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Abstract
Angiogenesis, the growth of blood vessels from an existing vasculature, can occur by sprouting
from preexisting vessels or by vessel splitting (intussusception). Pathological angiogenesis
drives choroidal neovascularization (CNV) in age related macular degeneration (AMD) which
is commonly restricted under the retinal pigment epithelium (RPE), called occult CNV, but may
also involve vessels penetrating through the RPE into the sub-retinal space. Pathological
vessels are poorly developed, insufficiently perfused and highly leaky, phenotypes that are
considered to drive disease progression and lead to poor prognosis. Currently, a number of
anti-angiogenic drugs exists, the majority of which target vascular endothelial factor (VEGF),
but although they often are highly beneficial for treating eye diseases in the short-term, they
are generally of limited efficacy in other diseases such as cancer, and also have poorer efficacy
when used for treatment of eye diseases in the long-term. A better understanding of the
mechanisms underlying pathological angiogenesis can generate new targets for treatment
leading to development of better drugs for cancer and retinopathies, but perhaps also other
angiogenesis-dependent diseases, in the future. In this thesis mechanisms involved in
developmental angiogenesis or pathological angiogenesis in the choroid, cornea or melanoma
was identified. These findings highlight the need to further elaborate our knowledge related
to angiogenesis in different tissues/conditions for a more targeted, and potentially effective
treatment of diseases in the future.
In paper I, we for the first time identified the choriocapillaries (CCs) in adult zebrafish and
found that occult CNV could be induced by exposing the fish to severe hypoxia. Interestingly,
we found that occult CNV relied on intussusception, involving not only de novo generation of
intussusceptive pillars but also a previously poorly understood mechanism called pillar
splitting. This involved HIF-VEGF-VEGFR2 signaling and evidence that this also occurred in both
rats and humans suffering from AMD suggested that the mechanism was conserved and
clinically relevant.
In contrast, we found in paper II that the development of CCs in the zebrafish relies on
sprouting angiogenesis, involve continuous remodeling, and delayed maturation of the
vasculature in 2D. The initial development was found to occur by a unique process of tissuewide synchronized vasculogenesis. As expected, VEGFA via VEGFR2 was also critical for the
development of these vessels in the zebrafish embryo, but surprisingly this was independent
on hypoxia-inducible factor (HIF)-1.
Inflammatory nuclear factor-kB (NF-kB) signaling is involved in the progression of
angiogenesis, but this signaling pathway has mainly been studied in the inflammatory cells
and the role of NF-kB in the endothelial cells during angiogenesis is poorly understood. In
paper III, we found that blocking NF-kB signaling using a specific IKK2 blocker IMD0354,
specifically blocks pathological as well as developmental angiogenesis by targeting endothelial
cell NF-kB signaling in the endothelial cells. Using a rat model for suture-induced corneal
neovascularization, IMD0354 treatment lead to reduced production of inflammatory C-C motif

chemokine ligand 2 (CCL2), C-X-C motif chemokine ligand 5 (CXCL5) and VEGF, and thereby
reduced pathological corneal angiogenesis in this model.
Using the zebrafish tumor xenograft model in paper IV, we found an association between
Microphthalmia associated transcription factor (MITF) and pigment epithelium derived factor
(PEDF), which was involved in pathological tumor angiogenesis and metastasis. Similarly, in
paper V we used zebrafish transplantation models to study and investigate the use of
biocompatible polymers for the delivery of pro-angiogenic FGF-2 as a potential treatment
strategy for ischemic diseases such as myocardial infarction (MI). Conclusively, this thesis
provides new insights into diverse fields of angiogenic assays using zebrafish, and reveals new
mechanisms of angiogenesis in health and disease. This work will hopefully provide a
foundation for further studies into occult CNV related to AMD, a process that has not been
possible to study previously in pre-clinical models. In addition, zebrafish xenograft or other
transplantation models used in this work will likely be important to study cancer biology and
to develop more attractive pharmaceutical preparations based on biocompatible hydrogels
formulated as microspheres in the future.

Sammanfattning
Blodkärlstillväxt spelar en central roll vid båda hälsa och sjukdom. Under embryonal
utveckling, underhåll av kroppens organ i vuxen ålder och för regeneration vid exempelvis
sårläkning, stroke och hjärtinfarkt ingår blodkärlstillväxt som ett viktigt element i dessa
processer. Blodkärlstillväxt är även nödvändig för uppkomst och utveckling av folksjukdomar
som cancer, diabetes ögonsjukdom och gula fläcken. I båda hälsa och sjukdom är syrebrist och
inflammation de två vanligaste signaler för blodkärlstillväxt. Efter aktivering växer blodkärlen
genom att bilda skott som bryter ut ifrån existerande kärl och växer in i den kringliggande
vävnaden. Alternativt delas kärlen på mitten och på så vis fördubblas. I sjukt vävnad pågår
detta så snabbt att de växande blodkärl inte hinner mognas. Detta innebär att kärlen är
försvagade och läcker ut väska som ansamlas i vävnaden. I cancer är denna typ av omogna
blodkärl nära kopplad till båda tumörtillväxt och metastas. I ögonsjukdomar är
blodkärlsläckaget istället kopplat till blåsbildningar eller blödningar i ögat som ökar
nedbrytningstakten av syncellerna. Det finns idag medicin som är inriktad emot
sjukdomsfrämjande blodkärlstillväxt men då många patienter inte svara tillräcklig väl eller
bara svara i en kortare period för sedan att bli resistenta, behövs nya läkemedel för dessa
patientgrupper.
I denna avhandling har blodkärlstillväxt processen undersökts under utvecklingen av
ögonsjukdomarna “gula fläcken” och kärltillväxt i hornhinnan (artikel I och III), under den
embryonala utvecklingen av ögat (artikel II) och under metastasering av cancerceller (artikel
IV). Det har även utvecklats nya sätt att leverera faktorer som påverkar blodkärlstillväxt
genom att koppla dessa till biomaterialer som på ett kontrollerat sätt kan frisätta dessa
faktorer på platsen där de behövs (artikel V). I dessa arbeten användes zebrafisk modeller som
har inneburit nya möjligheter att studera processer som reglera blodkärlstillväxt jämfört med
vad som har varit möjligt tidigare i andra djurmodeller, och därför bidragit med viktig nu
kunskap om de tidiga, första stegen i blodkärlstillväxtprocessen.
I artikel I identifierades för första gången kärlnätverket åderhinnan, kärlnätverket som finns
direkt bakom näthinnan och därför i nära anslutning till syncellerna, i vuxna zebrafiskar.
Åderhinnan svarade på syrebrist men i motsättning till de existerande modellerna för
åderhinna tillväxt i gnagare, växte kärlen i syrebrist-påverkade zebrafiskar inte växte in i
näthinnan, och inte bildade kärlskott, utan istället delade på sig. Denna process upptäcktes
också i biopsier från patienter med gula fläcken, och ger därför ny insikt om hur vi kan
undersöka och eventuellt behandla patienter i ett tidigare sjukdomsskede i framtiden.
I artikel II undersöktes kärlbildningen i åderhinnan under embryonal utveckling i detalj. Genom
avancerad mikroskopi upptäcktes att detta hände på ett organiserat sätt i hela ögat samtidigt,
och enbart i ett två-dimensionellt plan, vilket är olika hur blodkärlen utvecklas i andra
vävnader. Detta var viktigt för att bilda åderhinnans unika form och funktion. Båda under
embryonal utveckling och i vuxna fiskar var kärltillväxten i åderhinnan beroende av
tillväxtfaktorn VEGF och dess receptor VEGFR2.

I artikel III upptäcktes att inflammation även påverkar endotelcellerna som bilder den inre
delen av blodkärlen, något som tidigare har varit dåligt undersökt. Inflammationsfaktorn NFkB var viktig för bildning av VEGF och blodkärlstillväxt båda när celler studerades i cellodling,
under embryonal utveckling i zebrafiskar och i vuxna råttor. I artikel IV undersöktes en ny
mekanism för metastas som grundades i faktorerna MITF och PEDF, vilka försvårade för
blodkärlstillväxt och metastas i hudcancer. I detta arbete användes genetisk modifierade
cancerceller som implanterades i zebrafisk embryon, ett nytt och spännande sätt att
undersöka den tidiga metastaseringsförmågan av cancerceller.
I artikel V etablerades en ny metod för att bilda mikrosfärer av ett biomaterial som utvecklades
så att terapeutiska faktorer kunna frisättas på ett kontrollerat sätt över tid. Dessa nya material
hoppas vi på sikt kan användas till utvecklig av nya metoder att främja läkning och återbildning
av skadad vävnad, exempelvis hjärtvävnad efter en hjärtinfarkt.
Genom dessa arbeten, och den utökade diskussionen i kappan, bidra denna avhandling till
ökat insikt i mekanismerna som reglera blodkärlstillväxt i ögat, tumörer och under embryonal
utveckling. Dessutom har vi för att möjliggöra detta etablerat ett flertal nya verktyg, baserade
på zebrafisk modeller och nya system för att framställa biomaterial som kan användas kliniskt.
Dessa nya verktyg och kunskaper bilder en stark grund för att upptäcka nya behandlingsmål
och utveckla nya läkemedel mot vanliga, men mycket alvarliga folksjukdomar som gula
fläcken, kärltillväxt i hornhinnan, cancer och hjärtinfarkt i framtiden.
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Retinal vessels
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INTRODUCTION
BACKGROUND
Pathological neovascularization in the eye is an important step towards development of
diseases such as cancer, age related macular degeneration (AMD), diabetic retinopathy (DR)
and retinopathy of prematurity (ROP) 1. Neovascularization in the retinal vessels underlies the
aggressive form of DR called proliferative (P)DR 2 while choroidal neovascularization (CNV) is
a major complication of AMD, leading to exudative or “wet” AMD, which can ultimately lead
to blindness. Currently, AMD is un- or undertreated because of the involvement of many
factors such as age and molecular factors. It is of prime importance to study these diseases,
by establishing animal models for these diseases and ultimately develop exact treatment
strategies 3. In AMD and DR, the angiogenic induction in the back (choroid) or front (retina) of
the eye respectively, constitute a switch to severe disease with rapidly decreasing visual acuity
and eventually leading to blindness, unless treated 4. Little is known about the mechanisms
regulating pathological ocular angiogenesis in AMD or DR. In AMD, pathological angiogenesis
occurs subsequent to accumulation of cellular debris in the choroid, and in DR chronically
elevated blood glucose is the underlying responsible factor. In both cases, however, the
molecular and cellular changes involved in initial or ongoing angiogenic induction are poorly
understood. Furthermore, healthy growth of blood vessels in the eye during development has
also been poorly studied from a mechanistic point of view, especially in the choroid.
Biomaterials are not harmful for the body and serve a very important role as therapeutic
delivery vehicles or scaffolds used in the regenerative medicine 5. Unlike zebrafish, which can
regenerate its own heart 6, 7, humans don’t have the ability to regenerate their hearts. For
example, patients suffering from myocardial infarction (MI) or other cardiovascular disorders
such as congenital cardiovascular disorders, biomaterial assisted patching material is used for
the augmentation of the functional recovery of the injured cardiovascular tissues 8. Similarly,
defects in the heart valves could be treated with replacement of the defective heart valve with
a synthetic heart valve made of biocompatible biomaterial 8, 9. Another approach to use these
biomaterials is to repair abnormal blood vessels with a procedure called vascular grafts 8.
Another important use of biomaterials is to use suture 10 and medical textile products 8.
Angiogenesis
Angiogenesis is the development of newly formed vessels from the existing vessels. There are
2 major mechanisms of angiogenesis; one is sprouting angiogenesis while the other is known
as intussusceptive angiogenesis (Figure 1). Early development involves intensive angiogenesis
and remodeling of the vessels, which is very important because that is required for the normal
development of the tissues. In order to generate a vascular scaffold for angiogenesis another
process, vasculogenesis, leads to the de novo formation of the first vessels during early
development 11. In contrast pathological angiogenesis is associated with different diseases and
is well known to play important roles in particular during cancer development, wet AMD, and
PDR.

1

Figure 1. Schematic representation of vasculogenesis, intussusception and sprouting angiogenesis. Primitive
plexus of capillaries are formed as a first step towards differentiation of angioblast from the endothelial cells.
Further development of these capillaries is followed by intussusceptive angiogenesis in the left block of the figure
and sprouting angiogenesis on the right block. Intussusception involves splitting of a capillary into two or more
while the sprouting involves extension of the preexisting capillary by stalk cells following a tip cell. PDGF. Platelet
derived growth factor. Downloaded and modified with permission from 12.

Ocular angiogenesis
Pathological angiogenesis in the eye can lead to blindness. It can occur in retinal vessels during
development in the form of retinopathy of prematurity (ROP), or diabetic retinopathy (DR) in
case of adult diabetic patients. Wet AMD (explained later) in turn results from pathological
2

changes in the choriocapillaries found in particular in the elderly population. In the cornea the
outer part of the eye, neovascularization of this normally avascular tissue can lead to
blindness. These are classical examples of the majority of the eye problems affecting hundreds
of millions human beings.
Anatomy of the choroid
The choroid is the most densely vascularized layer of the eye. It is vulnerable to many
pathologies, of which the most important is AMD. AMD has 2 subtypes wet AMD and dry AMD.
The choroid vasculature is involved in both, but in different ways: choroidal vascular
degeneration leads to dry AMD and pathological growth into the sub-retinal or retinal space
is involved in wet AMD. The choroid is located between the retina and the sclera 13 (Figure 2).
One of the most important functions of the choroid is to supply oxygen and nutrients to the
photoreceptors and other cell types in the outer retina. This function is crucial; lacking oxygen
or nutrients in the outer retina could lead to (dry) AMD, or other retinal degenerative diseases
in younger individuals. Another interesting aspect of the choroid is to regulate the
temperature in the retina 13, 14. In addition to these important functions, the thickness of the
choroid is also very important because thicker choroid push the retina forward to allow
adjustments of the lens for the better focus and vice versa, meaning that pathologically
thickened choroids could ultimately affect focus 15. The choroid comprises of 4 different
layers. The first 2 layers adjacent to the retinal pigment epithelium, just posterior to the retina,
are known as Haller's and Sattler's layers respectively 14. The most vascularized layer in the
choroid is the highly dense choriocapillaris, adjacent to the Bruch’s membrane (BM) (Figure
2).

3

Figure 2. Anatomy of the zebrafish eye. A. A complete non-dissected eye on the left panel showing location of
sclera, optic artery, cornea and lens. Right panel shows a dissected eye showing exact location and orientation
of these tissues. Choroid comprising rete mirabile (RM) and choriocapillaris (CCs) is located centrally between
sclera and retina, covered with outermost layer the cornea. B. Paraffin embedded sections stained with
hematoxylin and eosin (H&E) of the zebrafish eye on the left panel showing retina, CCs and RM while confocal
micrographs of vessels (shown in green) in the Tg(fli1a:EGFP reporter strain shown in the right panel. Boxed
images are magnified in both panels to the right and left respectively. Size bars indicates 20 µm in low and 50
µm in high magnification images in both panels. R. Retina, P. Photoreceptors, RPE, Retinal pigment epithelium,
BM, Bruch’s membrane.

Modeling CNV
Choroidal neovascularization (CNV) is a severe complication, which arise from leaky, disrupted
neo-vessels in the choroid. It is one of the major vision loss complications associated with latestage AMD 16, 17. CNV in AMD is further divided in 2 major types i.e, CNV through the retinal
pigment epithelium (RPE) is known as “classic CNV” 18 while CNV under the RPE is called
“Occult CNV” 19. It is estimated that over 50 million people are suffering worldwide from the
occult form of CNV, which is the most common of the two sub-types20. In patients, early CNV
is detected with the help of fluorescin angiography (FA), optical coherence tomography (OCT)
as well as through a functional test where the patients will read straight lines as curly 21. While
in the later stages of CNV the sight of the patients are even worse 21 and the newly formed
vessels could pass through the Bruch’s membrane into the retina. For a very long time, the
only treatment available was photo coagulation therapy 22 but with associated adverse side
effects including reduced thickness and increased damage to the retina the, coagulation
4

therapy is not the best treatment today. Instead photodynamic and anti angiogenic drugs
therapy is currently recommended as first-line therapy 17, of which the latter is the most
commonly used form of treatment.
Pathophysiology of CNV
Wet AMD involves CNV 23, due to extended formation of the abnormal blood vessels, the
disease is very severe. The exact cause or the mechanism of CNV in AMD in not known 24,
however there are several lines of evidence and symptoms which can describe the
development of the complications over time.
AMD affects mostly the elderly population with the histology of the choroid showing
thickening of the choroid and Bruch’s membrane, associated with a buildup of extra-cellular
debris-depots called drusen, which eventually leads to the growth of newly formed vessels
because of hypoxia-induced gradients of angiogenic factors arising between the outer retina
and the choriocapillaries 25-29. Some research studies have suggested degradation of the
Bruch’s membrane occurs by enzymatic activity 30 as an important part in the pathophysiology
of the disease. It could also be associated with an inflammatory response where inflammatory
cells such as macrophages migrate to and surround the Bruch’s membrane resulting in its
degradation 31. Another important factor promoting CNV, is driving and promotion of
endothelial cell migration with the support of smooth muscle cells towards the damaged
tissues in the overlaying retina 24.
There are several other risk factors which contributes towards CNV such as persistent systemic
hypertension, smoking, Caucasian race, old age etc. 32. Among the other risk factors, oxidative
stress, exposure to light and previous family history also play an important role in CNV
promoting AMD. The use of zinc, Vitamin A, C and E has been shown to reduce the risk of wet
AMD by 20-25%, which suggests a potential role of reactive oxygen species 24. There has been
no clue towards the exact risk factors for AMD and that is why this area should be further
investigated. Involvement of many genes in the development of AMD makes the disease more
complex. Several studies suggest involvement of mutations in AMD-associated genes 33-37.
Mutations in the ATP-binding cassette (ABC)–transporter gene, has been shown to have a
close correlation to development of AMD 38. Coupling AMD with mutation in a specific gene is
still very difficult because there is involvement of many other genes. Furthermore, AMD is a
late stage disease with additional factors including social and environmental factors, which
further hinders investigation of the onset of the disease.
Development of the choroid
Thickness of the choroid changes with age in all organisms, in humans; it changes from 200
µm at the birth to 80 µm at adulthood 14. In humans choroid development begins at the 7th
week of gestation. At 15 weeks the arterioles and venoles can be clearly seen and
differentieated. Interestingly the structure at this age is already similar to that of the adult
choroid 39. In comparsion to the retinal vessels, which have blood-brain barrier function, the
choriocapillaris do not; choriocapillaries are fenestrated to allow transport of macromolecules
and cell remnants in and out of the posterior eye 40. Development of the choroidal vessels is
via angiogensis, which includes two main types, sprouting angiogenesis and intussuceptive
5

angiogensis (Figure 1). The mode of choroidal development is believed to be sprouting
angiogenesis in humans 41 and other vertebrates while intussusception has been shown in the
birds 42-44.
Hypoxia signaling
There are 2 types of metabolism; aerobic which is in the presence of oxygen (normoxia) and
anaerobic which is in the absence of oxygen (hypoxia). In a hypoxic condition with lower
concentration of oxygen at less than p21% O2 there is not enough oxygen for the normal
metabolism of the cell. A hypoxic condition is defined as a condition of insufficient oxygen.
The actual oxygen concentration needed is different between the tissues – some tissues need
a lot whereas others need very little. Therefore, the oxygen concentration required for
hypoxia is also different between tissues. Blood vessels release nitric oxide as an acute repose
to hypoxia leading to dilation of the vessels to fulfill the oxygen demand 45. During more
prolonged states of hypoxia, there are certain pathways which are activated, the most well
studied involving the transcription factor hypoxia inducible factor (HIF1) 46 (Figure 3). HIF1 is
a heterodimer made of 2 subunits HIF1α and HIF1β 47. HIF1 and the related HIF2 are best
known for their angiogenic properties 48, 49. Their expression is different in different locations
HIF1α being expressed universally and HIF2α expressed in a population of cells only 48. HIF1β
is also known as Aryl hydrocarbon nuclear translocator (ARNT), and is similarly expressed
universally. HIF1α is the oxygen sensing part of the HIF family because of its stabilization in
the hypoxic cells. Genes activated by hypoxia contains HIF1 binding sites known as HIFresponsive elements (HREs) 50. Under normoxic conditions, a group of enzymes catalyze the
destruction of HIF1α and are called prolyl hydroxylase enzymes (PHDs) due to their
hydroxylation properties. Von Hippel–Lindau (VHL) is an E3 ubuiquitin ligase complex which
ubiquitinylates the hydroxylated HIF1 leading to its degradation by the proteasome, causing
HIF1 to not be active in normal physiological conditions 51. Loss of the function of VHL leads
to activation of HIF1 and ultimately an angiogenic response in the tissue. activated HIF1 will
activate transcription factors such as VEGF and PDGF leading to angiogenesis 52, 53. There is
another factor called factor inhibiting HIF (FIH) which is oxygen dependent just like PHDs, and
inhibit the transcriptional activity of HIF1 54.
The exact mechanism by which HIF1α is activated via hypoxia is still unknown. Some studies
suggest that the lack of signaling transduction pathways are involved 55. This fact is based on
the diminished activity of PHDs in hypoxia with decreased hydroxylation of the HIF1α protein
56 this will inhibit binding VHL to HIF1α and in this way stabilize HIF1α. Some other studies
suggest involvement of the signaling cascades such as sumoylation, diacylglycerol kinase,
reactive oxygen species (ROS) and phosphatidylinositol 3-kinase (PI3-K)/ AKT 57-60. This
suggests that PHDs are not only the regulators of this signaling pathway but also there is a
need of other signaling pathways which are required in hypoxia 60. Another important
signaling pathway which is p38α mitogen-activated protein kinase (MAPK) is believed to
downregulate HIF1α in hypoxic conditions when inhibited pharmacologically 61, 62. Details of
HIF signaling pathway is presented in Figure 3.
6

Figure 3. HIF1 signaling in normoxia and hypoxia. HIF1α is stabilized under normoxic condition by PHDs in the
presence of Fe2+ and O2 as substrate and as a cofactor respectively. Ubiquitination is enhanced by VHL and target
HIF1 for degradation. FIH-hydroxylation further stops the binding of HIF1α and HIF1β to the co-activators p300
and CBP, leading to impaired transcriptional activity. Alternatively, during hypoxic conditions HIF1α is
translocated in the nucleus resulting in dimerization of HIF1α and Hif1β, recruitment of p300, CBP and binding
to HREs at target genes which are generally activated by this complex. This complex thereby activate specific
genes which will further activate pathological activities such as, cell proliferation, angiogenesis, metastasis,
apoptosis resistance, survival and metabolic adaptation. HIF1α. Hypoxia inducible factor 1α, HIF1β. Hypoxia
inducible factor 1β, Fe2+. Iron, O2. Oxygen, OH. Hydroxylation, FIH. Factor inhibiting HIF, VHL. Von hippel lindau,
Ub. Ubiquitination, p300. HIF1α co activator, CBP. CREB binding protein. Downloaded and modified with
permission from 63.

VEGF family
Vascular endothelial growth factor (VEGF) family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D
and placental growth factor (PLGF) 64, 65 (Figure 4). VEGF-A, which is normally referred as VEGF,
is the classical angiogenic ligand with its receptors VEGFR2 (also known as KDR/ Flk1) and
VEGFR1 (Flt-1) 65, 66. VEGF-C and VEGF-D has binding capabilities towards VEGFR2 and VEGFR3
(Flt4) 65. VEGFR1 has a binding capacity for VEGF-B and PLGF. VEGFR2 is also a receptor for
exogenous VEGF-E and -F 65. VEGF has context-specific roles and can act both as an angiogenic
or anti-angiogenic factor because it is expressed both in newly formed vessels and in the
preexisting, quiescent vessels 66. In addition the binding capabilities of VEGF ligands to
different receptors at the same time could explain pervasive functions as either pro and antiangiogenic 65. VEGF ligands and their receptors are very dynamic in nature for example
classical VEGF-A, has important roles both in the development and in pathology. It has
different molecular subtypes, these are VEGF-A 121, VEGF-A 145, VEGF-A 165, VEGF-A 189, VEGF-A
67. These isoforms differ because of their difference in the binding affinity towards
206
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extracellular matrix molecules and their size, but are all active as dimers 68. VEGF-A 165 is a
highly expressed isoform in human beings and exhibits moderate affinity for the co-receptor
neuropilin and heparin, and hence possess moderate diffusibility. In contrast, VEGF-A 121
expression is even higher in humans and lacks the binding domain for both neuropilin and
heparins 68-70 which helps to easily diffuse. While VEGF-A 189, VEGF-A 206 are poorly expressed
and possess higher affinity and binding capabilities for heparin, which leads to less diffusibility
and accumulation in the extracellular matrix 68. Not only the ligands, but their receptors also
have a prime role in both normal development and a pathological condition. In a mouse
embryo, studies have shown that both VEGFR1 and VEGFR2 are important for normal
development of the blood vessels 67. VEGF family has important roles in pathological
conditions because several studies have demonstrated the presence of VEGF in tumors, AMD
or DR 67. VEGF-A is believed to be the main angiogenic ligand in AMD and therefore it is well
studied and still under investigation for its destructive nature in the disease progression 69.
VEGFs have different binding affinities for their respective receptors for example the binding
affinity is higher between VEGF and VEGFR1 and is lower between VEGF with VEGFR2.
However, the signaling capacity is much higher through VEGF-R2, and VEGF-R2 is the prime
receptor for evoking a migratory and proliferative phenotype. This means that the angiogenic
response begins when VEGF has reached a level where it starts binding to VEGFR2. In contrast
VEGFR3 have higher affinity for its specific ligands VEGF-C and VEGF-D 68. Detailed in Figure 4.
VEGF family receptors works as tyrosine kinases 71, 72. Endothelial cells express the receptors
VEGFR1, VEGFR2 and VEGFR3 (in the case of growing or lymphatic endothelial cells) while
other cells such as neutrophils, monocytes, macrophages, progenitor cells and mural cells
express VEGFR1. In the retina, however, retinal ganglion cells express VEGFR2. The affinity of
PLGF and VEGF-B towards VEGFR1 is higher but still their role for angiogenesis whether
developmental or physiological in the adult is unclear and require further studies. 73. On the
other hand VEGFR3 has higher affinity for their ligands VEGF-C and -D. VEGFR3 are found to
be expressed on the lymphatic endothelial cells with their main role being lymphangiogensis
72. Developmental and tumor angiogenesis is still dependent on VEGFR3 signaling in the adults
74-76.
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Figure 4. Schematic presentation of the vascular endothelial growth factors (VEGFs) and VEGF receptors (VEGFRs)
families. The (endogenous) VEGF ligands identified so far are VEGF A, B, C, D, E and placental growth factor PLGF.
Their receptors are tyrosine kinase receptors VEGFR1, -R2 and -R3. The binding affinity of each ligand towards its
receptor is represented with specific color. Yellow color ligand towards the yellow color receptors, similarly blue
and green color ligands and their receptors. Ligands with 2 or more colors represents binding affinity of the
ligands towards more than 1 or 2 receptors. Different cells have different expression of the VEGF receptors.
haematopoietic stem cells, monocytes macrophages and vascular endothelium expresses VEGFR1. Vascular and
lymphatic endothelium expresses VEGFR2 while lymphatic endothelium expresses VEGFR3 predominantly.
Downloaded and modified with permission from 77.

VEGF signaling in CNV
VEGF is one of the most important factors necessary for the development of blood vessels. It
is present and produced during both normal developmental angiogenesis and in pathological
conditions such as CNV associated with AMD 67, 78. VEGF is found in the neovascularized tissues
of patients with wet AMD which indicates engrossment in CNV 79. Overexpression of VEGF
leads to the development of pathological vessel formation across the Bruch’s membrane into
the retina which will ultimately results in the loss of vision as described above 80. Classical
signaling occurs when VEGF binds to their receptors. However, VEGF binding to VEGFR2 leads
to a cascade of events through phosphorylation of the receptor and activating endothelial
cells for proliferation, or cell migration whereas signaling through VEGFR1 mainly leads to
endothelial cell survival signaling. Downstream signaling pathways mainly involve for example
MAPK and Src 79, 81, 82.
VEGFR1 and –R2 are expressed mainly in the endothelial cells with few exceptions. VEGFR1 is
expressed in trophoblast cells 83 renal mesangial cells 84 and monocytes 85. While VEGFR2 is
expressed in the retinal progenitor cells, hematopoietic stem cells and megakaryocytes 86, 87.
Hypoxia has an effect on the transcription of VEGFR1 and VEGFR2, slightly less effect than that
on VEGF though. Hypoxia leads to an increase the transcription of VEGFR1 more than VEGFR2
9

as hypoxia can also overexpress and/or stabilize VEGFR2 with a mechanism that could be
mainly posttranscriptional 89. This could be because VEGF regulates the production of VEGFR1
and VEGFR2 under hypoxia 90, 91. Interestingly, in cells, binding VEGF to the receptor VEGFR1
mainly lead to cell survival and not cell proliferation while binding of VEGF to the receptor
VEGFR2 initiates cell fenestration, proliferation and migration 92, 93. There is a definite
difference between the signaling pathways induced through VEGFR1 and VEGFR2 activation,
but it is not well known yet. One of the possible reasons for VEGF-VEGFR1 as not initiating the
cell proliferation could be that this signaling does not activates MAPK signaling pathways 85, 9496.
88

VEGF as a target for CNV
VEGF is one of the most potent growth factor responsible for CNV and drives progression to
wet AMD, but other proteins could also be involved in this complication 97-106. VEGF is highly
expressed in a mouse laser CNV model 107. Blocking VEGF or their receptors could reduce the
pathological vessels formation. Anti-VEGF drugs are currently the first line treatment strategy
for CNV due to wet AMD 108. A large number of patients are, however, still non-responsive to
anti-VEGF treatments, or develop resistance over time 109-111.
The mode of administration of these drugs is local, which means patients have to be locally
administered into the eye 112 requiring the need of highly trained medical doctors and
specialists to perform these injections directly into the eye. The overall burden in terms of
logistics increases in the form of expenses, work-load on the retinal specialists and transport
as the patients need to go to larger cities hosting central hospitals to get these treatments.
Furthermore the treatments are associated with a low, but potentially detrimental side effect
known as endophthalmitis; infections inside the eye which could lead to blindness in its own
right. As these drugs are administered often once a month and often for decades, the number
of injections means that, the accumulated risk per individual is significant. Therefore, it is
important for the development of more drugs and new ways for an easy administration of the
current drugs.
NF-κB signaling in zebrafish
NF-κB is an important transcription factor for inflammatory signaling pathway involved in
processes such as angiogenesis, inflammation, autoimmune diseases (Figure 5). 5 genes build
up NF-κB transcription factors family. These genes are NF-κB1, NF-κB2, Rel-A, c-Rel and Rel B
with their respective proteins: P50, P52, P65, REL and RELB respectively 113. A homology
domain is common between all these proteins, which is known as Rel homology domain (RHD)
responsible for DNA binding, dimerization and interaction with various inhibitors. 2 different
types of proteins are coupled with NF-κB; Rel-A and P52 114.
Due to the presence of IkBs, which are the inhibitors of NF-κB in the cytoplasm, NF-κB remains
inactive transcriptionally. IkBs are a family of proteins made of IkBα, IkBβ, IkBγ (NEMO), IkBɛ
and Bcl-3 coupled to ankyrin and interacting with NF-κB via RDH domain in such a way keeping
NF-κB in the cytoplasm in the inactive form 114. Phosphorylation of IkBα, IkBβ, IkBɛ leads to
the release of NF-κB, which is then free to diffuse to the nucleus and activate transcription.
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This phosphorylation is catalyzed by IKKs, which is a complex, constituted of IKKα (IKK1) and
IKKβ (IKK2) and another regulatory factor IKKγ. There are several upstream activators, which
could be responsible for activation of the NF-κB signaling pathway. These include cytokines,
growth factors, tyrosine kinases, certain growth factor receptors such as epidermal growth
factor receptors, insulin growth factor receptors and tumor necrosis growth factor receptor.
In addition to these activation factors other signaling pathways such as RAS/MAPK, PI3/AKT
could also be responsible for the activation of NF-κB signaling cascade 114.
The activation of the NF-κB is via 2 different pathways classical, also known as canonical
pathway and alternative also known as non-canonical pathway 115. The canonical activation of
NF-κB yields RelA and P50 with translocation of these subunits into the nucleus after
degradation of IkBα subunit mediated by IKK. This process is a result of phosphorylation of the
complex by IKK 116, 117. While non-canonical NF-κB activation, yields into RelB and P52 utilizing
the p100. This method of activation has advantages over the classical pathway because the
non-canonical pathway is involved in several therapeutic implications such as lymphoid
system development, dentritic activation and metabolism in the bone 118.

Figure 5. NF-kB signaling pathway can be activated by external stimuli, leading to either the canonical or the noncanonical pathway activation. IKK complex degrades upon the activation of both the pathways the inhibitory IkB
(canonical pathway) or p100 (non-canonical pathway), which will lead to the active factors RelA/p50 (canonical
pathway) or RelB/p52 (non-canonical pathway) being translocated to the nucleus to regulate the transcription
of the proteins. NIK. NF-κB-inducing kinase. Downloaded and modified with permission from 119.
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Zebrafish as a biological model
Over the past two decades, zebrafish has emerged as a very popular animal model in the
biomedical research 120. It has numerous advantages over other vertebrates for example, they
are transparent, very fast growing, robust, requires minimal space for breeding and
maintenance121. Zebrafish develop externally, they have high fecundity, and they are
amenable to pharmacologic and genetic studies 122. Zebrafish has the ability to develop faster.
The maintenance cost is less than 1% for zebrafish as compared to mice 123. Zebrafish has
advantages over other vertebrate model systems, such as their developmental speed can be
controlled over time with the temperature, by keeping them at room temperature their
development can be delayed 124. Genetic manipulation and the development of new genetic
tools such as morpholinos and the Cas9/CRISPR technology made zebrafish a suitable model
to understand molecular factors important for many human diseases such as cardiovascular-,
neurodegenerative-, infection-, cancer-, and developmental biology 125. In addition, they also
have the ability to regenerate for example they can even regenerate their own heart if a piece
has been cut off 126 127.
Zebrafish development outside the fetus makes it an exceptionally important model organism
for studying eye diseases. One can observe all aspects related to the development of the eyes
from once they appear. Similarities between the eye anatomy of zebrafish and humans makes
it a very useful model system for studying eye diseases 128. Development of specific disease
models such as for studying DR 129 led the foundation for understanding mechanism behind
these disease.
The tumor xenograft model of zebrafish is a very useful tool for studying cancer biology 130,
Zebrafish embryos which develops outside the uterus and its transparent nature makes it
an optimal animal mode for studying the dissemination and metastases of tumor cells 132.
Zebrafish is used widely in understanding molecular and cellular mechanisms because the
genome is fully sequenced and well annotated 133. Several mutants and knockout strains have
already been generated to study effects of particular genes and their involvement in diseases
or if they are crucial for the development. In addition, using morpholinos, researchers can
generate knockdowns of specific genes over a short period of time during initial development
134. Zebrafish can be used as a mechanistic model to investigate many diseases such as
neurobehavioral disorders 135, 136. Furthermore, development and signal transduction
controlled by the signaling pathways are very much similar to that in human beings 137.

131.

Zebrafish tumor xenograft model
Cancer is not a single factor disease; it is a combination of many factors and events, which
enables a series of events leading to tumor growth and metastatic dissemination. Factors
involved in cancer are many; genetic, environmental, epigenetic modifications lead to
diversity of the disease 138-140. In order to identify new clinical targets of such diverse disease
mechanisms, thorough investigation of the pre-clinical data obtained from the different
animal models are needed 141.
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Tumor metastasis has been studied with a variety of animal models including chick embryos
and mouse 142. On the other hand, zebrafish provides a unique animal model for studying
tumor metastasis, growth and angiogenesis associated with the tumors 143-146 (Figure 6). This
vertebrate animal model provides ease in all aspects throughout the procedure. From
handling to a complete experiment, zebrafish provides a variety of advantages over other
traditional animal models. Not only the transparency, which enable continuous visualization
and data collection from the same embryo over time, but also genetic modifications within
the zebrafish host or the tumor cells is very easy 147. Zebrafish also provide a whole circulatory
system from early stages of embryonic development which make them an even better model
system for studying the biology of tumor vessels and the process of hematogenous metastasis
148.

Figure 6. Zebrafish tumor xenograft model. DiI labelled tumor cells (red) were injected in the peri-vitteline space
(PVS) of the Tg(fli1a:EGFP) endothelial reporter zebrafish strain (vessels shown in green). Cells were injected only
in the PVS, which can be followed after injection to see the tumor growth within the proximity and see
dissemination of the cells over the whole body. Downloaded and modified with permission from 149.
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Biomaterials as drug delivery polymers
With the advances in technology, there is need for improvement in treating diseases in a most
affordable and convenient manner for the patients. Conventional pharmaceutical
formulations are rapidly diminishing in favor of new technological vehicles such as modern
biomaterials 150. Biomaterials are highly contributing to the health care system and are used
in over 40,000 different pharmaceutical preparations today. The need for biocompatible
polymers emerged because of the development of large molecular weight drugs. These drugs
were very difficult to deliver to the right tissue as they were degraded by enzymatic reactions
if taken orally or destroyed by the body if administered Intramuscularly 151. With the use of
biomaterials different important pharmacodynamics and pharmacokinetic aspects have been
controlled and improved for example delivery of large molecular weight drugs to restricted
locations where it was originally difficult to reach with large molecular weight drugs, and
controlled delivery of drugs over time 151.
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Aims
This thesis set out to investigate angiogenesis in development and in disease, using the
zebrafish model.
General aim
The overall aim of this thesis was to use zebrafish animal model to understand factors,
important for hypoxia- or NF-kB-induced pathological angiogenesis, developmental
angiogenesis, and to use zebrafish as a tool for understanding tumor progression and to
develop biomaterials as drug delivery polymers.
Specific objectives
•

To investigate mechanisms behind hypoxia-induced neovascularization in the adult
zebrafish choroid, to mimic AMD. (Paper I).

•

To understand development of choroid blood vessels in zebrafish embryos. (Paper II).

•

To study the biology of the inflammatory pathway NF-kB, the signaling networks
involved and effects on inflammatory responses on angiogenesis in general and
specifically in the eye (Paper III).

•

To use zebrafish as a tool for understanding complex mechanism behind tumor cell
disseminations and to use zebrafish as a model to study new angiogenic drug delivery
vehicles based on hydrogels (paper IV and V).

15

MATERIALS AND METHODS
Zebrafish strains
Transgenic zebrafish strains used in this thesis were obtained from ZIRC Oregon 152-157, Affolter
lab 158, 159, 160, 161 and Stainier lab 162, 163, 164. Table 1 summarizes the reporter strains and the
following mutants used in this thesis; Hif1aa-/-;Hif1ab-/-, Hsp70:VEGFAA-DN, VHL-/-, Vegfr2b-/(kdr-/-), Vegfr2a-/- (kdrl-/-).
Table 1. List of zebrafish strains used in Papers I-V.
Strain
Tg(fli1a:EGFP)y1
Tg(kdrl:DsRed2)pd27
Tg(kdrl:EGFP)s843
Tg(acta2:EGFP)ca7
Tg(tagln:EGFP)p151
Tg(fli1ep:Gal4FF;UAS:RFP)
Tg(gata1a:DsRed2)sd2
Tg(pdgfrb:mcitrine;kdrl:DsRed2)
Tg(fli1ep:Gal4FF;UAS:VE- EGFP)ubs12
Tg(fli1ep:Gal4FF;UAS:EGFPZO.1)ubs5
Tg(fli1ep:Gal4FF;UAS:EGFPUCHD)ubs18

Labelled cells
Endothelial cells
Endothelial cells
Endothelial cells
Smooth muscle cells
Smooth muscle cells
Endothelial cells
Erythrocytes
Pericytes
Adherence junctions in
ECs
Tight junctions in ECs

Fluorophore
Green
Red
Green
Green
Green
Red
Red
Green+Red
Green

F-Actin in ECs

Green

Green

All the zebrafish strains were raised and maintained at Linköping University zebrafish core
facility under standard protocols 165, 166. The ethics committee of Linköping University
approves all the experimental procedures. Other animal models used in this thesis include
mouse and rats. We have developed and used numerous assays and protocols to achieve our
goals for this thesis, they are summarized in Table 2. For detailed information, please refer to
Paper I-V.
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Table 2. List of analytical techniques used in Papers I-V.
Technique
Vascular leakage evaluation
Treatment with VEGFA-dn
FACS
RNA- Sequencing
Immunohistochemistry
qPCR
Western blot
TEM
SEM
Histology
Cell culturing
Cell migration/ Tube formation assay
Whole mount assay
Microarray analysis
Zebrafish tumor dissemination assay
Elisa

Paper

1
X
X
X
X
X
X
X
X

2
X
X

X

X

X

X

X

3

4

5

X
X
X

X
X

X
X
X
X

X
X
X

X
X
X
X

X
X
X

X
X

X
X

Hypoxia treatment
As previously described 49, 167-169 experimental fish were subjected to hypoxia in a custom
made chamber (Figure 7), for 10 days at 10% of the normal air oxygen. The tank was sealed in
order to block oxygen leakage into the water. The concentration of oxygen in water was
controlled by an electrode (Figure 7/2) dipped in water near a rotating stirrer (Figure 7/1),
which keeps a homogeneous level of oxygen in the water. An air-stone (Figure 7/3) was placed
at a corner with nitrogen gas perfusion to reduce or control the oxygen concentration in the
tank. A valve (Figure 7/5) operated via an oxygen control device (Figure 7/4), control gasperfusion in an automated way when the water oxygen concentration increased beyond a preset value (i.e. 10%).
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Figure 7. Hypoxia setup for adult zebrafish. 1. Magnetic stirrer, 2. Electrode for sensing oxygen
concentration in the water, 3. Nitrogen gas perfusing stone, 4. Controller device, 5. Valve connection
between nitrogen gas and the tank. Downloaded and modified with permission from 170.

Hypoxia treatment with Vegfaa-DN and DMH4
Vegfaa-DN zebrafish were treated at 37 oC daily for 1 hour to induce high-level expression of
dominant-negative VEGF-A between the 4th and the 10th day of exposure to hypoxia. For DMH4treatment experiment the fish have been subjected to water containing the final concentration of
1 µM of the drug.
Dissection and euthanizing adult zebrafish
Adult fli1a:EGFP zebrafish were used for identification of the CCs. After euthanizing the
zebrafish with 0.04% Ethyl 3-aminobenzoate methane sulfonic acid salt 98% (Sigma Aldrich)
and fixing the adult zebrafish in PFA 4% (Sigma Aldrich) at +4oC for 24 hours, their eyes were
dissected to isolate the retina and choroidal tissues allowing visualization of the retinal vessels
(RVs), choriocapillaries (CCs) and the rete mirabile (RM). The dissection procedure was
inspired by previously published methods, although with some modifications 168, 171. In this
work, dissections were done with the help of a spring scissor and Dumont # 5 tweezer. The
critical step in the dissection of the adult zebrafish eye is that sometimes the retinal vessels
peel off while removing the lens from the eye. It is important to first make a hole from one
side of the eyecup holding the fish in a posterior position with one hand and use another hand
for making the hole. Once a hole was made at one edge of the eye, I have prolonged the cut
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on each side using spring scissors starting from that first hole made. Until half of the cornea is
detached the remaining half still attached. With the spring scissor the cornea was cut off in 2
halves, then the lens was removed by using the spring scissor with its edges (scissor) open in
the vitreous, holding and pushing the lens out. This will keep the retinal vessels attached to
the retinal surface. Later, the cornea should been peeled off on both sides leaving an open
intact eyecup. The eyecup along with the sclera was pulled out from the head using Dumont
# 5 tweezer with good care. The detached eyecup is moved to the dish in PBS where the sclera
was peeled off slowly and gradually, by cutting small pieces at first so that the RM and CCs
remain intact. Sometimes the optic artery detaches with the eyecup, if so, it is important to
cut it off to facilitate removal of the sclera. Once the whole sclera is removed, the RM can be
removed carefully such that it does not detach any piece from the CCs. After removal of the
RM, the CCs can be peeled off from all the corners slowly and with a lot care because of the
extremely delicate nature of this tissue. Once all the tissues have been set apart, the retina
cup can be cut in 4-5 radial cuts so that they can be flat mounted in a flower like structure on
the glass slide using a stereomicroscope (Nikon SMZ 1500). The same was repeated for the
CCs and mounted on the glass slide. The RM has been mounted the way they are without any
cuts. Vectashield (H-1000 Vector laboratories) was used to protect the tissues from drying and
to improve image quality when they were flat mounted. In addition, few drops of nail polish
was used on the edges of the glass slides, which will help the tissues to hold tight.
Vascular leakiness evaluation in the choriocapillaris
Vascular leakiness was evaluated in both the embryos and the adult fli1a:EGFP zebrafish
according to the standard protocol 172. Adult zebrafish were anesthetized with 0.02% Ethyl 3aminobenzoate methane sulfonic acid salt 98% (Sigma Aldrich) followed by i.p injection of
rhodamine labeled lysine conjugated dextran and transferred to normoxia for 15 minutes.
Later they have been euthanized and fixed in 4% PFA for 24 h at +4 oC. CCs was dissected, flat
mounted and visualized as described above. Fli1a:EGFP embryos with varying ages of 48120hpf were anesthetized with 0.02% Ethyl 3-aminobenzoate methane sulfonic acid salt 98%
(Sigma Aldrich) on a 2% agarose plate following 2-4 nl injection of 70 kDa rhodamine labeled
lysine conjugated dextran in common cardinal vein (CCV) (Figure 8). The embryos were
transferred in the E3 medium and left for 15 minutes. The embryos were anesthetized and
euthanized with a lethal dose of 0.08% Ethyl 3-aminobenzoate methane sulfonic acid salt 98%
(Sigma Aldrich) and fixed in 4% PFA for 30 minutes at room temperature. The eyes have been
dissected out and flat mounted on the glass slide using watchmakers’ forceps (Dumont #5)
under a dissection stereo-microscope (Nikon SMZ 1500) in a mounting medium Vectasheild (H1000 Vector laboratories).
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Figure 8. Evaluation of leakage in the zebrafish embryo CCs. 2dpf zebrafish embryos anesthetized on 2% agarose
plate. A model used for injecting tumor cells in the peri-vitteline space (PVS) in the area marked by the yellow
dotted line and for injecting rhodamine labeled dextran in common cardinal vein (CCV). Downloaded and
modified with permission from 149.

Time lapse video analysis
Fli1a:EGFP zebrafish embryos at different ages were mounted in a mixture of MS-222 (Ethyl
3-aminobenzoate methane sulfonic acid salt 98%, Sigma Aldrich) 25 µg/ml and 0.5% low
melting agarose (Sigma Aldrich). A special petri dish with a glass bottom (MatTek Corporation)
was used for mounting. It is important to keep the temperature of the agarose around 35°C
before adding the embryos to the mixture but if it’s too cold the agarose will solidify and it
will be difficult to keep the embryos in the right angle and position. Care should be taken not
to add more mounting agarose than required to the well as a thick layer will disturb the
imaging. E3-PTU medium should be added to the rest of the dish after 5 minutes so that at
first the agarose gel solidifies completely. Using a confocal microscope (LSM 700 inverted,
Zeiss, USA), z-stacks of the time-lapse series have been taken at 15 or 20 minutes interval
between each frame. For further analysis and videos were made with Image J (NIH) at 10
frames per seconds (fps).
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RESULTS AND DISCUSSION
Identification of pathological vessel remodeling in the choroidal vessels of adult zebrafish
(Paper I)
We have identified CCs in the zebrafish for the first time by careful dissection using the
fli1a:EGFP zebrafish strain. The nature of CCs in the zebrafish amaze us in many ways, they are
similar to those found in most of the mammals including humans 173, 174, they lie close to the
retina just behind the Bruch’s membrane and do not penetrate into the retina. They are very
dense and constitute around 95% of the tissue as compared to the retinal vessels, which only
cover around 25% in their most dense (capillary) area. Behind the CCs is a third layer of the
vessels known as rete mirabile (RM) in a half moon shape (Figure 2).
Hypoxia drives neovascularization in both health and diseases 175, 176. In order to investigate
the effects of hypoxia, fli1a:EGFP zebrafish have been subjected to 10% relative air saturation
which is approximately 2% oxygen. Hypoxia in the fish tank has been achieved by the influx of
nitrogen gas. The procedure has been presented earlier 168, 169, 171. With this treatment we did
not observe sprouting angiogenesis in the CCs, as expected, rather an increase in what
appeared to be intussusception was evident. Interestingly, the vascular density has been
increased in a 2D spatial manner without protruding through the Bruch’s membrane, which is
similar to that seen in the occult CNV 177.
VEGF-A is induced by hypoxia and is found in a majority of the pathological conditions
associated with angiogenesis 178. We have tried to identify the role of VEGF-A and their
receptors using double knock strain of HIF1αa/HIF1αb 162, VEGF-A dominant negative strain
which is heat shock inducible 179, and a specific inhibitor of VEGFR2 180, 181. We have found that
intussusception was blocked in hypoxia using either of these three strategies. These results
suggest the possible inclusion of the signaling pathway made by HIF1α, VEGF-A and VEGFR2.
A schematic representation of the process involved in the progression of CNV in
choriocapillaris in the presence of hypoxia is shown in Figure 9.
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Figure 9. Schematic illustration of hypoxia induced intussusceptive angiogenesis in the CCs followed by hypoxic
CNV in the zebrafish. Pillar formation following CNV involves HIF-VEGFA-VEGFR2 signaling pathways via dissolved
tight junction (dTJ) enlarged fenestrations (F), immature transluminal pillars (imTLPS), enlarged endothelial
thickness (ET) and endothelial vesicles (V) (Paper I).

Development of choriocapillaris occurs by vasculogenesis and sprouting angiogenesis in the
zebrafish whereas the structural similarity remain the same as in mouse (Paper II)
Since choriocapillaris growth is via intussusceptive angiogenesis in the adult zebrafish, it would
be very interesting to investigate the development of these vessels in the embryos. We took
advantage of using the transgenic fli1a:EGFP zebrafish which expresses green fluorescence
protein in the endothelial cells (ECs) 152. At 18 hpf zebrafish embryos start the development of
the CCs by recruiting the ECs from the cranial division of the internal carotid artery (CrDi) and
primordial midbrain channel (PMBC) (Paper II). At 24 hpf the total eye field is populated with
ECs which further leads to the formation of blood islands at 36hpf and further continues to
mature and develop. At 48 hpf these blood island forms connections with tube-like structures
which further lumenized at 72 hpf. Interestingly, this process is synchronized throughout the
eye field (Figure 10). Later at 96 and 120 hpf these vessels mature to form CCs. The whole
process is explained in a schematic presentation (Figure 10). Maturity of CCs appears to
happen approximately at 72 hpf during development. With the help of intravenous injections
of rhodamine labeled dextran in fli1a:EGFP we found that the CCs at 48 hpf are not perfused
rather more leaky.
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Figure 10. Schematic representation of the development of the CCs from 24-120 hpf. Choriocapillaris develops
via sprouting rather than intussusceptive angiogenesis. Endothelial cells (EC) migration starts at 18 hpf from CrDi
and PMBC until 24 hpf that leads to the formation of blood islands and EC-EC connections at 36 hpf. At 48 hpf a
primitive vasculature is formed which is still not perfused and non-lumenized followed by perfusion and
maturation of the network at 72 hpf. At 96 hpf vessel remodeling and expansion dominates, which ultimately
leads to vascular maturation at 120 hpf (paper II).
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We have used new strains of zebrafish to understand the involvement of the VEGF signaling
pathway. During mammalian development and disease, hypoxia regulates VEGF production
182. In order to better understand the role of hypoxia regulation and its effect on the
development of CCs , we have used a von Hippel-Lindau mutant (VHL-/-) zebrafish strain which
have stabilized HIF1α leading to increased hypoxia signaling which in contrast to HIF1α
mutants (HIF1α-/-), that lack this aspect of hypoxia signaling. CCs in VHL-/- embryos show many
holes and sprouts compared to WT littermates, as expected. In the CCs of HIF1α mutants,
however, remains the same as in control group. This suggests that VEGF is apparently
upregulated in hypoxic conditions but that baseline VEGF is likely not HIF-dependent during
zebrafish development. To understand the role of VEGF receptors we have used VEGFR2b (kdr/-) and VEGFR2a (kdrl-/-) mutant fish. To understand directly the role of VEGF-A we have used
a dominant negative mutant strain of VEGF-A which is a heat shock protein-induced VEGFaa
dominant negative mutant strain. In all these strains the development of the CCs are impaired
of with the most impaired development is seen in kdrl-/- with barely a few CCs rings. This
demonstrates the importance of VEGF- A in early development of CCs.
Inhibiting NF-kB inflammatory pathway with a selective IKK2 blocker, IMD0354 inhibits
angiogenesis (Paper III)
IMD0354 acts as an inhibitor of the IKK2 thereby inhibiting NF-kB. It acts by inhibiting the
phosphorylation of the NF-kB (P 65) and its translocation in to the nucleus. As the role of NFkB in endothelial cell biology is poorly studied, we analyzed the effects of IMD0354 on the
endothelial cells in vitro and in vivo. Angiogenesis is affected by IMD0354 in a dose dependent
manner in vitro by using on human umbilical vein endothelial cells (HUVECs). The cell
migration and tube formation have been inhibited. Using an ex vivo rat aortic ring assay also
inhibited the sprouting angiogenesis which further confirms the anti-angiogenic effects of
IMD0354. Downregulation of VEGFA and HIF1α further confirms the antiangiogenic effects via
involvement of HIF1-VEGF signaling pathway.
The effect of IMD0354 has been further investigated in the HUVECs where the cytoskeleton
driven F-Actin has been disrupted in a dose dependent manner. The molecular players
involved in the inflammation driven process was studied using HUVECs stimulated by TNFα. It
was observed that IMD0354 reduces the expression of CCL2 and CXCL5. Furthermore cell
filopodia were reduced with the IMD0354 treatment is HUVECS (Paper III).
To study the in vivo effects of IMD0354 on the retinal and intersegmental vessels (ISVs) growth
and the expression of VEGF-A specifically, we have used zebrafish fli1a:EGFP embryos at 0-72
hpf. IMD0354 inhibits normal development of the retinal vessels at both 5 and 10 ng/ml
concentration relative to the control situation. As expected, a dose dependent inhibition of
ISVs was observed. IMD0354 at 10 ng/ml also inhibits normal development of ISVs while at 5
ng/ml effects on ISVs were non-significant. Similarly, expression of VEGF-A was impaired
significantly at 10 ng/ml while slight expression has been observed at 5 ng/ml IMD0354 on
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immunostained whole mounts embryos at 5 dpf. These findings suggest that IMD0354 by
inhibiting the NF-kB downregulate VEGF-A which in turn inhibit developmental angiogenesis
in the zebrafish.
Anti-inflammatory and antiangiogenic effects of IMD0354 were further investigated in a rat
corneal suture model. It was observed that significantly more inflammatory cells were
observed by in vivo confocal microscopy in the suture group as compared to the control group.
Furthermore, reduced vasodilation of the limbus vessels and overall reduced angiogenic
response in the treatment group was observed. In addition, lower expression was observed in
the treated rat corneas of HIF1α, VEGFA, CCL2, TNFα, CXCL5, CD45. These results were
consistent with the downregulation of these factors as determined by qPCR and western blot.
Understanding the interlinked connections between microphthalmia associated
transcription factor (MITF) and pigment epithelium derived factor (PEDF) using tumor cell
dissemination model of zebrafish (Paper IV)
PEDF and MITF expression varies in melanoma progression. Both are expressed to a lower
level in the aggressive type of melanoma whereas higher expression are common in the
weakly aggressive subtype. The expression levels of MITF and PEDF was studied in different
types of melanomas including naevus stage hyperplastic lesions, radial growth phase
melanoma, vertical growth phase melanoma, cutaneous metastases of melanoma and visceral
metastases of melanoma. Immunostainings of these melanomas reveal expression of both
MITF and PEDF, of which the highest expression was in the radial growth phase melanoma. In
addition, human biopsies of these melanomas confirmed a positive correlation between MITF
and PEDF. Human melanoma and naevus confirms the co-localization of both MITF and PEDF
significantly. Metastases of primary melanoma further confirms these findings.
The role of senescence on expression of these factors was evaluated by incorporation of the
lentivirus HRASG12V or BRAFV600E that reveals overexpression of both MITF and PEDF by the
transformed cells. The overexpression was switched to less expression upon the senescence
in the transformed melanocytes. This was further confirmed with western blot analysis where
the protein levels of both MITF and PEDF have been decreased. To further unveil the
regulatory powers of MITF towards PEDF, MITF was silenced by a lentivirus shRNAmir in
melanoma cells (501 mel) which highly expresses PEDF and MITF. This shows downregulation
of PEDF mRNA levels which confirms direct link between both the factors.
Zebrafish can be used for a number of assays of which the tumor cell xenograft model is a very
interesting model 130, 183. The role of MITF and PEDF was studied in the progression of
melanoma cells in this model. Dissemination of the cell line 501mel was studied with or
without MITF and PEDF. Using zebrafish xenografting and analyzing the effects of PEDF and
MITF after 3 days of implanting the 501mel cells, we have found that silencing of MITF (501mel
GFP-shMITF) made the cells disseminate the most, but that the non-metastatic phenotype
could be rescued by over-expression of PEDF (501mel-PEDF-shMITF) (Paper IV).
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Alginate and collagen hydrogels provide a reliable therapeutic alternative for drugs and cells
delivery (Paper V)
Biocompatible polymers for drug delivery system needs validation and optimum
concentration. The degradability is important for the release of the therapeutic agent(s)
imbedded in these hydrogels. As collagen is readily degradable compared to alginate, we
hypothesized that release of therapeutic agents could be regulated by adjusting the relative
amounts of these polymers in the final product. In order to understand the right concentration
of both alginate and collagen, out of 2:1, 1:1 and 1:2 of alginate:collagen respectively, we
found that 2:1 was relatively stable as compared to 1:2 which degraded right away even after
the first day at physiological conditions (PBS at 37 oC). 1:1 concentration was a perfect
combination because of lower degradation properties also it was not excessively stable since
degradation is obviously required for delivery of the embedded factor(s). Now to test the
pharmacokinetic properties of these hydrogels, we embed them with FGF-2 producing k-1000
cells and follow the release kinetics in the scaffolds. This observation was further confirmed
with ELISA where FGF-2 production was observed in the medium; higher FGF-2 release was
observed at 5th day. Similarly, hydrogels with FGF-2 led to porcine aortic endothelial cells
(PAECs) being converted into tube like structures. Labeled PAECs with a red florescent dye
(DiI) also confirmed the increased proliferation with FGF-2 in the hydrogel scaffold between
2-5 days as compared to the control non-FGF-2 hydrogel group.
Round shaped spheres of hydrogels were prepared, which is advantageous because they can
easily be transferred to tissues by percutaneous catheters used in the thorasic surgery
clinically as compared to the highly viscous materials themselves. These microspheres were
prepared with the help of air-nozzle jet system where the alginate:collagen mixture were
passed through a pressure syringe (Figure 11). The mixture is further cross linked with calcium.
Stability of these spheres was tested for up to 6 days at 37 oC where the cells encapsulated
were fine and show moderate degradation properties, which is the ultimate goal in treating
patients with ischemic problems (Paper V).
Furthermore, the biocompatibility of the alginate:collagen mixture was demonstrated in vivo
using a C57/B16 mouse model. For 5 days, the implanted microspheres survived
subcutaneously in the mouse. The plaques and the surrounded tissues were investigated with
macrophage marker F4/80, neutrophil marker Ly6g and found that no inflammation was
detected in the plaques. In order to confirm that FGF-2, at a concentration released during
degradation of the microspheres could induce angiogenesis in vivo, 2 dpf zebrafish embryos
were injected with PBS or FGF-2 and the concentrations released by the microspheres reveal
that FGF-2 is driving angiogenesis. Similarly, in order to confirm the role of therapeutic cells
that could be delivered using these biomaterials in vivo, we have injected 3T3-Ras which are
non-FGF-2 releasing fibroblast as compared to DiI labeled FGF-2 releasing K1000 tumor cells.
It is evident that the vascular density was several folds increased in the masses formed by
K1000 compared to 3T3-Ras cells. Finally, we want to confirm the in vivo coupling of
therapeutic endothelial cells with the host vasculature in the zebrafish model. That was
achieved by injecting PAECs with or without FGF-2. This assay suggests that cells with
angiogenic factors such as FGF-2 couple to the host vasculature with higher efficiency
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compared to injecting these cells alone. Such approaches can be used in patients suffering
with MI, where the need is to supply such growth factors and cells, which can overcome the
infarct area of the heart.

Figure 11. Schematic representation of the injector system used for the preparation of microspheres.
Downloaded and modified with permission from 184.
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DISCUSSION
Despite the involvement of angiogenesis in health and disease, this process is still poorly
understood. In pathology, angiogenesis is a hallmark of diseases such as cancer, AMD, DR and
corneal neovascularization. Over the years, numerous animal models have been developed to
investigate pathological angiogenesis; however, the majority of these models does not
accurately mimic the pathophysiology of angiogenesis in human diseases, for example in
occult CNV or proliferative DR. In this thesis, the zebrafish model, was used extensively to
study angiogenesis in the development of the choriocapillaris (Paper II), as a model for
pathological angiogenesis in the adult choroid (Paper I), as a model to understand the role of
NF-kB signaling in angiogenesis (Paper III), investigate the manner of tumor cell metastasis
through the vasculature (Paper IV) and to investigate the efficacy of biomaterials as a means
for pro-angiogenic drug delivery (Paper V).
Zebrafish is an excellent model system for studying various eye diseases 128, 185. By identifying
CCs and RM in the adult and in the developing embryos, it will be very beneficial to study these
debilitating diseases such as AMD, DR and ROP. Several advantages are associated with
zebrafish, not only the ease of working with the animal 186 but also the close physiological
relationship of the blood vessels with other mammals including humans 128, 187. The structural
similarity of zebrafish choroid to other mammals including humans and the cone-rich nature
of the zebrafish retina (similar to humans whereas mice retinae are cone-deficient) makes it a
perfect animal model, especially for studies into wet AMD 80, 174.
Since a large number of patients are suffering from wet AMD especially the type associated
with occult CNV, zebrafish could be a very beneficial model for studying the molecular
pathways underlying progression to occult CNV. An animal model, which can rightly
recapitulate the onset of neovascularization in diseases such AMD, DR or tumor related
angiogenesis would be of great importance. Based on all above facts, we think that zebrafish
could meet this challenge. Interestingly, in the zebrafish, we did not find evidence for
sprouting angiogenesis during hypoxia-induced CC remodeling/occult CNV, which is the case
in retinal vessels in the zebrafish 71, 168. Rather, we found that CCs remodeling during hypoxia
is via interstitial pillar formation. TEM analysis of these pillars and the surrounding vasculature
suggests loose tight-junctions and loose connections of the smooth muscle cells to the
endothelial cells. As previously described endothelial luminal processes (ELPs) which may take
the form of “labyrinth-like” vessels in patients of CNV related wet AMD 188, are also present in
the zebrafish. This suggests that intussuception is likely the process in the human patients for
the early expansion of CCs.
VEGF-VEGFR signaling is the most well studied ligands and their receptors. Interestingly VEGFB, via neuropilin1 is important for the retinal vascular development and VEGF-A via VEGFR2
was shown in this thesis to be important for the normal development of CCs during
developmental angiogenesis (Paper II). Blocking VEGFR2 (with relatively specific drug DMH4), significantly blocks angiogenesis in the adult CCs, which confirms the pivotal role of VEGFVEGFR signaling in this process. On the other hand, in a knockout strain for HIF1α we observed
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complete lack of pillar formation in response to hypoxia, suggesting the involvement and
coupling of HIF1α in the signaling cascade (Paper I). AMD patients with CCs remodeling and
angiogenesis are sometimes not effectively treated with the currently available antiangiogenic
treatments, suggesting the role of multiple pathways and molecular players. As such,
pathological angiogenesis might be considered a joint venture of signaling pathways and
molecular players, which cannot be controlled with a single blocker. This suggests that other
players are also of prime importance, and not only VEGF-VGFR2 signaling. The hypoxiainduced choroidal angiogenesis model we proposed could be used to identity alternative
molecular, signaling players in promoting angiogenesis, specifically in the CCs.
We have identified CCs and choroid vasculature in the developing embryos which lie in the
posterior part of the eye. Physiological developmental angiogenesis is a requirement for all
tissues in the body. The choriocapillaries are critical for vision as they are responsible for
delivering up to 80% of oxygen and nutrients consumed by the retina, and all of that consumed
by the photoreceptors 189. In spite of this critical role in vision, developmental biology of these
vasculatures are still poorly understood 190. Disruption of their early development can lead to
serious debilitating problems such a malnourishment of the eye and eventual blindness. A
previous study suggest the primary role of VEGF produced by the RPE is critical for the normal
development of the choroid 189.
CCs in the zebrafish are unique in their structure, angiogenic properties and high density. We
show that they develop via vasculogenesis unlike the retinal vessels which develops via
sprouting angiogenesis 168. Mechanism of CCs development in humans is via vasculogenesis/
angiogenesis in the early developmental stages 174, which resembles the model we are
presenting in the zebrafish. Accumulation of ECs in the outer eye field lead to formation of
blood islands, which later transformed into tube like non-perfused vessels (Figure 10). These
primitive vessels then mature and expand into an adult-like CC at 120 hpf. Interestingly, we
did not find any evidence of intussusception during CCs development in the zebrafish, which
is opposite in the CCs of the adult hypoxia model and CCs development in birds 191 (Figure 10).
Another important characteristic of these vessels is their development in a “2D” plane and a
synchronized developmental pattern. Such a developmental pattern could suggest the
signaling pathways, which involve cytoskeletal remodeling important for sprouting, which is
not observed in human patients of AMD with CNV 23. Several questions arise when the
development of these vessels are achieved via sprouting angiogenesis in the zebrafish while
CNV involved in AMD is through intussusceptive angiogenesis. Careful investigation with timelapse video analysis of these vessels suggests continuous remodeling.
Retinal vessel develop in a 3D spatial area 192 while we have shown that the CCs develops in a
synchronized manner in a 2D plane. Such development of the CCs could be because of the
protective abilities of the Bruch’s membrane on one side, which will not allow the
penetrations of the CCs in the retinal precincts, and a basement membrane on the other which
will not allow CCs growth into the sclera. This is an important aspect which should be studied
more thoroughly as disruptions within this developmental mechanism could be a major
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reason for the process of vessels penetrating into the retina as it occurs during CNV. The role
of the rete mirabile (RM) has been shown to be important for exchange of gases, heat or
chemical substances 193. In humans, they are important because of their involvement is a
condition called PHACE syndrome 194. For the first time, we have identified RM in zebrafish;
their discovery will lead to the possibility of finding new drugs, which might inhibit their
development or growth and as such will be beneficial in controlling different types of CNVs in
the ocular system, including ectopic development of the RM in patients with PHACE syndrome.
Inflammation and inflammatory pathways have been involved in the progression of
pathological angiogenesis 195, 196. Anti-inflammatory drugs have shown to have potent antiangiogenic effects in pathological conditions such as in tumor associated neovascularization
197. There is a strong relationship between inflammation and angiogenesis and that is why,
using only anti-angiogenic drugs is rarely effective in patients. A possible remedy of
pathological angiogenesis would be a combination of both anti-inflammatory and antiangiogenic treatments. The pro-angiogenic role of inflammation is, however, considered to
arise exclusively from recruitment and activation of immune cells, the role of inflammatory
signaling pathways in the endothelial cells during angiogenesis remains poorly understood.
We have used a specific IKK2 blocker to inhibit the downstream signaling of NF-kB pathway in
the endothelial cells in vitro and in vivo, to see the effects on pathological and developmental
angiogenesis. We observed that inhibiting the inflammatory responses using IKK2 selective
blocker, IMD0354 inhibits the inflammatory responses as indicated by reduced expression of
pro-inflammatory mediators i.e. chemokines and VEGF 198. Consistent with our findings,
corneal model of angiogenesis in the rats also shows restricted dilatation of the vessels, less
angiogenic cells and productions of pro-angiogenic chemokines. These results are consistent
with the previous findings in other tissues 199, 200. It was observed that VEGF-A is specifically
involved in the whole scenario, and could be inhibited by blocking IKK2 as proven by qPCR,
aortic ring assay and during the developmental angiogenesis by the zebrafish embryos and
confirmed by other studies 201.
Angiogenesis is a hallmark of many cancers, and is one of the cunning characteristics of the
tumor cells 202, 203. Tumor cells have the ability to grow their tumors in size and metastasize
204. Among different tumor xenograft models, the zebrafish tumor xenograft model offers a
range of benefits such as the ease of visualization of the tumor cells. Following implantation,
the tumor growth can be studied in very high spatial and temporal details, evaluation of the
number of disseminated cells across the whole embryo at the single-cell level, and
pharmacological effects of the drugs can be tested on the zebrafish and tumors with ease 49,
130. Above all, zebrafish offers a variety of imaging techniques, which includes a time-lapse
analysis of the moving tumor cells in a real time, following interaction of the tumor cells with
the bloods vessels (Figure 6). Zebrafish does not hold an adaptive immune response at the
embryonic stage, and can therefore not reject the tumor cells 205.
Pigment epithelium-derived factor (PEDF) is a known anti-angiogenic factor in the eye 206
which was later confirmed to be an anti-angiogenic factor also in tumors 207, 208. We have
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shown that overexpression of PEDF leads to impaired dissemination of the tumor cells while
inhibition increases the dissemination in the zebrafish. In contrast, melanocytes are regulated
by microphthalmia-associated transcription factor (MITF) 209-211. Its functions varies in
different situations such as the proliferation of the melanocytes is dependent upon slight
expression of MITF 212. In contrast the over expression of MITF leads to less aggressive
melanoma cells 213 while less expression of MITF will make the cells highly aggressive. It has
been shown by others 212, 214-216 that overexpression of both PEDF and MITF depletes
dissemination properties of melanocytes which we confirmed in our studies. The senescence
in melanocytes shows a link between PEDF and MITF. Senescenced melanoma cells are
associated with the silencing of MITF 217, 218. PEDF and MITF expression was down regulated
by the induction of the senescence by oncogenes in the primary melanocytes. That is why the
expression of MITF and PEDF were decreased in our sample of benign naevi; which are already
considered senescent 219, 220. Taken together including the zebrafish tumor cell dissemination
model we have identified the interlinked role between PEDF and MITF and show that the PEDF
is regulated by MITF (Paper III).
Blood, supplies nourishment and oxygen to various tissues of the body 221. Lack of oxygen and
nutrients leads to serious pathological conditions such as ischemic heart diseases including
myocardial infarction (MI), one of the most common causes of death today 222, 223. Patients
with MI need to re-irrigate and regenerate their tissues, which is so far a very challenging
approach. In order to achieve therapeutic angiogenesis certain pro-angiogenic factors or drugs
with biocompatible materials should be used which helps in the tissue regeneration 224.
Another important challenge is the delivery of such products, as many current biomaterials
used in regenerative medicine would require open heart surgery for implantation, which is a
very invasive procedure that should be avoided if possible.
We have found an optimum concentration of collagen and alginate formulation converted
into microspheres and embedded with cells or specific pro-angiogenic agents, proved their
degradation abilities and the release of the proangiogenic FGF-2. This could be developed for
use in the ischemic patients by administration of these microspheres via catheters. The fate
of these microspheres and the cells/factors inside have been validated further using in vivo
models of mouse and zebrafish. The science behind these biocompatible polymers is,
however, still poor; it is needed to optimize various hydrogels for therapeutic use. Alginate
and collagen were used as biocompatible polymers for a long time now because of their best
regenerative properties towards the host tissues 225-227. Collagen has been used in various
biological preparations such as artificial cornea and has been helpful in the replacement of
artificial graft 226. Whereas, alginate is used in spinal cord regeneration in rats 228. However,
there are still drawbacks associated with both the polymers, such as higher solubility of
collagen when subjected to biological fluids 226, 229, 230, we show that hydrogels with higher
concentration of collagen disintegrates faster. On the other hand, hydrogels made mostly of
alginate are stable in the living organisms 231. Increasing the amount of alginate (2:1) to
collagen, the hydrogels degradation is inhibited which is not an optimal alternative. Therefore,
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an optimum preparation (1:1) of both alginate and collagen is likely required for the
physiological regeneration of the infarct tissues. More work is required to optimize and search
for optimum degradation rate, the size of microspheres, which could be, injected easily. In
addition, degradation rates of these polymers should be optimized to achieve normal
physiological regeneration of the infarct tissues. Taken together these pharmaceutical,
pharmacological and clinical problems, we need to find ways to formulate hydrogels as
injectable microspheres and verify/test them in zebrafish. The aim should be to develop
materials which would be easy to administer and will be effective in various treatment
regimens. By using the zebrafish model, we have shown that it is possible to administer FGF2 in a patch or as microspheres of hydrogels in concentrations that are effective in providing
angiogenic abilities.
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CONCLUSIONS
Zebrafish can be used in a variety of studies specifically for understanding the mechanism of
angiogenesis in CNV during progression to wet AMD or angiogenesis related to tumor
progression. The quest remains to improve our understanding of the exact mechanism behind
these diseases. The search continues in finding better treatment strategies for these
debilitating and serious diseases.
Identification of CCs in the zebrafish open new avenues to understand this particularly
complex vascular tissue. Understanding the core mechanisms regulating these vessels and
effects of hypoxia leading to intussusceptive angiogenesis and the involvement of VEGFVEGFR2 signaling together with other non-VEGF signaling pathways could be investigated in
the future as targets for the development of new treatment strategies for CNV related AMD.
Sprouting angiogenesis is the main mode of vascular expansion during zebrafish CCs
development, unlike, intussusception that is observed during adult pathological vessels
remodeling. Development of CCs, requires VEGF-VEGFR signaling just like pathological
remodeling. Similarly the RM could also be responsible for different pathologies of the eye
(i.e. PHACE syndrome), a treatment of which might be possible after identification of factors
regulating the formation of the RM in zebrafish.
Inflammation and angiogenesis are interlinked. Inflammatory pathways and factors are
responsible for initiation or inhibition of angiogenic processes. Patients who do not respond
to merely angiogenic drugs could be treated with synergistic drugs including both antiinflammatory and anti-angiogenic drugs. Similarly, by blocking IKK2 by IMD0354 we can treat
serious debilitating eye diseases especially when used together with other anti-angiogenic
drugs.
Zebrafish has emerged as a powerful tool for understanding debilitating diseases such as
cancer and has helped researchers to understand complex mechanisms in cancer biology.
Using this model system, we have shown that both PEDF and MITF regulate the progression
and ultimately the metastasis of tumor cells.
Among many useful techniques offered by zebrafish, it can be used for testing the delivery of
biocompatible polymers. The biggest challenge is to deliver the right therapeutic remedy to
the right tissue. We have shown that FGF-2 laced hydrogels have potential as a pro-angiogenic
therapy using, in combination with other techniques, angiogenesis assays in zebrafish
embryos.
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