occlusion of arterial vessels triggers two pathophysiological conditions: 

tissue ischemia and shear stress in the remaining arterioles and arteries. These 

circumstances cause a series of changes mediated by growth factors, cytokines, 

chemokines and ephrins (Gale & Yancopoulos, 1999).  

Ischemia and vessel wall shearing 

also attract circulating cells in the 

peripheral blood to the site of vessel 

growth (Figure 2.2). Tissue ischemia 

triggers the mobilization of 

endothelial progenitor cells (EPCs) 

from bone marrow that settle in 

growing capillaries, whereas shear 

stress exerted on vascular ECs 

initiates immigration and 

Figure 2.2: Spatial course of collateral development 
(Heilmann, Beyersdorf & Lutter, 2002). 

1. Figure 2.1: Cascade of molecular and cellular events during 
angiogenesis (www.medscape.org viewarticle  6103  ). 

javascript:showslide('active','hiddenslidep1se1su6sl2fi1');
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attachment of monocytes and macrophages (MC MP’s) (Asahara, Masuda, 

Takahashi et al., 1999; Schaper, 1993). The endogenous process of collateralization is 

accomplished by two mechanisms: sprouting of capilaries (angiogenesis) and 

enlargement of preexisting arterioles (arteriogenesis), that occur in parallel 

(Heilmann, Beyersdorf & Lutter, 2002). 

According to the study of Hershey et al. (2001), sprouting of capillaries, occurs 

rapidly after occlusion of arterial vessels, within the first 5 days, is associated with 

ischemia and increased levels of VEGF. On the other hand, arteriogenesis, the 

growth of larger collateral arteries, is observed in the absence of ischemia and when 

VEGF levels have decreased.  

 The above observations suggest that the stimulus for arteriogenesis is probably not 

VEGF or any other biomechanical factor released in response to ischemia and may be 

mediated by alterations in mechanical pressure or shear force and the subsequent 

invasion and activation of circulating monocytes (Heilmann, Beyersdorf & Lutter, 

2002). 

The stimulus for capillary sprouting is tissue ischemia, as well as angiogenic factors 

released in response to low oxygen concentration. Preclinical experiments have 

indicated high levels of VEGF and upregulation of its receptors VEGFR-1 and VEGFR-2 

directly after an artery is occluded (Tuder, Flook & Voelkel, 1995; Waltenberger, 

Mayr, Pentz & Hombach, 1996). 

 

2.2.1.1 Hypoxia-induced angiogenesis 

 

Hypoxia emerges when changes in the supply or demand of oxygen occur and is 

common in both normal mammalian development and human desease. Vascular 

dysfunction due to vessel occlusion or rupture can cause decreased oxygen delivery 

and is a pathogenic driver in diabetic retinopathy, peripheral arterial desease (PAD) 

and ischemic heart desease. When cells are deprived of oxygen, they produce the 

hypoxia-inducible factors (HIFs) which are transcription factors that stimulate the 

release of a number of angiogenic factors with the most prominent of all VEGF 
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(Figure 2.3). The HIF 

family consists of 

three oxygen-

regulated a subunits; 

HIF-1α, which 

regulates a broad 

array of genes in 

response to oxygen 

deprivation, HIF-2α 

and HIF-3α as well as 

α constitutively 

expressed β subunit 

HIF-β/ARNT (Semenza & Wang, 1992). The HIF-α subunits are structurally 

homologous and contain a special domain that mediates DNA binding and two other 

domains that mediate heterodimerization with the transcriptional partner HIF-

β/ARNT.  

The α subunit is regulated on 

the level of mRNA 

transcription and by 

proteasome- dependent 

degradation under normoxic 

conditions (Figure 2.4). An 

intact molecule is only present 

after the onset of ischemia 

and binds HREs within the 

promoters of target genes. 

Together with the co-activator 

proteins, the HIF complex 

activates the transcription of a panel of genes required for the response to hypoxia.  

The HIF pathway mediates the primary cellular responses to low O2, which promotes 

short- and long- term adaptation to hypoxia. HIF rapidly increases O2 supply through 

Figure 2.3: Regulation of angiogenic steps by oxygen availability through 
the hypoxia-inducible factor (HIF)-induced angiogenic factors. CACs = 
circulating angiogenic cells; EPCs = endothelial progenitor cells (Krock, 
Skuli & Simon, 2011). 

Figure 2.4: Regulation of hypoxia-inducible factor (HIF) activity 
under normoxic and under hypoxic conditions (Krock, Skuli & 
Simon, 2011). 
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upregulation of the vasodilatory enzyme inducible nitric oxide synthase (iNOS). Nitric 

oxide (NO), the enzymatic product of iNOS relaxes vascular SMCs, providing a short-

term increase in blood flow. O2 demand is also lowered by increased utilization of 

glycolysis via induction of glycolytic enzymes, glucose uptake and inhibition of 

mitochondrial respiration. O2 demand is further limited through decreased cell 

proliferation via HIF-mediated upregulation of the cyclin-depedent kinase (CDK) 

inhibitors.  

On the other hand long-term adaptation is achieved primarily through relief of local 

hypoxia by stimulating angiogenesis. The HIF pathway regulates a host of pro-

angiogenic genes including VEGF, angiopoietin-2, Tie2 receptor, platelet-derived 

growth factor (PDGF), basic fibroblast growth factor (bFGF) and monocyte 

chemoattractant protein-1 (MCP-1). HIF-regulated pro-angiogenic factors execute 

the HIF-specific angiogenic program by increasing vascular permeability, endothelial 

cell proliferation, sprouting, migration, adhesion, and tube formation (Krock, Skuli & 

Simon, 2011). VEGF has gained most attention as it is a factor with pleiotropic action 

that mediates most of the molecular and cellular events of the angiogenic response 

(Holmes, Roberts, Thomas & Cross, 2007). 

 

2.2.1.2 Shear stress induced arteriogenesis 

 

Before arterial occlusion or the formation of significant stenosis, there is probably 

only little nutritive flow across the midsection of preexisting collateral arterial 

connections. 

After narrowing or occlusion of the 

lumen of a large artery, the distal 

arterial blood pressure falls, leading 

to a pressure gradient along 

preexistent collateral vessels. As a 

result, unidirectional flow in the 

preexistent collateral arterial vessels 
Figure 2.5: Schematic diagram of collateral artery 
growth after femoral artery occlusion in a mouse 
(Helisch & Schaper, 2003). 
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will be established (Figure 2.5). In the proximal arteries feeding the collateral vessels, 

and especially in the midsection of the collateral vessel, flow will increase. The 

arterial blood in these vessels is fully saturated with oxygen, thus the innate 

collateral vessels should not be directly affected by hypoxia.  

An increase in flow, directly translates into an increase in shear stress. The increasing 

radius of the growing vessel will subsequently antagonize this effect. In some models 

it has been shown that arterial growth continues until shear stress normalizes, 

suggesting that shear stress is a major driving force for arterial remodeling (Helisch & 

Schaper, 2003).   

Increased wall shear stress causes a marked activation of the endothelium 

accompanied with increases in the expression of MCP-1 and of endothelial surface 

receptors involved in monocyte tethering, rolling and migration (Gimbrone, Nagel & 

Topper, 1997; Resnick & Gimbrone, 1995; Shyy, Hsieh, Usami & Chien, 1994). 

Monocytes adhere to intraluminal surface of vessel wall and migrate to the 

abluminal space where they transform into macrophages and produce numerous 

cytokines and growth factors involved in arteriogenesis (J. Schaper, Konig, Franz & 

Schaper, 1976). Most interest among these factors have gained, MCP-1 which 

induces  the attraction of more monocytes to the sites of proliferation, tumor 

necrosis factor alpha (TNF-α) which provides the inflammatory environment, 

prerequisite for the collateral vessel development, b-FGF which is a mitogen for both 

endothelial and smooth muscle cells and matrix metalloproteinases (MMPs) that 

remodel the perivascular space and create an appropriate environment for the 

expansion of collaterals (Arras Ito et al., 1998; Arras Strasser et al., 1998). 

 

2.2.2 EC activation and survival 

 

Members of the VEGF family are the most prominent angiogenic factors released in 

tissues under hypoxic conditions. The VEGF family has six members: placental-

derived growth factor, VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E (Ferrara, 1999; 

Ferrara & Davis-Smyth, 1997; Korpelainen & Alitalo, 1998). The most abundant and 
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active form is VEGF-A which encompasses five isoforms. Most interest has gained 

the VEGF165 isoform and is generally referred as VEGF (Leung, Cachianes, Kuang, 

Goeddel & Ferrara, 1989). VEGF is produced by ECs, vascular SMCs and cancer cells 

when activated by stimuli such as hypoxia, reactive oxygen species (ROS) and 

angiotensin II. It then mainly regulates via auto and paracrine pathways EC 

proliferation and migration (Rousseau, Houle & Huot, 2000; Lamalice, Houle & Huot, 

2006; Brogi et al., 1996). Among the three types of receptor for VEGF, which are 

VEGFR-1 (Flt 1), VEGFR-2 (Flk 1 KDR) and VEGFR-3 (Flt 4), signaling via VEGFR-2 is the 

main way that VEGF regulates angiogenesis. VEGFR-2, and the other two types of 

receptor as well, are expressed by blood vessel ECs and lymphatic ECs. 

Distribution of VEGF through the ECM as a gradient, determines EC fate during 

organogenesis (Akeson et al., 2003). VEGF is a well-known growth factor and 

morphogen that acts directly on cells to produce specific cellular responses 

depending on its local concentration. ECs are known to perceive and interpret a 

graded VEGF signal to generate positional target gene activation. VEGF gradient has 

effect on three major molecular events of ECs; VEGFR2 activation through 

autophosphorylation of the receptor, activation of downstream signal kinases and 

induction of immediate-early genes (Akeson, Herman, Wiginton & Greenberg, 2010). 

VEGFR2 is a monomeric receptor that has an extracellular domain containing a 

ligand-binding site, a transmembrane spanning region and a cytosolic region 

containing a tyrosine kinase activity domain. Binding of VEGF to VEGFR2, induces a 

conformational change in receptor monomers that promotes their dimerization 

(Figure 2.6). The protein kinase of each receptor monomer then phosphorylates a 

distinct set of tyrosine residues in the cytosolic domain of its dimer partner, a 

process termed autophosphorylation. This creates docking sites for adapter 

molecules present in the cytoplasm, to be recruited through an Src homology 

domain 2 (SH2) that they possess. These adapter molecules can then initiate the 

activation of downstream signaling cascades (Lodish et al., 2000). Akeson et al. 

(2010), have shown that ECs sense and response to small changes of VEGF and that 

there is a relationship between the kinetics of VEGF binding to VEGFR2 and receptor 

autophosphorylation. VEGFR2 autophosphorylation then activates a complex 
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network of signal transduction pathways such as the phosphoinositide 

autophosphorylation. VEGFR2 autophosphorylation then activates a complex 

network of signal transduction pathways such as the phosphoinositide 

phospholipase C gamma, p44 and p42 mitogen-activated protein kinases  or 

extracellular signal regulated kinase 1 and 2 (PLC-γ, p44 and p42 MAPKs or Erk1 and 

Erk2, respectively) and the phosphatidylinositol 3’–kinase (PI3-kinase)/AKT pathway. 

 

 

 

 

On ligand binding and receptor autophosphorylation, PLC-γ directly binds a tyrosine 

residue in the intracellular domain of VEGFR2, leading to Ca2+ mobilization and 

activation of protein kinase C (PKC) and consequently the activation of MAPKs 

(Erk1/2) which are part of the mitogenic signaling, promoting in the end EC 

Figure 2.6: Schematic illustration of VEGFR-2 dimer intracellular signalling pathways. Binding of VEGF 

to the receptor induces dimerization and autophosphorylation of specific intracellular tyrosine 

residues. Activation of intracellular signaling cascades results in proliferation, migration, survival and 

increased permeability (Holmes, Roberts, Thomas & Cross, 2007). 
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proliferation (Takahashi et al., 2001).  Binding of adapter proteins to a 

phosphorylated tyrosine residue of the intracellular domain of VEGFR2, also 

mediates activation of the PI3 kinase/Akt signal transduction pathway that results in 

the phosphorylation of proteins, that regulate cell death (apoptosis,) such as B-cell 

lymphoma 2 (Bcl-2) and caspase-9, inhibiting in this way their apoptotic activity, thus 

promoting EC growth and survival (Davanir et al., 2001).  

Data collected through experimental procedure of Akeson et al. (2010), suggest that 

the dose-dependent VEGFR2 activation is propagated reliably downstream through 

the PLC-γ/MAPK signal pathway but not through the AKT pathway at least according 

to the range of VEGF concentrations tested. These results indicate that the AKT 

pathway may respond in a dose-dependent manner under other conditions, for 

instance at very low concentrations or after prolonged exposure to VEGF. Comparing 

the two signaling cascades the PLC-γ/MAPK pathway seems to faithfully transduce 

concentration-dependent information whereas the AKT pathway may transmit 

concentration-dependent information at for instance very low VEGF levels or at later 

points. To further investigate the downstream effect of dose and duration of signal, 

the particular experimental protocol, examines the expression of several genes 

rapidly activated by PLC-γ/MAPK which are implicated in EC activation and 

angiogenesis. These genes are early growth response protein-1 and -3 (EGR-1, EGR-

3), nuclear receptors NR4A1 and NR4A2 and Down syndrome critical region 1 

(DSCR1) (Liu, L., et al., 2000; Liu, D., et al., 2008; Minami et al., 2004). Albeit 

transiently expressed, transcription factors EGR-1, EGR-3, NR4A1 and NR4A2 are 

essential mediators of long term angiogenic response (Liu, L., et al., 2000; Liu, D., et 

al., 2008). According to the study of Akeson et al. (2010), graded VEGF induced 

proportionate and quantitative changes in gene targets EGR-1, EGR-3 and NR4A1 but 

not in NR4A2 and DSCR, which probably require a relatively high threshold of VEGF 

for induction or may not be differentially regulated in a VEGF gradient field. These 

data suggest that EC fate decisions are mediated by combinatorial changes in the 

repertoire of transcription factors dependent on both the position of ECs within the 

VEGF gradient and the time after first encounter with ligand. This particular study 

also demonstrates that microvascular ECs integrate VEGF signal with time, according 
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to the general principles of morphogen response (Ashe & Briscoe, 2006; Gurdon & 

Bourillot, 2001). According to these principles cells sense small concentration 

differences that can induce alternate gene expression patterns. Moreover this 

concentration dependent information is faithfully transmitted from receptor 

activation through signal transduction to target gene activation, which means that 

the increase in receptor activation causes the same amount of increase in target 

gene activation. Finally responding cells read their position within a concentration 

gradient without reference to neighboring cells. Besides this autonomous response 

of microvascular ECs to VEGF graded concentration, there has been indication of 

unequal response of EC that are present within similar VEGF gradients which is 

observed mainly in the determination of tip and stalk phenotypes by adjacent ECs. 

This dissimilar response of microvascular EC that are at the same position within the 

VEGF gradient field is mainly attributed to variable expression of VEGFR2-binding 

partners such as VEGFR1 (FLT1) and neuropilin-1 (NRP-1). According to studies 

variable expression of NRP-1 which is a coreceptor of VEGFR2 that enhances VEGF 

binding to VEGFR2, could account for differential activation of ECs within a vascular 

bed (Soker et al., 1998).  

Moreover, Akeson et al. (2010), by their study, predict that first exposure of VEGFR2 

to its ligand and not long-term exposure sets the critical parameters for response, as 

it has been shown that VEGFR2 activation through autophosphorylation and signal 

kinase activation were very rapid, but extending the time of exposure at low 

concentration did not yield a response equivalent to short exposure at high 

concentration. In addition very long term exposure to VEGF demonstrated down 

regulation of VEGFR2 implying desensitization of the receptor confirmed by 

decreased receptor autophosphorylation and increased threshold for activation of 

PLCγ and MAPK.     
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2.2.3 BM degradation and ECM remodeling 

 

Proliferating ECs, after being exposed to mitogenic signals and signals that promote 

their growth and survival, start to migrate throughout the perivascular extracellular 

space in order to form capillary sprouts. EC migration is feasible due to degradation 

and remodeling of the components of ECM. ECM is a fundamental component of the 

microenvironment of cells, forming a complex three-dimensional network composed 

of two main classes of macromolecules: proteoglycans (PGs) and fibrous proteins 

(Figure 2.7) (Jarvelainen, Sainio, Koulu, Wight & Penttinen, 2009; Schaefer, L., & 

Schaefer, R.M., 2010).  

 

Figure 2.7: Components of extracellular matrix and their interaction with transmembrane integrin 

receptors 

(http://cc.scu.edu.cn/G2S/Template/View.aspx?courseType=1&courseId=17&topMenuId=113299&m

enuType=1&action=view&type=&name=&linkpageID=113468).  

PGs fill the extracellular interstitial space within the tissue in the form of a hydrated 

gel and exert a plethora of functions such as providing the structural basis for the 

organization and assembly of ECM and the regulation of growth factor and cytokine   

signaling. Moreover PGs bind cell-surface receptors with high specificity thereby 

activating signaling pathways that control cell proliferation, differentiation, adhesion 

and migration (Schaefer, L., & Schaefer, R.M., 2010). The main fibrous ECM proteins 

are collagens, elastins, fibronectins and laminins (Alberts et al., 2007). Collagens 

constitute the main structural component of ECM that regulates cell adhesion and 

ECM, has a crucial role in mediating cell attachment and function. 

http://cc.scu.edu.cn/G2S/Template/View.aspx?courseType=1&courseId=17&topMenuId=113299&menuType=1&action=view&type=&name=&linkpageID=113468
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BM is a 50-100 nm layer of specialized ECM protein complex located basolateral to 

all cell monolayers (epithelium and endothelium) in the body (Figure 2.8). BM is 

always in contact with 

cells, providing 

structural support and 

regulating cell behavior 

via outside-in signaling 

(LeBleu, MacDonald & 

Kalluri, 2007). The 

molecular composition 

of BM varies among 

different types of tissue 

and is unique in each 

tissue underlying the 

complexity of the structure. Thus, specific BM compositions alter BM-mediated cell 

signaling events and regulate cellular behavior in a tissue-specific manner (LeBleu, 

MacDonald & Kalluri, 2007). 

The four major components of BM are type IV collagen, laminin, nidogen/entactin 

and perlecan. Type IV collagen and laminin individually self-assemble into networks 

that are both crucial for the stability of the BM. Nidogen/entactin and perlecan 

bridge those two networks increasing the stability and contributing to structure 

integrity. Type IV collagen makes up about 50% of all BM and laminin is the most 

abundant noncollagenous protein in BM (LeBleu, MacDonald & Kalluri, 2007).  

During angiogenesis and especially during capillary sprout formation, endothelial 

cells degrade these BM components and the surrounding ECM with the help of 

MMPs and the plasminoger activator (PA)-plasmin system. The remodeling process is 

necessary for migration and invasion of the ECs into the surrounding tissue. MMPs 

functionality is not restricted only to degrading BM and ECM components. MMPs 

exert substantial role by releasing ECM-bound angiogenic growth factors, by 

exposing cryptic proangiogenic integrin binding sites in the ECM, by generating 

promigratory ECM component fragments and by cleaving endothelial cell-cell 

Figure 2.8: Spatial distribution and localization of basement membrane 
(http://en.wikipedia.org/wiki/Proteases_in_angiogenesis). 

http://en.wikipedia.org/wiki/Proteases_in_angiogenesis
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adhesions. On the other hand, MMPs may inhibit the process of angiogenesis by 

generating endogenous angiogenic inhibitors by proteolytic cleavage of certain 

collagen chains and plasminogen and by regulating cell receptor signaling by cleaving 

off their ligand-binding domains (Rundhaug, 2005).   

The MMP family consists of at least 16 members that are expressed as latent 

enzymes sharing similar domain structure (Westermarck & Kahari, 1999). They all 

contain a pre-domain, which is a signal sequence for secretion, a pro-domain, which 

is removed after activation of the enzyme, a catalytic domain with a zinc ion and a 

“hemopexin” domain which is a binding site for tissue inhibitors of 

metalloproteinase (TIMP). MMPs are soluble, secreted enzymes with the exception 

of the membrane-type matrix metalloproteinase (MT-MMP) group that are located 

at the cell surface (Westermarck & Kahari, 1999). Their functionality is regulated in 

three ways: i) with upregulation of gene expression by growth factors and cytokines, 

ii) with activation of the latent isoforms and iii) with regulation of the active 

molecules by inhibitors (Mandriota & Pepper, 1997; Bond, Fabunmi, Baker & Newby, 

1998; Murphy et al., 1999; Blavier, Henriet, Imren & Declerck, 1999). 

The PA system consists of the urokinase-type plasminogen activator (u-PA) and the 

tissue-type plasminogen activator (t-PA). The u-PA and t-PA molecules are proteases 

that convert plasminogen into plasmin. Activation of plasminogen in blood is 

regulated by t-PA whereas activation of plasminogen in tissues is regulated by u-PA 

(Mignatti & Rifkin, 1996; Bikfalvi, Klein, Pintucci & Rifkin, 1997). The activated form 

of plasminogen, plasmin, is a wide-ranging protease capable of degrading several 

ECM components including fibronectin, laminin and the protein core of 

proteoglycans (Mignatti & Rifkin, 1996). Additionally, plasmin is able to activate 

various MMPs, such as MMP-1, MMP-3 and MMP-9 (Murphy et al., 1999). Thus, the 

production of PAs can result in the generation of high local concentrations of 

proteases with different substrate specificity.  

The temporal and spatial expression of specific proteases and their activities must be 

strictly controlled to avoid EC detachment and apoptosis during angiogenesis. 

Proteolysis is limited to the cell surface and is regulated by interaction of proteases 

http://en.wikipedia.org/wiki/Fibronectin
http://en.wikipedia.org/wiki/Laminin
http://en.wikipedia.org/wiki/Proteoglycans
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with receptors and inhibitors (Figure 2.9). Angiogenic growth factors and 

inflammatory cytokines can induce a number of pericellular acting cell-bound 

proteases, including MT1-MMP, MMP-2, MMP-9, and u-PA. MT1- MMP is considered 

as the most important regulator of pericellular proteolytic activity and is essential for 

the migration of ECs through type I collagen which is an abudant component of the 

ECM (Seiki, 2003).  

According to studies, MT-1 MMP is present at the leading tip of invading cells (Figure 

2.10) (Seiki, 2003; Itoh & Seiki, 2006; Genis, 2007). Tip cells make cellular protrusions 

with integrin-mediated matrix contacts that enable  them to pull themselves 

forward. Albeit  MT-1 MMP is present at both the anterior adhesive and posterior 

proteolytic zones of the leading edge of invading cells, its collagenolytic activity was 

only present at the latter zone (Wolf et al., 2007). By this means, the cell generates a 

kind of pulling force between the leading end and the cell body without loosing grip 

at the protrusion front, while movement is feasible by proteolytic activity in the 

Figure 2.9: Proteases that contribute to the pericellular proteolytic activity are either transmembrane 
proteins or bound to the surface of the membrane via receptors or GPI-anchors. Asp. pr., aspartate 
proteinases; u-PAR, u-PA receptor; APN, aminopeptidase N; DDP, diaminodipeptidase IV; GPI, 
glycosyl-phosphatidylinositol (Hinsbergh & Koolwijk, 2008). 
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adjacent  area at sites where collagen fibres hampers the forward movement of the 

cell (Wolf et al., 2007). This spatially regulated activity of MT-1 MMP is possible due 

to mechanisms that mask the enzyme’s activity at the front side and unravel its 

activity at the latter area. MT1-MMP proteolytically degrades collagens, fibronectin 

and laminin-5 and broadens its proteolytic effect on the matrix by activating other 

proteases such as MMP-2 and MMP-13. MMP-2 acts synergistically with MT-1 MMP 

dimer during proteolysis of the matrix, and is activated only after binding to the 

surface activated MT1-MMP dimer (Seiki, 2003).  

In addition, several proteases including MT1-MMP, MMP-9 and uPAR-bound u-PA 

play key roles in the mobilization and recruitment of EPCs to sites of 

revascularization, with special attention attributed to MMP-9 (Blasi & Carmeliet, 

2002; Matias-Roman et al., 2005; Urbich & Dimmeler, 2004). There is a plethora of 

evidence that leukocytes and EPCs contribute to the process of angiogenesis (Urbich 

& Dimmeler, 2004; Polverini, 1997). EPCs originate in the bone marrow and a small 

proportion circulates in the peripheral blood. EPCs are thought to accelerate the 

progression of angiogenesis as their dysfunction has been associated with impaired 

Figure 2.10: Schematic presentation  of the activity of MT1-MMP at the surface of the invading 
endothelial sprout (Hinsbergh & Koolwijk, 2008). 
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vascularization in patients suffering from cardiovascular deseases and diabetes 

(Werner & Nickening, 2006).  

   

2.2.4 EC migration  

 

EC motility and therefore migration is based on the remodeling of a cytoskeletal 

component of ECs named actin. This component is composed of 43-kDa monomeric 

globular subunits (G-actin) that polymerize into helical filaments (F-actin). 

Monomeric G-actin is incorporated into growing filaments at the barbed end and 

then shifted along the filaments at the pointed end of the moving, migratory 

endothelial cell (Disanza et al., 2005). The continuous remodeling of actin 

cytoskeleton results in the formation of three structures essential for the EC motility. 

These are filopodia, lamellipodia and stress fibers. 

 Filopodia are membrane projections that contain parallel actin filaments and are the 

sensors of the motile stimuli. Lamellipodia are cytoplasmic protrusions forming the 

leading edge of migrating cells (Small, Stradal, Vignal & Rottner, 2002). Stress fibers 

are actin filaments of inverted polarity which are distributed along contractile fibers 

and are responsible for the contraction of the cell body during migration (Small & 

Resch, 2005).  

The actin-based EC migratory mechanism  which depends on the formation of the 

three structures mentioned, can be divided in six sequential events: (1) sensing of 

the mitogenic signal by filopodia; (2) formation and protrusion of lamellipodia and 

pseudopodia-like forward extension; (3) attachment of the protrusions to the ECM; 

(4) stress fiber-mediated contraction of the cell body to allow forward progress; (5) 

rear release; and (6) recycling of adhesive and signaling components (Figure 2.11) 

(Lamalice, Le Boeuf & Huot, 2007). When EC migration is directed towards a gradient 

of soluble chemoattractants like VEGF, the process is characterized as chemotactic, 

otherwise it may be directed towards a gradient of immobilized ligands like collagen 

and is  called haptotactic migration or may be generated by mechanical forces like  
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        Figure 2.11: Sequential events of EC migration (Lamalice, Le Boeuf & Huot, 2007). 

 

shear stress and is therefore called mechanotactic migration (Li, Huang & Hsu, 2005). 

All types of EC migration mentioned, contribute to the final outcome of cell motility 

during angiogenesis (Lamalice, Le Boeuf & Huot, 2007). 

 

Chemotactic EC migration 

 

This type of migration is regulated mainly by three major cytokines: VEGF, bFGF and 

angiopoietins.  Other cytokines involved in this type of EC migration during 

angiogenesis are FGF-2, hepatocyte growth factor (HGF), platelet-derived growth 

factor (PDGF), epidermal growth factor (EGF), transforming growth factor-β (TGF-β), 

interleukins, TNF-α, platelet-activating factor, ephrins, soluble adhesion molecules, 

endoglin and angiogenin (Lamalice, Le Boeuf & Huot, 2007).  
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Most attention has gained binding of VEGF to VEGFR-2 that activates several 

molecular pathways involved in EC migration (Figure 2.12). VEGF binding to its 

receptor activates the small enzymes called GTPases of the Rho family, that play a 

key role in EC migration. In particular, activation of Cdc42 protein is involved in the 

formation of filopodia and contributes to the activation of p38 MAPK pathway thus 

regulating the formation of stress fiber. By activation of Rac (GTPase) along with the 

activation of WAVE2, Cdc42 regulates the formation of lamellipodia as well 

(Lamalice, Le Boeuf & Huot, 2007). 

 

Figure 2.12: VEGFR-2 drives chemotactic endothelial cell migration by contributing to formation of 
stress fibers. The formation of stress fibers by binding of VEGF to VEGFR-2 requires a cooperative 

interaction between VEGFR-2 and integrins, especially ανβ3 (Lamalice, Le Boeuf & Huot, 2007).    

Moreover activation of Rho-A, member of the Rho family, mediates the activation of 

phosphoinositide 3-kinase (PI3K). PI3K is a key regulator as it regulates the function 
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of actin-regulating proteins such as profilin, cofilin and a-actinin. It also activates the 

phosphoinositide-dependent protein kinase PDK1, the Akt/protein kinase B and a 

number of kinases of the AGC family all of whom are important mediators in cell 

migration. Via Akt/protein kinase B activation, eNOS is activated leading to NO 

production with vasodilatory effects and increase in vascular permeability (Lamalice, 

Le Boeuf & Huot, 2007).  

Last but not least activation of the Rho-A kinase mediates activation of the Rho-

dependent kinase (ROCK) which phosphorylates focal adhesion kinase (FAK) on 

Ser732 (Figure 2.12). Phosphorylation of Ser732 enables the unfolding of FAK leading 

to the disclosure of another amino acid, Tyr407. Proline-rich tyrosine kinase-2 (Pyk2), 

activated via aνb3 binding to its ligand, then gains accessibility to and 

phosphorylates that particular amino acid of FAK, ultimately promoting EC 

migration. Therefore FAK is a key point in the regulation of EC migration integrating 

signals downstream ανβ3 and VEGFR-2 and controlling actin polymerization during EC 

migration (Le Boeuf, Houle, Sussman & Huot, 2006). 

 

Haptotactic EC migration 

 

This type of migration involves directed cell crawling along gradients of ECM 

components such as collagen, independently of chemotactic cytokines, such as 

VEGF, previously described. This migratory mechanism involves mainly adhesive 

interactions between ECM components and integrin cell membrane receptors. 

Role of ECM 

ECM is assembled by ECs, pericytes and supporting SMCs. It may promote or inhibit 

EC migration depending on its nature and cellular context. In the absence of 

angiogenic stimulus, ECM maintains ECs in a quiescent state. On the other hand, at 

the early steps of the angiogenic process, ECM is remodeled by metalloproteases 

releasing signals for EC migration generated either by proteolytic fragments (e.g. 
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fragments of collagen) or by the release of embedded angiogenic stimuli (VEGF, 

bFGF) (Wang, Anderson & Gladson, 2005). 

Many ECM components such as fibrin and collagen Ι, support cytokine-dependent 

chemotactic migration while others such as fibronectin, can by themselves guide 

haptotactic migration (Dejana, Languino, Polentarutti, Balconi & Ryckewaert et al, 

1985; Smith, Elkin & Reichert, 2006). However, the significance of specific ECM 

components for chemotactic and haptotactic migration remains unclear due to 

signaling and functional overlap. For example cytokine mediated chemotactic 

migration may be controlled by integration of signals originated by two different 

ECM components. In addition a transmembrane integrin receptor can bind to two 

different ECM components to mediate similar haptotactic signals. Moreover a 

number of ECM components mediate EC migration not with equal potency, while 

others function synergistically (Perruzi et al., 2003). 

ECs are connected to ECM components at focal adhesions (FAs) which are large, 

dynamic protein complexes, limited to clearly defined regions of the cell surface, 

through which the cytoskeleton of the cell connects to ECM components. The 

assemblage of FAs is supported by activation of signaling molecules such as FAK and 

paxillin and membrane actin-anchoring proteins such as talin, vinculin, tensin and a-

actinin that link the actin microfilaments of the cytoskeleton to the transmembrane 

integrin receptors. During migration, FAs rapidly assemble and disassemble allowing 

the forward movement of EC through the ECM by attachment and detachment to its 

components (Romer, Birukov & Garcia, 2006). 

Role of integrins 

Integrin receptors compose a family of 24 members and are heterodimeric 

transmembrane adhesion receptors that bind to ECM. Among all members of the 

family, two have gained special interest in haptotactic EC migration; ανβ3 and α5β1. 

After binding to ECM components, integrins cluster and become activated. Upon 

integrin activation several molecular pathways are activated as well.  

http://en.wikipedia.org/wiki/Protein_complexes
http://en.wikipedia.org/wiki/Cytoskeleton
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GTP-ase-activating proteins like DOCK180 and ELMO are triggered and activate small 

GTPases like Cdc42 and Rac 1 leading finally to actin polymerization. In parallel, 

activation of other pathways like those of RhoA and ERK lead to increased EC 

contractility. Taken together all interactions contribute to haptotactic EC migration 

(Figure 2.13) (Lamalice, Le Boeuf & Huot, 2007).  

 

 

 

 

2.2.5 Endothelial tip, stalk and phalanx cells 

 

Initiation of sprouting requires the specification of ECs into tip and stalk cells which 

differ in morphology and functionality (Gerhardt et al., 2003). Tip cells are migratory, 

polarized and proliferate minimally whereas stalk cells do proliferate during 

sprouting and form the nascent vascular lumen cells. This phenotypic specification of 

Figure 2.13: Signaling pathways at integrin-driven haptotactic EC migration (Lamalice, Le Boeuf & 

Huot, 2007).  
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ECs as tip cells and stalk cells depends on the balance between pro-angiogenic such 

as VEGF and Jagged-1 and factors that suppress EC proliferation such as delta-like 

ligand 4(Dll4)- Notch activity (Eilken & Adams, 2010; Geudens & Gerhardt, 2011; 

Wacker & Gerhardt, 2011; Tung, Tattersall & Kitajewski, 2012). 

When vessels are exposed to pro-angiogenic signal such as VEGF, a fraction of the 

ECs aquire the tip cell phenotype while others form the stalk cell phenotype and stay 

behind to maintain the integrity of the growing vascular network. ECs express 

VEGFR-2 a receptor that drives the mitogenic and chemotactic responses of ECs to 

VEGF. Tip cell migration depends on the gradient of VEGF, whereas stalk cell 

proliferation is regulated by VEGF concentration (Gerhardt et al., 2003). ECs exposed 

to high levels of VEGF express in turn high levels of Dll4 ligand which is a 

transmembrane protein that activates, via binding, Notch receptor in adjacent cells 

(Figure 2.14). At the 

beginning, Dll4 and 

Notch signaling is 

balanced until 

presumptive tip cells 

increase Dll4 expression 

in response to VEGF. 

VEGF induces the 

formation and extension 

of filopodia in those tip 

cells as well (Phng & 

Gerhardt, 2009). Due to 

upregulation of Dll4 

expression in tip cells, 

Notch receptor is upregulated in neighboring cells leading to downregulation of 

VEGF receptors in these cells. Finally tip cells with high levels of Dll4 protein strongly 

response to VEGF signaling and aquire an invasive sprouting phenotype, whereas 

stalk cells stay behind, have limited access to VEGF, upregulate Notch receptor and 

preferentially express another ligand named Jagged-1 (Eilken & Adams, 2010). Albeit 

Figure 2.14: Tip cell selection and sprout formation during 
angiogenesis (Eilken & Adams, 2010). 
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limited access they have, stalk cells do proliferate in response to VEGF, create a 

lumen, synthesize the BM, associate with pericytes and increase the mass and 

surface of the new vessel (Ribatti & Crivellato, 2012).   

Finally as ECs ‘switch’ from active sprouting to quiescent state, tip cells adopt a 

‘phalanx’ phenotype which resembles the phalanx formation of ancient Greek 

soldiers, that is lumenized, non-proliferating immobile cells enhancing the integrity 

and stability of the growing vessel (Mazzone et al., 2009). 

 

2.2.6 Lumen formation 

 

When cell migration comes to an end, ECs form a lumen by re-establishing functional 

adherens junctions; a process mediated by vascular endothelial cadherin (VE-

cadherin) which is a basic component of adherens junctions (Dejana, Bazzoni & 

Lampugnani, 1999). VE-cadherin molecule is required for the polarization and 

homotypic interaction of ECs. Another cell adhesion molecule expressed in ECs is 

neural cadherin (N-cadherin) which increases the amount of VE-cadherin at the cell-

cell contact (Luo & Radice, 2005). VE-cadherin and adherens junctions are initially 

diffused all over the contact area of adjacent EC but gradually are limited to lateral 

positions (Lammert & Axnick, 2012). 

Determination of EC polarity starts with the delivery of deadhesive apical 

glycoproteins to the cell-cell contact area via exocytosis (Figure 2.15) (Martin-

Belmonte et al., 2007, Ferrari et al., 2008). Such molecules are CD34-sialomucins like 

CD34 and podocalyxin (PODXL). While these glycoproteins are transferred to the 

apical surface of the cell, which is the cell-cell contact area, adherens junctions are 

marginalized to the lateral cell borders. Concomitantly, F-actin is recruited beneath 

the cell surface and gets connected to the apical glycoproteins and the VE-cadherin 

of the lateral positioned junctions as well. Finally a slit is developed by the 

electrostatic repulsion of negatively charged apical glycoproteins of adjacent cells 

which will expand to a lumen subsequently (Strilic et al., 2010a). For the complete 

separation of apical surfaces of adjacent ECs, presence of VEGF-A is prerequisite. 
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VEGF-A induces changes in cell shape which are essential for the separation of the 

apical cell surfaces (Strilic et al., 2009). More specifically, VEGF-A binds to its 

receptor VEGFR2 and as aforementioned ROCK kinase is activated, leading to the 

formation of the actomyosin complex which interacts with the F-actin of the 

cytoskeleton, generating a force needed for the complete separation of the opposing 

surfaces and the widening of the lumen (Lammert & Axnick, 2012). 

 

2.2.7 Remodeling and pruning 

 

The initial vascular plexus generated by EC sprouting consists of a network of EC 

tubes and sacs. This plexus is formed in excess and is adjusted to the required vessel 

Figure 2.15: Molecular mechanism of lumen formation during angiogenesis (Lammert & Axnick, 
2012). 
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density of each tissue, by regression of unnecessary vessels. This process is termed 

remodeling and pruning of the primary vascular plexus and is necessary for the 

formation of a mature and more differentiated vascular network (Figure 2.16) 

(Ashton, 1966). 

Remodeling involves the growth of new vessels and the regression of others as well 

as changes in the diameter of vessel lumens and wall thickening. This process 

determines the formation of large and small vessels, the establishment of directional 

flow, the association of mural cells (MCs) and the adjustment of vascular density to 

meet the nutritional 

requirements of the surrounding 

tissue (Ribatti & Crivellato, 

2012). Precedent of vascular 

remodeling is capillary retraction 

which describes the 

phenomenon of retraction of 

sprouts during the rapid growth 

phase of capillaries and 

associates with elongation of 

other capillaries in the 

immediate vicinity. Retraction 

differs from regression and is 

defined as the process by which 

ECs are withdrawn from one 

capillary sprout to become 

incorporated either into the 

mother vessel or into adjacent 

sprouts which are elongating (Clark, E.R., 1918; Clark, E.R., & Clark, E.L., 1939). 

Pruning involves the removal of excess of ECs that form redundant channels and 

results in the creation of a hierarchical thermodynamically efficient 

angioarchitecture (Ashton, 1966). According to the first description of vascular 

Figure 2.16: The processes and molecules involved in 
vascular development (Risau, 1997). 



Page 40 
 

pruning at the capillary level, when some channels become redundant, blood flow 

within them ceases, the lumen obliterates, and the endothelial cytoplasm and nuclei 

retract into the parent capillaries leaving behind a trail of cytoplasm that disappears. 

Later on, the term of Intussusceptive Vascular Pruning (IVP) was established to 

sufficiently characterize the process of vascular pruning as the formation of multiple 

eccentric pillars at the bifurcation points and their subsequent successive fusions, 

which leads to partial and later to total luminal obstruction and separation (cutting 

off) of one of the affected daughter branches (Hlushchuk et al., 2011).  

Vascular pruning results in reduction of the number of vascular branches and 

vascular density and is regulated by blood flow conditions (e.g. wall shear stress and 

pressure) as well as by various morphogens and cytokines. The most potent and best 

described angiogenic factor, VEGF induces not only survival, proliferation and 

migration of vascular ECs according to a specific temporal and spatial pattern during 

angiogenesis, but it has been revealed that there is a relation between VEGF 

downregulation and intussusceptive pruning as well. Studies have revealed that 

inhibition of the VEGF/VEGFR signaling pathway leads to vessel degeneration by 

means of vascular pruning (Hlushchuk et al., 2011). 

 

2.2.8 Vessel stabilization and maturation 

 

When assembly of ECs into a network with a luminal structure is completed, 

stabilization and maturation of the vascular network takes place. Prerequisite for 

vascular stabilization is the recruitment of MCs  and attachment to the vessel wall as 

well as deposition of new BM by ECs. Regulation of this process is of outmost 

importance because when not configured properly leads to excessive vessel 

generation or premature regression, phenomena encountered in many pathological 

conditions. 
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The wall of stable blood vessels is 

composed of two dinstict cell types: ECs 

and MCs (pericytes and vascular SMCs) 

(Figure 2.17). ECs form the inner layer of 

the vascular tubes while MCs attach to 

and coat the external side of the tubes 

(Gaengel, Genové, Armulik & Betsholtz, 

2009). Referring to the capillary 

structure, MCs or pericytes are 

intermittently seen on the surface 

whereas in larger vessels, MCs or 

vascular SMCs coat the vessel surface 

often in multiple layers. Studies have 

shown that association of MCs to endothelial vessel wall of newly formed network is 

critical for maintenance of vessel integrity and stability. Disruption of this association 

status is proved so far to lead to uncontrolled regression of the vasculature (Armulik, 

Abramsson & Betsholtz, 2005; Carmeliet, 2003). 

Components of ECM like those that form the BM (collagen IV and laminin isoforms) 

and others like collagen I, elastin and fibronectin, all contribute substantially to 

vessel stabilization (Francis, Uriel &  Brey, 2008). ECM provides ECs with a necessary 

scaffold for mechanical support of the newly formed vessels and regulates EC 

proliferation, migration and survival as aforementioned. Moreover, BM deposition 

that occurs after MC recruitment, further stabilizes the vasculature by decreasing 

vessel permeability and preventing vessel regression (Figure 2.18) (Stratman, 

Malotte, Mahan, Davis, M.J., & Davis, G.E., 2009).  

 

 

Figure 2.17: Spatial distribution of pericytes and 
VSMCs throughout the vascular network. SM, 
smooth muscle (Peppiatt, Howarth, Mobbs, & 
Attwell, 2006). 
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Vessel stabilization is controlled by several molecular pathways which ensure 

balance between proliferation and apoptosis of ECs and MCs as well as the 

deposition and degradation of ECM components.  

PDGF  

The PDGF family consists of five members; the four homodimers PDGF-A, PDGF-B, 

PDGF-C, PDGF-D and the heterodimer PDGF-AB. These molecules exert their 

biological effects on angiogenesis through binding to two receptors PDGFR-α and 

PDGF-β, which are present on MCs and messenchymal cells (Hellberg, Ostman & 

Heldin, 2010). Most attention has gained the PDGF-B isoform which is expressed by 

proliferating ECs and binds to PDGF-β receptor expressed by MCs, thereby 

stimulating their proliferation, migration and attachment to the new vasculature 

(Hellström, Kalén, Lindahl, Abramsson & Betsholtz, 1999; Lindahl, Johansson, Levéen 

& Betsholtz, 1997). This association of MCs with newly formed vessels regulates EC 

proliferation, migration, survival, differentiation, network formation and branching, 

vessel permeability and blood flow (Jain, 2001). 

Angiopoietins 

The angiopoietin (Ang) family consists of four members; Ang-1, Ang-2, Ang-3 and 

Ang-4. They all bind to Tie receptors which are expressed on vascular ECs 

(Yancopoulos et al, 2000). Ang-1 which is expressed by MCs, binds to Tie receptors 

on ECs, stabilizes new vasculature and prevents blood leakage by establishing the 

connection between ECs and MCs. Ang-2 has a competitive mode of action towards 

Ang-1 and is expressed by ECs, binds to Tie receptors on the same cells and 

Figure 2.18: Process of blood vessel stabilization. ECs secrete signals for proliferation, migration and 
attachment of MCs to the vessel wall. ECs secrete components of BM as well, which further stabilize 
the newly formed vessels (Eberli, 2011). 
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promotes vessel regression and destabilization. However, their action has been 

proved to be pleiotropic and more or less context depedent. Ang-1 has been 

proposed to stimulate angiogenesis in ischemic limbs, gastric ulcers and in some 

tumors as it mobilizes EPCs and hematopoietic stem cells (HSCs) and promotes EC 

survival (Hattori et al., 2001). In addition, it has been proposed that Ang-1 has an 

antiangiogenic effect as well, as it suppresses vessel sprouting in tumors and the 

heart (Visconti, Richardson & Sato, 2002). This is possible due to its ability to tighten 

up vessels by reorganizing junctional molecules, instead of loosening up vessels in 

order for ECs to migrate and form capillary sprouts (Thurston et al., 2000). Ang-2, on 

the other hand, stimulates vessel growth in some tumors by loosening cell 

interactions and when synergizing with VEGF stimulates angiogenesis in the heart 

(Visconti, Richardson & Sato, 2002). In lack of angiogenic stimuli, Ang-2 causes EC 

death and vessel regression (Maisonpierre et al., 1997).  

TGF-β  

TGF-β family consists of three members TGF-β1, TGF-β2 and TGF-β3. All isoforms are 

expressed by ECs and MCs. The major receptors for TGF-β include activin receptor 

like kinase (Alk)-1, Alk-5 and endoglin (Gaengel, Genové, Armulik & Betsholtz, 2009). 

Depending on its receptor TGF-β mediates distinct signaling pathways which either 

enhance or inhibit vascular maturation. Activation of Alk-1 receptor, activates EC 

proliferation and migration inhibiting vessel maturation and MC differentiation 

whilst activation of Alk-5 receptor inhibits EC proliferation and migration, promoting 

vessel maturation and MC differentiation (Goumans et al., 2002). In addition, 

pleiotropic action of TGF-β depends on its concentration. At low doses, TGF-β 

promotes EC proliferation and sprouting by activating TGF-β-ALK-1 pathway. At high 

doses, TGF-β inhibits EC growth, promotes BM reformation and stimulates SMC 

differentiation and recruitment promoting vessel stabilization and maturation (van  

den  Driesche, Mummery &  Westermann, 2003).   

Sphigosine-1-Phosphate (S1P) 

S1P is secreted mainly by platelets and activates a family of five G protein-coupled 

receptors S1P 1, S1P 2, S1P 3, S1P 4 and S1P 5 (Gaengel, Genové, Armulik & 
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Betsholtz, 2009). Studies have demonstrated that the signaling pathway S1P/S1P 1 

promotes vascular stabilization by activation of N-cadherin, a cell adhesion molecule 

which connects ECs and MCs (Paik et al, 2004). It has been also suggested that S1P 1 

receptor functions mainly through ECs than any other cell type (Allende, Yamashita 

& Proia, 2003). 

VEGF family 

 The role of VEGF in regulating vascular stabilization can be either positive or 

negative according to its spatial and temporal kinetics. VEGF promotes EC survival 

and protects them from apoptosis by up-regulating an apoptosis regulator protein 

Bcl-2 (B-cell lymphoma 2) (Nör, Christensen, Mooney & Polverini, 1999). On the 

other hand it is also considered as a negative regulator for vessel maturation by 

disrupting vascular SMC function and pericyte coverage of nascent vascular sprouts, 

leading to vessel destabilization (Greenberg et al., 2008). Withdrawal of VEGF prior 

to stabilization and remodeling may result in excessive vessel regression by EC 

apoptosis whereas overexpression of VEGF results in leaky immature unstable 

vessels, hence the dosage of VEGF is crucial for the development of a stable, normal 

vascular network (Benjamin, Golijanin, Itin, Pode & Keshet, 1999; Yancopoulos et al., 

2000). 
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3 Role of avβ3 integrin in angiogenesis 
 

3.1 Integrin structure  

 

The integrin receptor family in mammalians consists of 24 distinct integrins made up 

of 8 β subunits assorted with 18 α subunits and the term “integrin” was given to 

declare the importance of these molecules for the maintainance of the integrity of 

ECM-cytoskeletal linkage (Figure 3.1) (Hynes, 1987; Hynes, 2004; Tamkun et al., 

1986). 

 

Figure 3.1: The integrin superfamily. Some subunits can combine with several different partners, 

adding to the structural complexity of integrin receptors (Gahmberg, 2009). 

Integrins are heterodimeric transmembrane receptors with a large extracellular 

domain, a single pass transmembrane (TM) domain and a small cytoplasmic domain 

or tail. Their role is to enable the cell to adhere to ECM ligands or counter receptors 

on adjacent cells.  They are also the mechanical link between the extracellular 

proteins and the cytoskeleton inside the cell. More specifically, via multiple 

submembrane linker proteins such as talin, paxilin and vinculin, integrins bind to the 

actin microfilament system of the cytoskeleton which they also modulate and 

regulate (Hynes, 2002). 
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Ligation of integrins modulates many aspects of cell behavior such as, 

survival/apoptosis, proliferation, motility, polarity, shape, differentiation and gene 

expression all of which are central processes in the course of angiogenesis. 

Moreover, molecular pathways that are stimulated by ligation of integrin resemble 

and are connected with those triggered by growth factor receptors such as VEGFR-2 

with which specifically ανβ3 is closely associated.  That means that cellular response 

to growth factors, prerequisite for cellular survival and proliferation, depends on 

cellular anchorage to ECM components via integrin ligation as well (Assoian, 1997; 

Schwartz & Assoian, 2001; Frisch & Screaton, 2001). 

The precise integrin structure was revealed by x-ray crystallography and as it was 

shown it is composed of non-covalently associated one α and one b subunit (Xiong et 

al., 2001). 

The extracellular domain of α 

subunit is composed of a 

seven-bladed β-propeller that 

is connected to a thigh, a calf-1 

and a calf-2 domain (Figure 

3.2). Three or four of the 

blades of the β-propeller 

contain domains that bind 

divalent calcium ions (Ca2+) 

and this calcium ion binding allosterically affects ligand binding (Oxvig, & Springer, 

1998). 

Nine out of twenty four integrins contain in the β-propeller domain of the α subunit, 

an extra domain called I or A or I/A domain of approximately 200 amino acids and an 

α-I/A domain-like region within the β subunit (β-I/A domain), Figure 3.3 (Larson, 

Corbi, Berman & Springer, 1989). In the rest integrins, including ανβ3, the α-I/A 

domain is absent and β-I/A domain is only present. Consequently at integrins which 

have an α-I/A domain, the ligand binding region is restricted in that domain, whereas 

at integrins that lack the α-I/A domain and instead they have a β-I/A domain, the 

Figure 3.2: Schematic drawing of the LFA-1 integrin. α- I/A 
domain is within the β-propeller domain of α subunit 
whereas β- I/A domain is within the hybrid domain of β 
subunit (Gahmberg, 2009). 
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binding site is formed by 

structural contributions of 

both α and β subunits 

(Xiong et al., 2001). Ligand 

binding at the integrin 

binding site occurs via a 

coordinating divalent 

magnesium ion (Mg2+) in 

the so-called metal-ion-

dependent adhesion site 

(MIDAS) motif (Lee, 

Bankston, Arnaout & 

Liddington, 1995). 

Nevertheless, subsequent studies led to the conclusion that the MIDAS is likely to be 

constitutively occupied by a magnesium ion under physiological conditions, and that 

the metal binding is not necessarily correlated with the transition between different 

conformational states, a phenomenon precedent to ligand binding (Qu & Leahy, 

1996).   

 The extracellular domain of β subunit contains a plexin-semaphorin-integrin (PSI) 

domain, a hybrid domain, a β-I/A domain and four cysteine-rich epidermal growth 

factor (EGF)-like repeats (Lee, Bankston, Arnaout & Liddington, 1995). The β-I/A 

domain is an α-I/A domain-like region that takes part in ligand binding in non-α-I/A 

domain containing integrins like ανβ3 as mentioned earlier. The β-I/A domain 

contains three binding sites: a MIDAS, a site adjacent to MIDAS (ADMIDAS) and a 

ligand induced metal binding site (LIMBS). In the physiologic state when integrin has 

low affinity for the ligand, all three metal binding sites are occupied: the MIDAS by a 

magnesium ion, while the other two metal binding sites can be occupied by calcium 

ions (Zhu et al., 2008). However, this result is in contrast with previous studies that 

showed only one metal present in the absence of ligand (Xiong et al., 2002). The 

magnesium ion at MIDAS directly coordinates the aspartic acid (Asp) residue of the 

RGD ligands (the major binding motif in many integrin ligands), which otherwise 

Figure 3.3: Schematic representation of the two types of integrin 
structure. (A) Structure of integrins containing an a-I/A domain. (B) 
Structure of integrins without an  a-I/A domain (e.g. ανβ3). T, thigh; 
C1, calf-1; C2, calf-2; TM, transmembrane; PSI, plexin-sempahorin-
integrin; EGF,  epidermal growth factor (Seow et al., 2002).  
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would be electrostatically repelled by the anionic residues of the MIDAS itself (Zhu et 

al.,2008). Between two types of integrin structure, the one without an α-I/A domain 

will gain more attention in this thesis, 

because it is the type of structure ανβ3 

belongs to (Figure 3.4). In this type of 

integrin structure, the β-propeller and 

thigh domains within the a subunit and 

the β-I/A, hybrid and PSI domains 

within the b subunit are complexed to 

form the ligand binding head region of 

the ανβ3 integrin, which is attached to 

two legs one from each subunit. 

The cytoplasmic domains interact with and link to cytoskeletal and signaling proteins 

inside the cell. They are rather short (less than 50 amino acids) and devoid of 

enzymatic activity. Moreover these domains are key regulators of the activation 

state of integrins, by affecting the structure and function of the extracellular 

domains in which the ligand binding sites are embedded (Ginsberg, Du & Plow, 

1992). Studies on the platelet integrin αIIbβ3 have revealed that the membrane 

proximal portions of the α and β cytoplasmic parts are α-helical and associate with 

each other (Vinogradova et al., 2002). The short αIIb cytoplasmic domain has been 

shown to act as a negative regulator of integrin activation as deletion of the entire 

domain leads to a constitutively active integrin (Ginsberg, Du & Plow, 1992; O’Toole 

et al., 1991). Similarly the conserved membrane proximal segment of the β3 is also 

necessary (Hughes, O’Toole, Ylanne, Shattil & Ginsberg, 1995). The membrane-

proximal regions of a and b cytoplasmic tails are believed to interact through a salt 

bridge (dotted line in Figure 3.5) between a conserved Arg995 residue in the α tail and 

an Asp723 residue in the β tail, thereby keeping integrins in the inactive state 

(Liddington & Ginsberg, 2002). Experiments of mutation of either residue to alanine 

yields to a constitutively active integrin (Hughes et al., 1996). According to 

experimental findings interaction of membrane-proximal segments of αIIb and β3 

Figure 3.4: Schematic diagram of the αvβ3 integrin 
structure (Ascari, Buckley, Mould & Humphries, 
2009).    
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restrain the integrin in an inactive state whereas separation of the cytoplasmic 

domains is a key step in integrin activation (Ginsberg, Du & Plow, 1992). 

 

3.2 Integrin signaling 

 

Integrins can act as signaling molecules in both directions across the plasma 

membrane and are therefore characterized as bi-directional signaling receptors 

involved in inside-out and outside-in signaling. Inside-out signaling mainly acts to 

bring the integrin into the active conformation. Outside-in signaling occurs due to 

ligand binding and integrin clustering.  

 

3.2.1 Inside-out signaling 

 

Integrin’s activation, via inside-out signaling, is a complex biological process. It 

originates from non-integrin cell surface receptors or cytoplasmic molecules and 

activates signaling pathways inside the cells, resulting in the activation/deactivation 

of integrins. For example referring to the platelet integrin αIIbβ3 which is inactive on 

resting platelets but rapidly activated by thrombogenic stimuli, there is data 

indicating that activation occurs via separation of the cytoplasmic domains 

(Ginsberg, Du & Plow, 1992). Signaling proteins present inside the cell, that enable 

integrin activation by interfering with their cytoplasmic domains are, among others, 

talin and FAK which share the characteristic of having a phosphotyrosine binding 

(PTB) domain within a conserved four-point-one, ezrin, radixin, moesin (FERM) 

domain (Calderwood et al., 1999; Tadokoro et al., 2003). There are increasing 

evidence that head domain of talin binds to cytoplasmic domains of b3 and other b 

subunits via its PTB domain, therefore separating it from αIIb tail causing the whole 

molecule’s activation. FAK is believed to act in a similar manner (Calderwood et al., 

2002; Ginsberg, Du & Plow, 1992). 
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 Based on this talin-mediated 

activation model, the talin 

head domain is reported to 

disrupt the salt bridge formed 

between aIIb-Arg995 and the 

b3-Asp723 and break the TM 

helical packing thereby 

resulting in a shortened TM 

helix (Figure 3.5) (Vinogradova 

et al., 2002). Therefore 

binding of talin to the 

cytoplasmic tail of the b 

subunit induces a series of 

conformational changes that give rise to a high affinity for ligand in the extacellular 

domain.  

Thus changes in the membrane insertion of the membrane-proximal domains of 

integrin a and b subunits can alter the length of the TM domain and changes in TM 

domain interactions are likely to be a key step in inside-out signaling and integrin 

activation (Ginsberg, Partridge & Shattil, 2005) . 

 

3.2.2 Outside-in signaling 

 

Integrin ligation initiates outside-in signaling by inducing, firstly, conformational 

changes that are propagated to the TM and cytoplasmic domains , and secondly, 

integrin clustering. Conformational changes lead to increased integrin-binding 

affinity whereas clustering leads to increased valency which results in increased 

ligand binding through higher avidity.  

 

 

Figure 3.5: Binding of talin to the cytoplasmic tail of the β 
subunit induces a series of conformational changes that give 
rise to a high affinity for ligand in the extracellular domain. D, 
Asp

723
 in β3 subunit; R, Arg

995
 in αIIb subunit; WK, Trp/Lys 

doublet (Ginsberg, Partridge & Shattil, 2005). 
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Affinity modulation 

 Conformational changes during outside-in signaling will be discussed in regard with 

inside-out signaling events for a more comprehensive description. Integrins are 

known to adopt three major conformational states: ‘inactive’ (low affinity) (A), 

‘primed’ or ‘active’ (high 

affinity) (B) and ligand 

bound (C) accompanied 

with intermediate 

conformers (Figure 3.6). 

Inactive integrin adopts a 

compact, most probably 

bent conformation in which 

the α- and β-subunit leg, 

transmembrane and 

cytoplasmic domains are 

closely associated. 

Intracellular signals lead to 

talin binding to the β 

subunit tail of integrin, as 

aforementioned, causing 

relaxation of the leg 

restraints. This relaxation 

causes further unbending of 

the legs and exposure of epitopes of stimulatory antibodies in the leg regions 

(denoted as stars in Figure 3.6) (Ascari, Buckley, Mould & Humphries, 2009). A small 

outward movement of the hybrid domain enables the ligand-binding pocket to 

achieve a high affinity conformation that is suitable to accept ligand (Rocco, Rosano, 

Weisel, Horita & Hantgan, 2008). The point at which a high-affinity conformation is 

established may be integrin- and agonist- specific, and moreover may be reached 

before the receptor is completely extended (Kamata, Handa, Sato, Ikeda & Aiso, 

Figure 3.6:  A five-component model illustrating conformational 
changes that are associated with inside-out and outside-in 
integrin signaling (Ascari, Buckley, Mould & Humphries, 2009).     
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2005; Calzada, Alvarez & Gonzalez- Rodriguez, 2002). Ligand binding represents the 

end-point of inside-out signaling.  

At this point the integrin is probably in an extended conformation, the hybrid 

domain is in its primed position and the legs of α and β subunits are destabilized 

although their degree of separation is not precisely known. Binding of talin and 

ligand initiate focal contact formation. In parallel with cytoskeleton maturation, 

tension is generated throughout the integrin receptor (D in Figure 3.6). The force 

applied to the receptor head region leads to further outward movement of the 

hybrid domain and strengthens the receptor-ligand binding. Normally receptor-

ligand bonds are weakened by applied forces because the receptor and the ligand 

are pulled apart and these kind of bonds are called ‘slip bonds’. Instead, the integrin 

receptor-ligand binding is strengthened and this kind of bond is called ‘catch bond’ 

an interaction that is strengthened by tensile force. This phenomenon is attributed 

to allostery: force promotes the formation of a higher-affinity conformation and is of 

special importance during migration of these cell types (Thomas, Vogel & Sokurenko, 

2008; Puklin-Faucher, Gao, Schulten & Vogel, 2006). Reinforcement of integrin-

ligand binding and stabilization of the active conformation allows formation of stable 

focal adhesions and consequently intracellular signaling cascades begin (E in figure 

3.6). Initiation of intracellular signaling pathways sets the end-point of outside-in 

signaling (Ascari, Buckley, Mould & Humphries, 2009).    

 

Valency modulation 

Strong binding of cells to ECM requires besides the increase in affinity of individual 

integrins for ECM ligands, caused by integrin activation, a substantial increase of the 

avidity of the interaction by integrin clustering so that hundreds, or thousands of 

weak interactions sum into a tightly bound adhesive unit (Figure 3.7). First ligand-

bound integrins cluster into unstable structures called nascent adhesions (Choi et al., 

2008). A portion of nascent adhesions progresses to dot-like focal complexes, which 

subsequently mature into larger focal adhesions (FAs) and eventually into streak-like 

fibrillar adhesions (Geiger, Bershadsky, Pankov & Yamada, 2001).   
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Figure 3.7: Ligand binding promotes integrin clustering and association with the cytoskeleton via 

multiple submembrane linker proteins. RGD, Arg-Gly-Asp integrin binding motif; Tal, talin; Pax, 

paxilin; Vin, vinculin; CAS, p130
CAS

 (Giancotti & Ruoslahti, 1999).  

 

Formation of FAs 

FAs are comprised of clusters of integrin receptors associated with large complexes 

of signaling and structural proteins linked to the actin cytoskeleton (Burridge & 

Chrzanowska-Wodnicka, 1996; Yamada & Geiger, 1997). FAs connect actin stress 

fibers to the ECM by the association of integrins with linking proteins including talin, 

vinculin and α-actinin. The initial integrin-cytoskeleton linkage following fibronectin 

binding, involves as aforementioned the recruitment of talin to β cytoplasmic tails of  

integrins and the establishment of a 2-pN slip bond, which provides the initial force 

applied by the cytoskeleton to the extracellular ligand (Jiang, Giannone, Critchley, 

Fukumoto & Sheetz, 2003). Talin binding is rapidly followed by the recruitment of 

other proteins such as vinculin, which is believed to be a major player in the growth 

and maturation of FAs. It is evident that talin makes the initial contacts between 

integrins and actin, but it is not sufficient to maintain this connection on its own. 

Vinculin is required to strengthen the linkage by acting as a cross-linker and 

stabilizing the talin-actin interaction by binding directly to both directions (Gallant, 

Michael & Garcia, 2005; Humphries et al., 2007). Studies have highlighted the 
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importance of α-actinin, another binding partner of both talin and vinculin in linking 

integrins to the cytoskeleton and have also revealed that α-actinin operates as a 

close partner of actin in modulating the strength and stability of the integrin-actin 

linkage (Choi, 2008). Consequently, the force dependent strengthening of integrin 

cytoskeleton linkages correlates with the incorporation of α-actinin into integrin 

adhesion sites (Laukaitis, Webb, Donais & Horwitz, 2001). 

 
 

3.2.3 Intracellular signaling 

 

Downstream of integrin activation, intracellular signaling events can be divided into 

three temporal stages: immediate, short term and long term effects (Figure 3.8). 

Immediate changes are increased phosphorylation of specific protein substrates 

through activation of kinases such as FAK, pp60src, MAPK, Jun kinase and PKC 

particularly at the nascent adhesion site, and an increase in the concentrations of 

lipid second messengers such as phosphatidylinositol-4,5-bisphosphate (PIP2) and  

phosphatidylinositol-3,4,5-triphosphate (PIP3) (Ferrell & Martin, 1989; McNamee, 

Ingber & Schwartz, 1993; Chen & Guan, 1994). 

Short term changes consist of 

the activation of the Rho 

family GTPases and other actin 

regulatory proteins, which are 

responsible for the 

reorganization of the actin 

cytoskeleton allowing cells to 

adopt characteristic shapes 

and to start to migrate. Long-

term attachment to ECM via 

integrin ligation results in 

changes in signaling pathways 
Figure 3.8: Intracellular signaling cascade after ανβ3  ligation 
(Legate, Wickström, & Fässler, 2009). 



Page 55 
 

and in gene expression profiles that affect survival, proliferation and differentiation 

of cells.  These developmental programs of cells are mainly influenced by mechanical 

properties of the matrix such as rigidity and tensile strength. Consequently integrins 

serve on one hand as biosensors of ECM mechanical changes and on the other hand 

as modulators of cytoskeletal organization and therefore as modulators of 

intracellular forces applied, contributing by this way in intracellular signaling (Even-

Ram, Artym & Yamada, 2006; Ingber, 2006).     

 

3.3 ανβ3 integrin regulation of angiogenesis 

 

Quiescent ECs express a vast repertoire of integrins on their surface: αvβ5, the 

vitronectin receptor; α5β1, the fibronectin receptor; α1β1 and α2β1, the collagen 

receptors; α3β1, α6β1 and α6β4, the laminin receptors. αvβ5 and α5β1, recognize and 

bind to an RGD-binding site of vitronectin and fibronectin respectively (Hodivala-

Dilke, Reynolds, A.R, & Reynolds, L.E., 2003). Angiogenic ECs alter their cell surface 

integrins via two major mechanisms. The first mechanism is at the level of 

transcription of individual integrin subunits, resulting in alterations in the relative 

expression of individual integrin subunits. Integrins that bind to ECM components 

such as collagen and laminin tend to be downregulated and integrins that bind to 

provisional ECM components such as fibrinogen, fibronectin, osteopontin, 

vitronectin and proteolyzed forms of collagen tend to be upregulated. The second 

mechanism is at the level of integrin function. ECs after being stimulated by 

angiogenic growth factors, alter the ligand binding characteristics of cell surface 

integrins to fit into the new roles required for angiogenic response (Stupack & 

Cheresh, 2004).  

 

Integrin ανβ3 has received most attention because of its de novo expression in 

proliferating vascular ECs which have prominent role in the progress of angiogenesis 

(Brooks, Clark & Cheresh, 1994; Horton, 1997). Interactions between integrin ανβ3 

and ECM is crucial for EC sprouting and the formation of new capillary networks 
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during angiogenesis. Moreover there is a signaling cross link between integrins and 

growth factor receptors to promote cell proliferation and motility.  

 

Integrin ανβ3 was first thought to be involved in pathological angiogenesis due to its 

apparent increased expression in proliferating ECs (Brooks, Clark & Cheresh, 1994; 

Drake, Cheresh & Little, 1995). Early studies have supported that ανβ3 as well as ανβ5, 

were essential integrins during pathological angiogenesis and led to the 

development of ανβ3 and ανβ5 antagonists (Brooks, Clark & Cheresh, 1994; Drake, 

Cheresh & Little, 1995; Eliceiri &  Cheresh, 1998; Brooks et al, 1995; Friedlander et al, 

1995; Friedlander et al, 1996). Although the application of anti-angiogenic agents, 

such as the humanized monoclonal antibody Vitaxin and the RGD-mimetic 

Cilengitide, both antagonists of β3 integrin, reached the level of clinical trials they 

did not correspond to the primary expectations concerning tumor inhibition (Stupp 

& Ruegg, 2007). In addition, studies of genetic ablation of the alpha v integrin 

subunit, showed that it did not appear to affect angiogenesis (Lacy-Hulbert et al., 

2007).  Moreover, studies of β3 null and β3/β5 doubly deficient mice showed 

enhanced pathological angiogenic responses (Reynolds, L.E., et al., 2002). According 

to the aforementioned published data, integrin ανβ3 did not seem to strongly affect 

angiogenesis. However, it was obvious that β3 integrin did hold a regulatory role in 

the process of angiogenesis, given the enhanced pathological angiogenic responses 

that were observed in β3 null mice. The involvement of β3 integrin was 

demonstrated by studies in which two tyrosine residues of the β3 integrin, Tyr747 

and Tyr759 that are known to participate in integrin signaling, were mutated to 

phenylalanine residues resulting in impaired tumor growth and pathological 

angiogenesis (Mahabeleshwar, Feng, Phillips & Byzova, 2006). Consequently, the 

study demonstrates that the phosphorylation of the specific tyrosine residues of β3 

integrin, Tyr747 and Tyr459, is positively involved in tumor angiogenesis 

(Mahabeleshwar, Feng, Phillips & Byzova, 2006). 

It should be noted that results from ανβ3 inhibition, ανβ3 mutant and ανβ3 knockout 

models were not in agreement. When inhibiting ανβ3 integrin, angiogenic respose 

was not totally suppressed as expected, moreover the ανβ3 mutant showed partial 
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functionality instead of no functionality and finally the ανβ3 knockout models showed 

enhanced angiogenic response instead of loss of angiogenic response. One possible 

explanation is that ανβ3 integrin may have both positive and negative roles during 

angiogenesis according to the molecular context and time point of angiogenic 

process. ανβ3 exerts its pro-angiogenic properties when binding to factors that 

enhance angiogenesis such as VEGFR2, vitronectin, fibronectin, Del1, ANGPTL3, 

CYR61, bone sialoprotein and thrombin and its anti-angiogenic properties when 

binding to factors that inhibit angiogenesis such as thrombospondin, angiostatin and 

tumstatin (Hodivala-Dilke, Reynolds, A.R., & Reynolds, L.E., 2003). Moreover in the 

case of ανβ3 knockout models the enhanced angiogenic response could be attributed 

to molecular compensation (e.g. VEGFR2) that is not apparent when inhibiting ανβ3 

or at the functional mutant form. In ανβ3 knockout models no adhesive or migratory 

compensation by other integrins was indicated but the enhanced angiogenic activity 

is explained mostly by the elevated endothelial expression and function of VEGFR2 

(Reynolds, L.E. et al. , 2002; Reynolds, A.R. et al., 2004; Robinson et al., 2004). The 

other two models of ανβ3 inhibition and the ανβ3 mutant, showed significant 

decrease in ανβ3-VEGFR2 interactions and VEGFR2 phosphorylation but unaffected 

expression levels of VEGFR2 (Mahabeleshwar, Feng, Phillips & Byzova, 2006; Soldi et 

al., 1999). Albeit the ανβ3 mutant model was expected to be non-signaling in ECs it 

did however exerted some functionality as the mutant embryos did not suffer from 

severe platelet  defects and bleeding as the ανβ3 null mice did (Hodivala-Dilke et al., 

1999). Schaffner-Reckinger et al. (1998), showed that phosphorylation of residue 

Tyr759 of a membrane distal sequence of the β3 cytoplasmic tail is apparently not 

necessary for the receptor’s  function whereas phosphorylation of residue Tyr747 of a 

membrane proximal sequence of the β3 tail is very likely to optimize the ανβ3 

receptor’s function. In other words, Schaffner-Reckinger et al. (1998), indicated by 

their work that the conformation of the cytoplasmic domain is a more significant 

contributor to the function of ανβ3 than the phosphorylation of Tyrosine residues. 

Indeed when replacing the Tyrosine residues (759 and 747) with Phenylalanine 

residues, the receptor still had some function as the conformation of the cytoplasmic 

β3 tail did not change. On the other hand, when replacing the Tyrosine residues with 
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Alanine residues which causes conformational changes to the cytoplasmic domain of 

the receptor, complete loss of function of the receptor was observed. 

Another explanation for the results from ανβ3 inhibition, ανβ3 mutant and ανβ3 

knockout studies, is the phenomenon of “integrin crosstalk”. Diaz-Gonzalez et al. 

(1996), showed by their work that integrins have trans-dominant roles over other 

integrins and more specifically that ligand binding of αIIbβ3 would suppress the 

ligand-binding function of α5β1 and α2β1. In other words it has been proved that the 

occupancy of one integrin can suppress the functions of other integrins in the same 

cell (Diaz-Gonzalez, Forsyth, Steiner & Ginsberg, 1996; Hodivala-Dilke, DiPersio, 

Kreidberg & Hynes, 1998). Trans-dominant inhibition of one integrin over other pro-

angiogenic integrins may be one explanation of how ανβ3 could indirectly control 

angiogenesis (Hodivala-Dilke, Reynolds, A.R., & Reynolds, L.E., 2003). Evidence that 

support this hypothesis arise from a study by Blystone et al (1994), that showed that  

integrin ανβ3 differentially regulates the adhesive and phagocytic functions of α5β1.  

Crosstalk between ανβ3 and α5β1 has been reported to affect angiogenesis elsewhere 

as well (Kim, Harris & Varner, 2000a; Kim, Bell, Mousa & Varner, 2000b). Taken 

together, enhanced angiogenesis in β3 null mice could be attributed to the fact that 

ανβ3 might act as a trans-dominant inhibitor of other angiogenic integrins (Hodivala-

Dilke, Reynolds, A.R., & Reynolds, L.E., 2003). 

Besides “integrin crosstalk” there is crosstalk between integrins and growth factors 

as well. bFGF and VEGF signaling in angiogenesis are each disturbed by antagonists 

of two distinct αv integrins,  ανβ3 and ανβ5 respectively (Friedlander et al., 1995).  In 

both the rabbit corneal eye pocket and the chick chorioallantoic membrane 

angiogenesis assays, anti-ανβ3 monoclonal Antibody (mAb) blocked bFGF- induced 

angiogenesis and anti-ανβ5 mAb blocked VEGF-induced angiogenesis. More 

specifically, ανβ5 antagonists disrupted only the VEGF-induced angiogenic pathway 

and not the bFGF-induced angiogenic pathway, whereas ανβ3 antagonists could 

disrupt both bFGF- and approximately 50% of VEGF-induced angiogenesis 

(Friedlander et al., 1995). These data are in accordance with findings that VEGF can 

promote both ανβ3- and ανβ5- mediated EC adhesion and migration in vitro (Senger 
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et al., 1996). Soldi et al. (1999) have reported that ανβ3 holds a significant role in the 

activation of VEGFR2 and Mahabeleshwar et al. (2007) provide possible mechanisms 

of integrin ανβ3-VEGFR2 cross-activation in angiogenesis. According to the study of 

Mahabeleshwar et al. (2007), the relationship of VEGFR2 and the β3 integrin appears 

to be synergistic, because VEGFR2 activation induces β3 integrin tyrosine 

phosphorylation, which, in turn, is crucial for VEGF-induced tyrosine phosphorylation 

of VEGFR2. The study also demonstrates that β3 integrin tyrosine phosphorylation 

either induced via growth factor or induced via adhesion to the ECM through ligand 

binding of ανβ3, is directly mediated by proto-oncogene tyrosine-protein kinase Src 

(c-Src). c-Src is a kinase that phosphorylates specific tyrosine residues in other 

proteins and in the case of  ανβ3, the enzyme phosphorylates Tyr747 and Tyr759, 

residues that have been mentioned earlier to have pivotal roles in integrin signaling. 

This post-translational modification promotes the formation of the VEGFR2/ανβ3 

complex,  that increases the integrin affinity for ECM and the VEGFR2 responsiveness 

to VEGF (Serini, Napione, Arese & Bussolino, 2008). 

Figure 3.9: Molecular events involved in interaction between ανβ3 and VEGFR2. The process is likely to 

be initiated by activation of VEGFR2 by VEGF via intracellular-autocrine loop. VEGFR2 is then 

phosphorylated and c-Src is recruited together with other activated signaling molecules. c-Src 

phosphorylates cytoplasmic domain of ανβ3 and in concert with other kinases (e.g. PI3K pathway) 

promotes activation of this integrin, which, in turn, results in conformational changes and increase in 

ligand binding affinity. Ligation of integrin triggers outside-in signaling which further augments cell 

activation (Somanath, Malinin & Byzova, 2009).     
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4 Diabetes and impaired collateralization 

 

4.1 Definition  

 

Type 1 Diabetes mellitus (T1DM), or insulin dependent diabetes mellitus (IDDM), or 

formely referred as juvenile diabetes, is a form of diabetes mellitus (DM) that results 

from autoimmune destruction of insulin-producing B cells of the pancreas.  The 

subsequent lack of insulin leads to increased blood and urine glucose. Chronic 

elevation of blood glucose level (BGL) leads to damage of blood vessels (angiopathy). 

The damage of small vessels is referred as microangiopathy and may lead, according 

to the kind of small vessels being affected, to: 

 diabetic retinopathy 

 diabetic neuropathy 

 diabetic nephropathy and  

 diabetic cardiomyopathy 

The damage of larger vessels and arteries due to chronic elevated BGL, is referred as 

macroangiopathy and may lead, depending on the type of large vessels and arteries 

being affected, to: 

 coronary artery disease 

 PAD and 

 stroke 

Taken into account that the biological process that is being studied in this thesis is 

initially angiogenesis and subsequently the broader mechanism of collateralization in 

the hindlimb ischemia animal model, special focus will be given on the structural 

changes of the vascular wall and functional changes of the endothelium lining the 

inner surface of vessels, that contribute to the impairment of angiogenesis in 

diabetes. 
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4.2 Srtuctural changes in the microvasculature 

 

The most prominent structural changes in diabetic microvasculature are thickened 

capillary BM and diminished capillary size and are more pronounced in the lower 

extremities where greater hydrostatic pressure is observed (Rayman, Malik, Sharma 

& Day, 1995; Ward, 1997). Basement thickening is due to increased hydrostatic 

pressure and shear forces in the microcirculation. These stresses are thought to 

evoke an inflammatory response in the microvascular endothelium with subsequent 

release of extravascular matrix proteins. This process results in BM thickening with 

arteriolar hyalinosis (Tilton et al., 1985). Because the components of capillary BM 

affect many cellular functions (e.g. vascular permeability, cellular adhesion, 

proliferation, differentiation and gene expression) alterations in BM composition are 

able to cause general vascular dysfunction. Thickening of the BM may also impair the 

normal movement of nutrients and activated leukocytes between the capillary 

lumen and the interstitium. Moreover the elastic properties of the capillary walls are 

diminished due to thickening and consequently their ability to dilate is limited 

(Tooke, 1995). The aforementioned impaired transport across capillary walls and the 

limited capacity for vasodilation are, in addition, responsible for the impairment of 

the, under physiological conditions, hyperemic response to local tissue injure 

(Parving, 1983). Finally it should be noted that there has not been observed any 

capillary lumen narrowing due to BM thickening and moreover the arteriolar blood 

flow is observed at normal or even increased levels (Flynn & Tooke, 1992). 

 

4.3 Functional changes in the microvasculature  

 

The endothelium that covers the inner surface of the capillary tubules, plays a key 

role in maintaining the normal balance between thrombosis and fibrinolysis and an 

integral role in leukocyte/EC wall interactions. Abnormalities of endothelial function 

renders the arterial system susceptible to atherosclerosis which is the main cause of 

PAD. Endothelial dysfunction is attributed to many mediators while the most 
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important is the loss of NO homeostasis. The intracellular glucose concentration of 

ECs mirrors the extracellular environment as glucose transport in ECs is not affected 

by deprivation of insulin (Kaiser, 1993). Hyperglycemia decreases endothelium 

derived-NO, by blocking the function of endothelial nitric oxide synthase (eNOS), 

which results in impaired endothelium derived relaxation and dilation of vascular 

wall (Tesfamariam, Brown & Cohen, 1991). Elevated intracellular glucose further 

increases the production of ROS (such as superoxide anion) that inactivate NO to 

form peroxynitrite (Nishikawa et al, 2000).  Production of superoxide anion activates 

PKC which contributes to a further increase in superoxide anion amount, by 

activating a series of membrane associated NAD(P)H-dependent oxidases (Nishikawa 

et al., 2000; Hink et al., 2001). Peroxynitrite, the product by superoxide anion and 

NO interaction, further oxidizes a co-factor of the enzyme eNOS, which is responsible 

for NO synthesis, uncoupling the enzyme which preferentially then produces 

superoxide anion over NO (Milstien & Katusic, 1999). Hence a cascade of interactions 

takes place that results in ever-increasing accumulation of superoxide anion and 

inactivation of NO (Wever et al., 1998).   

Production of superoxide anion via the mitochondrial electron transport chain, also 

increases intracellular production of advanced glycation end products (AGEs) 

(Nishikawa et al., 2000). AGEs are non-enzymatically glycated proteins due to the 

excessive intracellular load of glucose, that adversely affect cellular function both by 

affecting protein function and by activating the receptor for AGEs (RAGE) (Schmidt et 

al., 1999). The interaction between RAGE and its ligands is thought to result in a pro-

inflammatory state of gene activation (Bierhaus et al., 2001). Upon ligand binding, 

RAGE increases intracellular enzymatic superoxide anion production (Wautier et al., 

2001). AGEs per se also increase the production of oxygen-derived free radicals. 

Oxidative stress, due to the action of both AGEs and RAGE, finally mediates 

sustained activation of the transcription nuclear factor kappa B (NF-κB) (Wautier et 

al., 2001). NF-κB controls several genes involved in inflammation and RAGE itself is 

upregulated by NF-κB. In cases that there is a large amount of RAGE ligands (e.g. 

AGEs in diabetes) a positive feed-back loop is established which leads to chronic 

inflammation (Bierhaus et al., 2001). 
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Hyperglycemia also increases the production of the lipid second messenger 

diacylglycerol (DAG) which activates PKC which in turn inhibits the activity of the 

PI3K, limiting Akt kinase activation and subsequent phosphorylation of eNOS. End 

point in this cascade of interactions is an extra decrease in NO production. 

Taken together, the increase of proinflammatory factors such as NF-κB along with 

the loss of normal NO function, associate with increased leukocyte chemotaxis, 

margination, adhesion to the ECs, transmigration and transformation of leukocytes 

into foam cells when finally located in the extracellular interstitial space. Foam cell 

formation is the earliest step in the process of atheroma formation and is further 

augmented by local oxidative stress which is increased in the case of diabetes (Tsao, 

Wang, Buitrago, Shyy & Cooke, 1997). 

 

4.4 Impaired angiogenesis and arteriogenesis in diabetes  

 

DM impairs physiological angiogenesis, which may be manifested as nonhealing foot 

ulcers or refractory angina. Multiple molecular mechanisms have been proposed. 

Hyperglycemia via its adverse effect on NO homeostasis, as previously mentioned, 

affects critical for angiogenesis processes such as survival, proliferation and 

migration of ECs (Cooke, 2003). Moreover the impairment in NO bioactivity is in part 

responsible for the reduced expression of the major angiogenic cytokine VEGF (Dulac 

et al., 2005), as in hyperglycemic states, NO and VEGF have a reinforcing and 

reciprocal relationship. Glucose intolerance also reduces the number and function of 

bone marrow-derived EPCs that participate in the angiogenic response (Jialal, 

Devaraj, Singh & Huet, 2010). Moreover, ROS produced due to hyperglycemia may 

impair the cytoprotective mechanisms against oxidative stress. Thioredoxins are 

redox (reduction-oxidation) proteins that play key roles in the angiogenic process by 

maintaining endothelial redox homeostasis, favoring the activity of reductive and 

metabolic enzymes, energy utilization and transcription factor activity (Dunn, Buckle, 

Cooke & Ng, 2010). Studies report that hyperglycemia impairs this cytoprotective 
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mechanism by increasing the expression of the endogenous inhibitor thioredoxin-

interacting protein (TXNIP). 

 Beyond all the aforementioned mechanisms for the impairment of angiogenesis in 

diabetes mellitus, Caporali et al. (2011) have discovered a novel genomic mechanism 

for hyperglycemia-induced impairment of angiogenesis. This mechanism is based on 

the increased expression of a specific microRNA (miRNA) that appears to be a key 

coordinator of the pathophysiological response in diabetes.  

Increasing data support the notion that noncoding RNA plays a critical role in 

genomic regulation (Buysschaert, Schmidt, Roncal, Carmeliet & Lambrechts, 2008). 

One type of these noncoding RNAs is the miRNA which is very short (approximately 

22 nucleotides), single-stranded endogenous RNA molecule that inhibits translation 

of specific RNAs (Kong, Zhao, He & Cheng, 2009). 

 

Figure 4.1: Metabolic alterations in diabetes such as hyperglycemia and increased oxidative stress, 
increase the generation of miRNA 503. miRNA 503 in turn represses or degrades mRNAs that encode 
proteins that are necessary for endothelial cell processes that optimally regulate angiogenesis. EC, 
endothelial cells; ORF, open reading frame (Leeper & Cooke, 2011). 

Caporali et al. (2011, discovered that when ECs were exposed to conditions that 

mimic hyperglycemia and tissue hypoxia, the cells expressed increased levels of a 

specific miRNA, the miRNA-503 (Figure 4.1). They observed a dramatic and 

deleterious effect of the miRNA-503 on central processes of angiogenesis such as 
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endothelial proliferation, migration and tube formation in vitro. For in vivo 

estimation of the role of miRNA-503, they induced hindlimb ischemia in diabetic 

mice and observed increased expression of the miRNA-503. In order to determine 

the causal role of the miRNA and that it is not just associated with impaired 

angiogenesis in diabetes, the authors injected into the ischemic hindlimb of the 

diabetic mice a miRNA ‘decoy’ that contained multiple binding sites for the 

endogenous miRNA-503 resulting in the scavenge of the endogenous miRNA-503 

and relief of its deleterious effects on angiogenesis. By their work they provided the 

first example of a miRNA-based intervention for the restoration of the physiologic 

angiogenesis. The role of miRNAs in the regulation of angiogenesis was confirmed in 

various studies before the work of Caporali and colleagues (Kuehbacher, Urbich, 

Zeiher & Dimmeler, 2007; Fish & Srivastava, 2009). 
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5 Molecular Imaging 
 

5.1 Definition 

 

Angiogenesis is a fundamental process in various physiologic and pathologic 

processes. The ability to visualize and quantify angiogenesis will allow early disease 

diagnosis, monitoring of angiogenic response before, during and after therapeutic 

treatment, determination of optimal doses of pro-angiogenic and anti-angiogenic 

factors and a more individualized approach for estimation of disease and therapy. 

Numerous imaging techniques are up to now available for the visualization of tissue 

vasculature on a structural, functional and molecular level.  

Imaging modalities for the visualization of the structure of the vasculature are 

intravital microscopy, with x-ray computed tomography (CT) angiography, contrast-

enhanced ultrasound and high-resolution magnetic resonance angiography (Hsu & 

Chen, 2008). These imaging modalities provide anatomical information at high 

spatial resolution, however, they have some limitations. CT angiography provides a 

quick, noninvasive, low-dose alternative to conventional DSA, also providing 

information about surrounding nonvascular structures but its spatial resolution is not 

enough for microvasculature visualization (Engelke et al, 2002). Contrast-enhanced 

ultrasound also provides high resolution imaging, remains however a low sensitivity 

imaging modality.   

Functional imaging techniques are dynamic contrast-enhanced magnetic resonance 

imaging (MRI), ultrasound using both Doppler and microbbuble techniques and 

optical imaging (Hsu & Chen, 2008).  Dynamic contrast-enhanced MRI is a promising 

imaging modality but data on antiangiogenic drug response assessment during 

clinical trials, have not been uniform and they seem to depend strongly on the 

therapy protocol and tumor type. Ultrasound using microbubbles can show blood 

flow down to the microcirculation level, however still does not provide sufficient 

resolution for microvasculature morphology and detailed flow characteristics 

observation. Finally optical imaging, although low-cost method that offers single-cell 
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resolution and extremely high sensitivity as well as real time imaging to monitor 

tumor-host interactions, has the limitation of tissue light scattering and absorption, 

that affect both image resolution and the depth of light penetration in tissues (Hsu & 

Chen, 2008). 

The term of Molecular Imaging (MI) was early defined as the in vivo characterization 

and measurement of biological processes at the cellular and molecular level 

(Weissleder & Mahmood, 2001). In April 2005, the Society of Nuclear Medicine 

[SNM, now named the Society of Nuclear Medicine and Molecular Imaging (SNMMI)] 

and the Radiological Society of North America (RSNA) held a meeting on MI where 

the definition of MI was unanimously crafted as “Molecular Imaging techniques 

directly or indirectly monitor and record the spatiotemporal distribution of 

molecular or cellular processes for biochemical, biologic, diagnostic, or therapeutic 

applications” (Munley, Kagadis, McGee et al., 2013).It prevails over ‘classical’ 

diagnostic imaging as it probes the  abnormalities of a disease rather than the 

anatomical defects that are the end effect of a disease and a straight consequence of 

the molecular alterations. In other words, our current methods of assessment of 

disease are based on anatomic changes or, more recently in physiologic changes that 

are the late manifestation of the molecular changes that truly underlie diseases 

(Weissleder & Mahmood, 2001). The time elapsed from the emergence of molecular 

changes until the first alterations in anatomical structures occur, is valuable for the 

effective manipulation of a disease and the earlier a therapeutic intervention takes 

place, the more effective it will be for the suppression of a disease. Moreover MI 

offers the advantage of direct monitoring of the effectiveness of treatment shortly 

after a therapy has initiated offering at the same time the possibility of alteration of 

the therapy when proved ineffective and adjustment to individual’s characteristics. 

5.2 Molecular  targets 

 

A critical step in the MI approach of biological processes is the determination of the 

‘target’ to be imaged. The target may be either a gene or a protein. In order to 

define the appropriate target to be imaged, prerequisite is some knowledge of the 
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molecular mechanisms of the biological process or disease of interest. In order to 

detect the genes or proteins that are involved in the biological process that is to be 

studied and are, preferentially, highly expressed, high-throughput screening 

techniques are occupied. Underexpressed genes or proteins are not thought as 

suitable targets because their low density will not be able to raise detectable signal. 

Level and pattern of expression of genes is elucidated with DNA microarrays, in situ 

hybridization, autoradiography and microfluidics whereas the level and pattern of 

expression of proteins is revealed with microarrays, western blot and 

autoradiography. 

The genes and proteins that are involved in the molecular mechanisms and play key 

roles in the progress of a biological process (e.g. angiogenesis) or disease (e.g. 

cancer), cannot be readily identified. This is due to the fact that in most biological 

processes or diseases multiple genes and proteins are involved and in addition there 

is a complex interaction with environmental factors.  For example there are 

increasing evidence for epigenetic control of pathways that regulate angiogenesis. 

Epigenetic control refers to the mechanisms that change gene expression or cellular 

phenotype without changing the underlying DNA sequence, and are regulated by 

environmental stimuli. One such mechanism is DNA methylation that can regulate 

gene expression and alter the final phenotypic outcome. Referring to angiogenesis 

and the process of collateralization, it is by far known that among patients that 

suffer from PVD, some of them have the endogenous capacity of developing limb- 

and life-saving collaterals while others do not.  Rao et al. (2011, reported that 

different angiogenic responses can be attributed to the methylation pattern of the 

genome which is diverse among individuals.  

As all biological processes within an organism are complex and dynamic phenomena, 

it is of outmost importance that the genes or proteins to be imaged are the actual 

cause of an alteration of a molecular mechanism and not part of an endogenous 

compensatory response. Moreover when imaging a multi-stage disease such as 

cancer, it has to be taken into consideration that the gene and protein expression 

profile changes dramatically from pre-cancerous to cancer and to invasive metastatic 
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cancer stage. Consequently a molecular target which is appropriate for imaging a 

pre-cancerous stage may not be as representative for imaging an invasive metastatic 

cancer. 

Another precondition for target selection, is that the appropriate target gene or 

protein is the one involved at critical and early points of a biological process or 

disease that are quite informative and not at late end points when the molecular 

interplay has ceased. The density of the target is important as well, as mRNA 

molecules per cell for an individual gene can range from just a few up to as many as 

105 whereas proteins can reach higher concentrations as much as 106 molecules per 

cell for a single gene.   

Ideal targets are those that are critical indicators of the progress of a disease and 

may serve as therapeutic targets as well. In this case molecular imaging enables 

monitoring of a biological process together with the assessment of a drug that 

interacts with the target for the therapeutic restoration of the process at the same 

time. Finally molecular imaging may serve for the screening and validation of a 

plethora of potential diagnostic or therapeutic agents and evaluation of their 

potential role in the clinic (Cherry, 2004).  

 

5.3 Contrast agents 
 

Contrast agents are synthetic chemical compounds variable in size that their prime 

functionality is to find and bind to the target within the living organism. After binding 

to the target they emit a signal that correlates with the location and the amount of 

the molecular target within the body. After the signal is sent out, the imaging 

modality takes on. Signal emission is facilitated through labeling of the contrast 

agents with a radioactive atom (Klimas, 2002; Sharma & Piwnica-Worms, 2002), or a 

fluorescent molecule (Bremer, Ntziachristos & Weissleder, 2003), or paramagnetic 

ions (Aime, 2002). Alternatively contrast agents can be small particles named 

‘nanoparticles’ (e.g. liposomes, quantum dots, microbubbles, nanotubes and 
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perfluorocarbons) that according to label they can be either paramagnetic, or 

fluorescent (Chan, 2002) or they can produce strong ultrasound echoes (Lanza & 

Wickline, 2001; Dayton & Ferrara, 2002) and are covalently linked with targeting 

molecules.  

Contrast agents are administered intravenously for rapid distribution throughout the 

body. Therefore, stability of the contrast agent in blood is of outmost importance 

and is not always easy to achieve due to high concentration of proteolytic enzymes 

present in the plasma. Besides the proteolytic effect of the plasma enzymes that the 

contrast agent needs to withstand, barriers in the delivery pathway that the contrast 

agent meets until it reaches the target, need to be overcome as well. For example at 

tumor imaging, the contrast agent must be able to get out of the bloodstream 

(either by passive diffusion or by active transport) and into the cancerous tissue. 

Moreover for extracellular targets (e.g. cell-surface receptors) delivery into the 

interstitial space is sufficient but for intracellular targets the contrast agent must go 

further and get across the cell membrane and into the cell (Cherry, 2004).  

After the contrast agent encounters the target gene or protein and is bound or 

trapped in some way, the unbound quantity must be rapidly removed from the 

tissue. Image contrast is achieved through simple accumulation of the contrast agent 

at the location of the target and is ideal when the unbound agent is totally cleared 

from the body, either through the urogenitary or hepatobiliary systems (Cherry, 

2004). 

 

5.4 Imaging techniques 
 

Molecular imaging is implemented with the aid five imaging modalities: (a) positron 

emission tomography (PET), (b) single photon emission tomography (SPECT), (c) MRI, 

(d) optical imaging and (e) ultrasound. PET and SPECT are the main non-invasive 

imaging modalities since they are capable of measuring the biodistribution of minute 

(<10-10 molar) concentrations of radio-labeled tracers in vivo with sub-millimeter 

resolution and quantifying the biological process in which they participate.  
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These nuclear imaging techniques are in vivo methods based on the utilization of 

radionuclides, for the labeling of the tracers,that produce appropriate energy 

photons (gamma rays, annihilation photons or characteristic x-rays with energies in 

the range of 25-511 keV) during decay. These in vivo methods are further divided 

into single photon imaging that utilizes radionuclides with single or multiple 

uncorrelated gamma ray emissions and PET in which radionuclides decay by positron 

emission resulting in two simultaneous annihilation photons emitted-back-to back 

(Cherry, Sorenson  & Phelps, 2003). Single photon imaging is accomplished using a 

gamma camera in which the radioactivity distribution within the object of interest is 

projected through a collimator to form an image on the detector. This type of 

imaging is referred as planar imaging. Resolution and therefore signal-to-noise ratio 

are set mainly by the collimator design. To augment the sensitivity of the system 

more than one gamma camera heads can be mounted on a gantry and by rotating 

the head(s) about the object, tomographic data can be obtained as well. This type of 

imaging is referred as SPECT. PET does not require physical collimation due to the 

back-to-back nature of the annihilation photons that define the direction of 

emission. PET scanners typically consist of rings of small detector elements in a 

cylindrical geometry, simultaneously providing projection views of the radioactivity 

distribution from many different directions that are then reconstructed into 

tomographic images (Cherry, 2004). Both SPECT and PET have advantages and 

disadvantages (Table 5.1). Based on the limited (nanograms) quantity of a molecular 

probe needed to obtain a detectable signal and on the large number of radioactive 

atoms per unit mass it is quite feasible to perform molecular imaging with trace 

amounts of radiolabeled compounds that will not cause a pharmaceutical or 

biological effect (Blankenberg & Strauss, 2002). The sensitivity of the PET imaging 

modality is much higher (typically 102 to 103 times higher) than a SPECT system due 

to physical collimation absence. However single photon-emitting radionuclides 

(99mTc, 111In, 125I, 123I etc.) are generally more readily available than positron-emitting 

radionuclides, as many of the latter have short half-lives (Cherry, 2004). 
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Table 5.1: PET and SPECT operational characteristics versus other modalities used in MI (Munley, 
Kagadis, McGee, et al, 2013). 

The major fundamental limitation of SPECT is the attenuation of low-energy photons 

by body tissue and less established approaches for attenuation correction, making 

SPECT less quantitative than PET. On the other hand, albeit PET permits more 

accurate attenuation correction, this approach has a functional limitation related to 

spatial resolution. This drawback is due to variable movement of positrons before 

annihilation, and the deviation of the generated 511 keV photons from the exact 

180o angular separation that ultimately limits the systems resolution (Dobrucki & 

Sinusas, 2007). Another limitation of both modalities is that they enable localization 

of the radiotracer retention region without providing true anatomical information. In 

order to overcome this feature, hybrid imaging modalities have been introduced, 

including SPECT-CT, PET-CT and PET-MRI, that correlate SPECT and PET images with 

high resolution structural images of the same object of interest, obtained with CT or 

MRI (Dobrucki & Sinusas, 2007; Cherry, 2004).  
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6 Animal models of diabetes and ischemia-induced 

angiogenesis 
 

6.1 Alloxan-induced experimental diabetes 

 

6.1.1 Mechanism of alloxan action on pancreatic B cells  

 

In order to induce diabetes in animals toxic chemicals which selectively destroy 

pancreatic B cells are popularly used. In our study the diabetogenic agent that was 

used for the induction of diabetes was alloxan. Alloxan (2,4,5,6-tetraoxypyrimidine; 

5,6-dioxyuracil) was first described by Brugnatelli in 1818. Wöhler and Liebig used 

the name “alloxan” and described its synthesis by uric acid oxidation (Lenzen, S., & 

Panten, U. (1988). The diabetogenic properties of this drug were reported many 

years later by Dunn, Sheehan and McLethie (1943), who studied the effect of its 

administration in rabbits and reported a specific necrosis of pancreatic islets. Since 

then, alloxan diabetes has been commonly utilized as an animal model of insulin-

dependent diabetes mellitus (IDDM).   

Alloxan accumulates in B cells through uptake via the glucose transporter 2 (GLUT2), 

a transmembrane carrier protein that normally enables passive glucose movement 

across cell membranes. In the presence of intracellular thiols, alloxan reacts with two 

sulfhydryl (–SH) groups at the sugar binding side of the enzyme of glucokinase (GK), 

resulting in the formation of a disulfide bond (-S-S-) and inactivation of the enzyme. 

Dialuric acid is formed as a result of alloxan reduction (Figure 6.1). It is then re-

oxidized back to alloxan establishing a redox cycle for the generation of superoxide 

radicals (O2

.-
) (Munday, 1988). Superoxide radicals are able to liberate ferric ions 

(Fe3+) from ferritin and reduce them to ferrous ions (Fe2+).  Moreover superoxide 

radicals undergo dismutation to hydrogen peroxide (H2O2): 

O2

.-
   +   O2

.-
  +   H+   H2O2   +   O2 

In the presence of Fe2+ and H2O2 highly reactive hydroxyl radicals (OH
.-

), a major 
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component of the ROS, are ultimately formed according to the reaction:  

Fe2+ +   H2O2    Fe3+  +  OH-  +   OH
.-

 

(Szkudelski, 2001). One of the targets of ROS is the DNA of pancreatic cells, that goes 

under fragmentation when exposed to ROS, thus an overall damage to cells is 

caused. Furthermore it has been demonstrated that alloxan causes disturbance in 

intracellular calcium (Ca2+) homeostasis by elevating cytosolic free Ca2+ in pancreatic 

cells (Kim, H.R, 1994). Taken together, the diabetogenic action of alloxan is due to 

several processes that take place in the pancreatic cells after the administration of 

the drug. These include:  

 the oxidation of essential –SH groups,  

 the inhibition of GK,  

 the generation of free radicals and  

 the disturbance in intracellular calcium homeostasis.  

The exaggerated concentration of the calcium ion contributes to extraordinary high 

insulin release from pancreatic cells that combined with ROS causes significant 

damage to pancreatic cells. It has been demonstrated that alloxan evokes a sudden 

rise in insulin secretion in the presence or absence of glucose rapidly after 

Figure 6.1: The mechanism of alloxan-induced ROS generation in B cells of rat pancreas. GKa, GKi,  
glucokinase active and inactive respectively; OH

.
, alloxan radicals (Szkudelski, 2001). 
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administration (Weaver, McDaniel, Naber, Barray & Lacy, 1978b). Alloxan-induced 

insulin release is, however, of short duration and followed by complete suppression 

of the islet response to glucose. This is observed, even when high concentrations 

(16.6 mM) of this sugar were applied as it has been shown that increased blood 

glucose provides partial protection against the deleterious effects of alloxan (Kliber, 

Szkudelski & Chichlowska, 1996; Bansal, Ahmad & Kidwai, 1980; Szkudelski, 

Kandulska & Okulicz, 1998). Intrestingly, this exaggerated insulinemia did not evoke 

any significant reduction of blood glucose suggesting impaired peripheral insulin 

sensitivity short time after alloxan treatment (Szkudelski, Kandulska & Okulicz, 

1998).  

 

6.1.2 Experimental protocol for diabetes induction 

 

Due to abundant literature on the alloxan-induced diabetes animal model and 

moreover due to broad controversy over the experimental parameters such as 

dosage of alloxan, rate of alloxan injection and route of administration, extended 

inquiry was necessary for the determination of the critical parameters of the 

experiment. 

The dose of alloxan required for inducing diabetes depends on the animal species, 

route of administration and nutritional status of the animal. Three routes of alloxan 

administration have been utilized for the induction of experimental diabetes in 

animal models: intravenously, intraperitonealy or subcutaneously. When alloxan is 

given intraperitonealy or subcutaneously its effective dose must be 2-3 times higher 

than when administered intravenously (Katsumata, K., Katsumata, K.Jr., & 

Katsumata, Y., 1992; Katsumata, K., Katsumata, Y., Ozawa & Katsumata, K.Jr., 1993). 

Moreover, according to studies fasted animals are more susceptible to alloxan  

whereas increased blood glucose provides partial protection (Bansal, Ahmad & 

Kidwai, 1980; Katsumata, K., Katsumata, K.Jr., & Katsumata, Y., 1992; Szkudelski, 

Kandulska & Okulicz, 1998). 

Misra & Aiman (2012) have also investigated critical parameters of the protocol for 

the alloxan-induction of diabetes. In their study they report that with an alloxan dose 
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of 150 mg/kg, rapid intravenous injection instead of slow intravenous injection over 

a period of 15 minutes is more effective for the induction of diabetes although it is 

associated with increased mortality at the given dose level (Pincus, Hurwitz & Scott, 

1954). Generally intravenous route of administration is preferred considering the 

short half-life of the substance which is about 1.5 minutes, at neutral pH and 37 oC, 

and longer at lower temperatures (Lenzen & Munday, 1991). Moreover, random 

fluctuations in fasting blood glucose (FBG) levels were observed with blood sugar 

returning to nondiabetic range at various time point during the study. These 

fluctuations did not exhibit a discernible pattern and were present when either high 

or low doses were used. In addition there were rats, as the experiment included the 

application of alloxan on different animal species, that were nondiabetic after initial 

dose and that remained resistant to two subsequent doses of alloxan injected at 1 

week interval. Consequently, the susceptibility to diabetogenic toxic effects of 

alloxan differs among animals even of the same species. In rats, high resistance to 

alloxan is attributed to genetic differences in the inherent ability of the organism to 

dissipate ROS responsible for the diabetogenic effect of alloxan (Mathews & Leiter, 

1999).  

In the relevant literature however, the most controversial parameter of all 

aforementioned, is the effective dose for a stable diabetic animal model. Doses of 

90-140 mg/kg are considered to induce mild diabetes that may be accompanied with 

auto-reversion to normoglycemic state, due to multiplication of β cells from the duct 

epithelium or the exocrine portion of the pancreas (Lazarow, 1952).   According to 

the above observations we decided to apply the dosage of 150 mg/kg at phase A of 

the experiment, in order to avoid mild diabetes induction and auto reversion to 

normal glycemic status. 

 

Phase A 

 

Four NZW rabbits were assigned to receive alloxan injection. All rabbits were 

anesthetized with ketamine hydrochloride (30 mg/kg) and xylazine (3 mg/kg) 
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intramuscular injection. Alloxan monohydrate (Sigma Aldrich Chemical, Saint Louis, 

MO, USA) was dissolved in sterile normal saline to achieve a concetrantion of 5% 

(W/V) and a dosage of 150 mg/kg was rapidly intravenously injected via marginal ear 

vein within about 1 minute. The rabbits were allowed to recover from anesthesia. To 

avoid mortalities during the hypoglycemic phase, drinking water with 10% glucose 

was supplemented for the first 24 hours. Blood glucose concentration was measured 

every day during early morning hours using a blood glucose meter (LifeSpan, Inc. 

Milpitas Ca) and values are cited in Table 6.1. 

 

Table 6.1: BGL in diabetic animals. 

 

When morning BGLs were higher than 350 mg/dl, regular insulin (Novolin-R, Novo 

Nordisc Pharmaceuticals Inc. Princeton, NJ) was administered subcutaneously once 

daily, as was indicated in reviewed literature (Wang, 2010).  The insulin dose was 

adjusted according to the blood glucose level for each individual rabbit, based on the 

 

Days                      

Blood Glucose Levels (BGL) (mg/dl) 

Diabetic animal 1 Diabetic animal 2 Diabetic animal 3 Diabetic animal 4 

1 498  HI 56 

2 HI  87 306 

3 HI  497 HI 

4 388  HI  

5 HI  477  

6 HI  HI  

7 HI  294  

8 HI  388  

9 HI    

10 HI    

11 HI    
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following: (1) BGL<400 mg/dl received 1U/kg, (2) BGL=400-500 mg/dl received 

2U/kg, (3) BGL=500-600 mg/dl received 3U/kg, (4) BGL>600 mg/dl received 4U/kg. In 

animals with BGL>500 mg/dl, a second insulin injection (half of the morning dose) 

was administered in the late afternoon (Wang, 2010). Nevertheless, the mortality 

rate was very high (50% survived from the experimental procedure) and although 

the animals that survived, did manifest severe diabetes, they did not live longer than 

approximately 10 days (Table 6.1). Consequently, the dose of 150 mg/kg was 

characterized by very high mortality due to initial hypoglycemic shock or emergence 

of diabetic complications or direct kidney tubular cell toxicity (Szkudelski, 2001; Mir 

& Darzi, 2009).   

 

Phase B 

 

In the current phase, a lower dose of 100 mg/kg was used in our experiment, as it 

was according to literature indicated as suitable for the establishment of long-term 

diabetic rabbit model (Wang, 2010). The experimental protocol was repeated 

without any changes except the dosage that was reduced from 150 mg/kg to 100 

mg/kg (Figures 6.2, 6.3 & 6.4). 

 

Figure 6.2: Fluctuation of BGL as a function of time in diabetic animal 1. 
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Figure 6.3: Fluctuation of BGL as a function of time in diabetic animal 2. 

 

 

 

 

 

Figure 6.4: Fluctuation of BGL as afunction of time in diabetic animal 3. 
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According to our results all animals exhibited high BGLs and were therefore 

considered diabetic, but returned to normoglycemic state after approximately 10 

days. A second injection of alloxan was then applied on day 12 for possible 

reestablishment of diabetes according to literature (Wang, 2010).  BGLs were raised 

again and were sustained at high values for approximately 10 days but were 

normalized again after this period of time. Consequently, the dose of 100 mg/kg was 

characterized as insufficient for the induction of diabetes, as it causes quite mild 

diabetes that is accompanied with auto-reversion to normal glycemic status. 

 

Phase C 

 

The values of 100 mg/kg and 150 mg/kg were considered minimum and maximum 

thresholds respectively for the induction of diabetes and there was no obvious 

reason why we should look beyond them for the effective dose. For this reason we 

chose an intermediate dose, for which there is published data confirming its 

effectiveness, of 110 mg/kg for the repetition of the experiment (van Golde, 2008). 

The fluctuation of BGLs as a function of time is cited in the following diagrams 

(Figures 6.5, 6.6, 6.7 & 6.8). 

Figure 6.5: Fluctuation of BGL as a function of time in diabetic animal 4. 
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Figure 6.6: Fluctuation of BGL as a function of time in diabetic animal 5. 

 
 

 

Figure 6.7: Fluctuation of BGL as a function of time in diabetic animal 6. 
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Figure 6.8: Fluctuation of BGL as a function of time in diabetic animal 7. 
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6.9). Skin ulcers were due to extensive damage of capillary vessels (microangiopathy) 
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Taking into account the complexity of the alloxan-induced experimental diabetes 

due to the diversity of the aforementioned factors that affect the success rate of the 

experimental protocol, the alloxan dosage of 110 mg/kg was considered the most 

effective. This dosage rendered the rabbits diabetic with relatively high BGLs and low 

mortality rates.   

 6.2 Hindlimb ischemia animal model 

                                                                                               

 For the purpose of our study we used the well-established hindlimb ischemia model 

of NZW rabbits (Katsanos et al., 2009). All animals were anesthetized using an 

intramuscular injection of ketamine (50 mg/kg) and xylazine (10 mg/kg) and bilateral 

hindlimb ischemia was induced in all rabbits with an established endovascular 

technique of selective intra-arterial coil embolization, using the trans-auricular 

access as previously described (Karatzas et al., 2013; Karnabatidis et al., 2006). 

Initially, access was obtained through the central auricular artery of the animal using 

a 22G standard intravenous catheter, followed by 2-3 ml of diluted non-ionic 

iodinated contrast media (Visipaque® 320 mg I/ml, GE Healthcare, Buckinghamshire, 

United Kingdom) manual  infusion as to acquire road map images of the carotid 

artery and the thoracic aorta. Under road map imaging, a 0.018 inch glide wire (V-18 

control wire; Boston Scientific, Natick, MA) was advanced through the carotid artery 

Figure 6.9: Skin ulcer in diabetic animal. 
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and the descending thoracic aorta to 

the abdominal aorta and a 4F x 12 cm 

0.01 ’ compatible sheath (Bolton 

Medical, Villers-les- Nancy, France) was 

introduced over- the-wire into the 

external carotid artery to secure the 

arterial access. In cases in which the 

guide wire was not advanced from the 

carotid artery to the descending 

thoracic, a C1 catheter (Terumo 

Europe, Leuven, Belgium) was used to 

enable catheterization. Once the guide 

wire was advanced into the distal abdominal aorta, a 4F angled glide-catheter was 

positioned just above the aortic bifurcation, contrast media was infused and road 

map images of the arterial bed of both limbs were obtained.  Successively, a 0.035’ 

stiff hydrophilic guide wire (Terumo Europe, Leuven, Belgium), was used in order to 

catheterize the common iliac artery and the 4F catheter was advanced to the distal 

femoral artery. Intra-arterial embolization was performed initially with a 4/50 mm 

fibered coil in order to cover the entire femoral artery from its distal end to the 

origin of the deep femoral artery (Figure 6.10). 

Subsequently, the deep femoral artery was selectively catheterized with a micro-

catheter (Progreat, Terumo Europe, Leuven, Belgium) and two 3/80 mm spiral coils 

were positioned through the origin of the deep femoral artery, extending backwards 

for a few millimeters into the femoral artery. Final angiography was performed with 

the catheter in the distal aorta five minutes after embolization as to certify the 

complete occlusion of both deep and superficial femoral arteries. Finally, the sheath 

was removed and haemostasis was attained by 5 minutes of manual compression at 

the puncture site, while antibiotic prophylaxis with intramuscular ampicillin C (0.1 

mg/kg) was administered (Spiliopoulos et al., 2011). 

 

 

Figure 6.10: Embolization of the femoral artery. 
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7 Imaging techniques for the spatio-temporal evaluation of 

angiogenesis 
 

7.1 Introduction 

 

This in vivo experimental protocol was designed to conform to the Guide for the 

Care and Use of Laboratory Animals (United States National Institutes of Health 

Publication No. 85-23, revised 1996) and was approved by the Hospital’s Scientific 

and Ethical Committee. The study included seven (n= 7) NZW rabbits (male sex, 

weight 3.0 – 4.0 kg) that underwent unilateral percutaneous endovascular 

embolization of the femoral artery.  The contralateral limb was not embolized and 

served as a control. All animals underwent MI on the 3rd day and the 9th day post-

embolization. In all animals (n=7) DSA was performed on the 9th day post-

embolization. 

 

7.2 MI – radiotracer technique 
 

A 99mTc labeled cyclic RGD peptide ([c RGDfk-His]-99mTc) was employed for 

angiogenesis imaging in the NZW rabbits hindlimb ischemia model. Imaging of ανβ3 

expression was performed in all animals. Imaging was employed 3 days and 9 days 

post femoral artery occlusion. Each rabbit was injected intravenously with 200 μl of 

[c RGDfk-His]-99mTc (0.5 mCi). Consequently dynamic planar imaging was performed 

using a dedicated gamma camera of 1.5 mm spatial resolution with field of view 

(FOV) 5x10 cm, equipped with a parallel hole collimator and a pixilated NaI(Tl) 

scintillator. The animals’ legs were properly placed on the field of the dedicated 

gamma camera and were arranged at defined markers to ensure a uniform 

orientation during image acquisition. All images were digitally stored in a 100x50 

matrix (Higuchi, Wester & Schwaiger, 2007; Hua et al., 2005; Meoli et al., 2004). 

Following image acquisition the mean image intensity value was measured over a 

specific orthogonal area extending to the area where embolization has been 
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induced. Thus a measure of peptide radioactivity in the area of interest was obtained 

and consequently we ended in an indirect measure of angiogenesis induction over 

that area. 

 

7.3 Intra-arterial DSA and image post-processing 

 

DSA (DVI-S Angiography Unit, Philips, Amsterdam, Netherlands) with an image 

acquisition protocol of 1 image per second at 40–90 kV, was utilized as an adjunct to 

MI for the investigation of limb vascularization and perfusion 9 days after the 

procedure. Once again using the trans-auricular arterial approach described above, a 

4 F catheter was advanced 2-3 cm proximal to the abdominal aortic bifurcation and a 

total volume of 3 ml of the same non-ionic iodinated contrast was infused, at a rate 

of 1 ml/s, through an automated angiographic injector pump. The hindlimbs of the 

rabbits were positioned at a distance of 25 cm from the X-ray tube, while the focal 

spot to intensifier distance was 110 cm (Karatzas et al., 2013).  Angiography imaging 

post-processing was performed with the application of a previously described 

quantitative analysis of collateral vessels based on the multi-scale structural tensor 

model (Kagadis et al., 2008).  In brief, baseline digital angiographic image was initially 

smoothened with a 2D Gaussian sigma standard deviation and then the Hessian 

matrix, also called structural matrix, was produced by the second order Gaussian 

derivatives of the image. Step-wise multi-scale eigen-value analysis of the Hessian 

matrix accomplishes precise extraction and segmentation of the vasculature map 

within the image. Subsequently, a region-of-interest (ROI) was designed in the area 

of the medial thigh to comprise the newly developed collaterals. All limbs were 

processed using the same ROIs in order to reproduce equal sampling areas. Pixel 

counts normalization against a known size was achieved by using the tip of the 4F 

angiographic catheter included in the DSA frames. A skeletonization procedure that 

collapses vessel diameter to one pixel was performed and the selected vessels were 

measured both with regard to their total vessel area and their length, while the 
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software segmented and quantified collateral vessels with a diameter greater than 

500 μm, as to focus the study on the process of arteriogenesis and collateralization. 

 

7.4 Statistical analysis 

 

The statistical analysis of all data was performed with the GraphPad PRISM statistical 

software (version 5; San Diego, California, USA). Data are expressed as mean ± SD. 

Comparisons between groups were analysed by Student’s t-test to determine 

significant differences. The threshold of statistical significance was set to p< 0.05.  
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8 Results 
 

All animals survived the embolization procedure and follow-up period. Successful 

molecular and DSA imaging was obtained in all 7 animals (14 limbs) used in our study 

(Figures 8.1 & 8.2).  

 

Figure 8.1: MI demonstrating the superior radiotracer uptake in the ischemic (a) and (c) versus the 

normal (b) and (d) rabbit hindlimb, at 3 (a,b) and 9 (c and d) days post embolization respectively. 

 

Figure 8.2: Representative DSA image demonstrating the embolized femoral artery and the absence 
of collaterals at the embolized limb 9 days after the embolization procedure 
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Figure 8.3: Graphical representation of the mean values of the integrated intensity of the radiotracer 
detected after MI, in ischemic versus normal animal hindlimbs. 

 

 

Figure 8.4: Graphical representation of the mean values of vessel length following quantification of 
the DSA images, in ischemic versus normal animal hindlimbs. 

 

Results showed an increased uptake of the radiotracer at the ischemic hindlimbs, 

which is more pronounced on day 9 after ischemia induction. The acquired images 

demonstrated that retention of the radiotracer at the ischemic tissue is remarkably 

increased compared to the non-ischemic hindlimb (normal limb): 16020 ± 2309 vs. 

13139 ± 2493 on day 3; p=0.0014 (paired t-test) and 21616 ± 2528 vs. 13362 ± 2529 
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on day 9; p<0.0001 (paired t-test; mean radiotracer uptake values are given in 

arbitrary units), respectively (Figure 8.3). In addition, radiotracer retention in normal 

limbs seems to be increased on day 9 in normal limbs compared to day 3 (p=0.0112; 

paired t-test). 

DSA quantification demonstrated that the mean vessel length detected was 

significantly superior in the normal compared to the ischemic limb on day 9; mean 

value 3680 ± 369.8 pixels vs. 2772 ± 267.7 pixels; p< 0.0001 (paired t-test), 

respectively as demonstrated in Figure 8.4. Results of MI and DSA quantification at 

day 9 post embolization, in both ischemic and normal hindlimbs are analytically 

reported in Table 8.1.  

 

 

 MI  DSA  

        Integrated intensity       Vessel length in pixels 

 Ischemic limb Normal limb Ischemic limb Normal limb 

1 22506 14304 2915 3820 

2 18078 9061 2234 3015 

3 25621 15788 3015 4039 

4 21987 15399 2980 3980 

5 20378 12198 2769 3501 

6 19473 11442 2654 3470 

7 23269 15339 2834 3932 

 

Table 8.1: Quantitative measures of peptide radioactivity and DSA measurements on the ROIs (over 

which quantification took place) of ischemic and non-ischemic limbs on day 9 post ischemia induction. 
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9 Conclusions 
 

In this study we demonstrate the value of imaging the ανβ3 integrin expression 

profile during capillary sprouting in a peripheral hindlimb ischemia model, using a 

highly sensitive noninvasive radiotracer technique. In order to evaluate the time 

course of ανβ3 expression, images were acquired at different time points after 

occlusion. Our results clearly indicate that there is significant uptake of the 

radiotracer in the case of ischemic tissue compared to the normal tissue. Moreover 

focal RGD peptide retention was elevated as early as 3 days after onset of ischemia 

and peaked at 9 days after occlusion. The fact that radiotracer retention in normal 

limbs was also increased at day 9 compared to day 3 could be attributed to the 

presence and gradual accumulation of activated ECs in normal tissues too. In order 

to evaluate the formation of larger collaterals DSA was performed. Results from the 

angiographic imaging indicated that large collateral vessels (> 50 – 100 μm) were 

significantly less in the ischemic compared to normal limbs 9 days after the onset of 

ischemia. As expected DSA quantification detected significantly superior mean vessel 

length in normal limbs, demonstrating that although angiogenesis is pronounced in 

day 9, arteriogenesis is not sufficiently pronounced. However, even at day 9 the 

development of larger vessels was detectable with DSA, demonstrating that the 

phenomenon of arteriogenesis has initiated as reported elsewhere (Hershey et al., 

2001).  

For the precise evaluation of angiogenic response after onset of ischemia, a 

radiotracer-based technique has been used in our study as it enables quantification 

and characterization of angiogenesis in response to ischemia. MI of angiogenesis, 

utilizing a dedicated gamma camera and a radiotracer that binds to a specific and 

primary mediator of angiogenesis, is a noninvasive procedure that allows imaging 

changes in extremity capillary networks. Among the advantages of this method, is 

the high sensitivity of the imaging modality that enables detection of the radiotracer 

at very low concentrations within the body, irrespectively of the depth inside the 

body where it has been accumulated (Kagadis, Loudos, Katsanos, Langer & 

Nikiforidis, 2010). Moreover this method has the advantage of detecting changes in 
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biological processes at a very early time point as targets are genes and proteins 

whose expression profile changes a long time before a condition is characterized as 

pathological.  

 The molecular target in our experiment is integrin ανβ3, which is found in abundance 

on the surface of proliferating ECs that form capillary sprouts during angiogenesis 

but not on quiescent ones. Therefore it is considered as a specific marker of ongoing 

angiogenesis (Morrison, A. R., & Sinusas, 2010). Hua et al. (2005), studied the time 

course of ανβ3 expression during angiogenesis with the use of high-resolution gamma 

camera in a murine hindlimb ischemia model and indicated that angiogenic process 

peaks at day 7 after occlusion and is significantly down regulated at day 14 after 

onset of ischemia. Moreover, the above study demonstrated that changes in the 

expression profile of ανβ3 were localized at distal to occlusion regions where 

angiogenesis evolves and not at proximal to occlusion regions where collateral 

vessels are formed. Our results seem to correspond with those of Hua et al. (2005), 

although our protocol did not include longer term imaging as to detect the time 

point of angiogenesis down regulation. Further limitations of this protocol are the 

relatively small number of animals studied, as well as the fact that it did not include 

pathological specimen correlation with the MI findings. 

Conclusively, according to the specific protocol angiogenesis was successfully 

detected using a 99mTc labeled cyclic RGD peptide molecular imaging technique. 

Angiogenesis was significantly more pronounced in the ischemic compared to 

normal limbs, both at day 3 and day 9 after embolization, while the peak of the 

phenomenon was detected at day 9. Finally, activated endothelium was detected in 

normal tissues as well as it was indicated by the relative retention of the radiotracer 

at day 9 at the non-ischemic limbs. 

MI of the angiogenic response of diabetic animals with hindlimb ischemia at more 

than two selected time points, is underway as the process was delayed due to 

difficulties at different phases of the experiment. Longer term imaging of 

angiogenesis will provide a more precise estimation of the spatio-temporal 

distribution of angiogenesis. Furthermore imaging of evolving angiogenesis in a 
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diabetic microenvironment provides a valuable tool for the in vivo detection of 

possible molecular mechanisms that impair the angiogenic process in diabetes. Last 

but not least molecular imaging of angiogenesis in diabetic milieu has the 

perspective to be used in clinical practice for the early diagnosis and early and 

precise estimation of therapy in the case of ‘diabetic foot’. 
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APPENDIX II – ABBREVIATIONS 

 

ADMIDAS Adjacent to Metal Ion Dependent 

Adhesion Site 

AGEs Advanced Glycation End products 

Alk Activin receptor like kinase 

Bcl-2 B-cell lymphoma 2 

bFGF Basic Fibroblast Growth Factor 

BGL Blood Glucose Level 

CDK Cyclin-Depedent Kinase 

c-Src proto-oncogene tyrosine-protein kinase 

Src 

DAG Diacylglycerol 

DB Diabetes Mellitus 

Dll4 Delta-like ligand 4 

DSA Digital Subtraction Angiography 

DSCR1 Down Syndrome Critical Region 1 

ECM Extracellular Matrix 

ECs Endothelial Cells  

EGF Epidermal Growth Factor 

EGR Early Growth Response protein 

eNOS endothelial Nitric Oxide Synthase 

EPCs Endothelial Progenitor Cells 

ERKs Extracellular signal Regulated Kinases 

FAK Focal Adhesion Kinase 
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FBG Fasting Blood Glucose 

FERM Four-point-one, Ezrin, Radixin, Moesin 

FOV Field of View 

GK Glucokinase 

GLUT2 Glucose Transporter 2 

HGF Hepatocyte Growth Factor 

HIF-1 Hypoxia Inducible Factor-1 

HIFs Hypoxia Inducible Factors 

HREs Hypoxia Response Elements 

HSCs Hematopoietic Stem Cells 

IDDM Insulin Dependent Diabetes Mellitus 

iNOS Inducible Nitric Oxide Synthase 

IVP Intussusceptive Vascular Pruning 

LIMBS Ligand Induced Metal Binding Site 

MAPS Mitogen-Activated Protein Kinases   

MC MP’s Monocytes/Macrophages 

MCP-1 Monocyte Chemoattractant Protein-1 

MI Molecular Imaging 

MIDAS Metal Ion Dependent Adhesion Site 

MMPs Matrix Metalloproteinases 

MRI Magnetic Resonance Imaging 

MT-MMP Membrane-Type Matrix Metalloproteinase 

N-cadherin Neural cadherin 

NF-kB transcription Nuclear Factor kappa B 

NO Nitric Oxide 



Page 129 
 

NRP-1 Neuropilin-1 

NZW rabbits New Zealand White rabbits 

PA Plasminoger Activator 

PAD Peripheral Arterial Desease 

PDGF Platelet-Derived Growth Factor 

PDK1 Phosphoinositide-Dependent protein 

Kinase 1 

PET Positron Emission Tomography 

PGs Proteoglycans 

PI3 Phosphatidylinositol 3’ 

PI3K Phosphoinositide 3-kinase 

PIP2 Phosphatidylinositol-4,5-bisphosphate 

PIP3 Phosphatidylinositol-3,4,5-triphosphate 

PKC Protein Kinase C 

PLC-γ Phospholipase C gamma 

PODXL Podocalyxin 

PSI Plexin-Semaphorin-Integrin 

PTB Phosphotyrosine Binding 

PVD Peripheral Vascular Desease 

RAGE Receptor for Advanced Glycation End 

products 

RGD Arginine Glycine Aspartic acid 

ROCK Rho-dependent Kinase 

ROIs Regions of Interest 

ROS Reactive Oxygen Species 

S1P Sphigosine-1-Phosphate 
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SH2 Src Homology Domain 2 

SMCs Smooth Muscle Cells 

SPECT Single Photon Emission Tomography 

T1DM Type 1 Diabetes Mellitus 

TGF-β Transforming Growth Factor-β 

TIMP Tissue Inhibitors of Metalloproteinase 

TM Transmembrane 

TNF-α Tumor Necrosis Factor alpha 

tPA tissue-type Plasminogen Activator 

TXNIP Thioredoxin-Interacting Protein 

uPA urokinase-type Plasminogen Activator 

VE-cadherin Vascular Endothelial cadherin 

VEGF Vascular Endothelial Growth Factor 

 


