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ABSTRACT 

Angiogenesis is the emergence of new blood and lymph vessels from existing ones. In 

the pathologic form it contributes to the onset and progression of numerous different 

human disorders such as cancer, inflammation, atherosclerosis and blinding eye dis-

eases. There exist a number of models to study angiogenesis, both in vitro and in vivo, 

but there is no single perfect model so far. Consequently there is a need to develop new 

angiogenesis assays for evaluating blood and lymph vessel behaviour in different physi-

ologic settings.  

The aim of this thesis was to gain insight into in vivo angiogenesis introducing a new 

technique in an inflammatory corneal model. The method involved in vivo examination 

of the cornea and subsequent comparison of in vivo findings with ex vivo immunohisto-

chemical analysis of the same tissue samples. An existing suture model for inflamma-

tory angiogenesis in the cornea was modified for in vivo observations with a clinically-

approved corneal confocal microscope.  

In this thesis, corneal lymph vessels were characterized for the first time in vivo and 

findings from the experimental bench could be applied in a clinical setting, where pre-

sumed lymphatics were observed in a corneal transplant patient with rejection. Further-

more, the technique was extended to investigate time-lapse processes in sprouting and 

regressing capillaries, and led to a number of new observations. CD11b+ myeloid cells 

constitute the first bulk of infiltrating inflammatory cells and contribute to inflammatory 

sprouting and regression in numerous ways including pre-patterning of the corneal 

stroma and guiding of capillary sprouts. Newly formed hemangiogenic sprouts are per-

fused with a slow-moving fluid and have a lumen. In blood vessel regression, capillary 

remodeling occurred by abandonment of sprout tips in close association with macro-

phages and vascular loops formed by presumed intussusceptive angiogenesis. In addi-

tion, a network of pericyte- and endothelium-free basement membrane tubes was 

formed after desertion or degradation of vascular endothelium in former corneal capil-

laries. 

In conclusion, we introduce a new in vivo technique for investigating angiogenesis in a 

corneal model were in vivo findings can be interpreted with ex vivo definitions of spe-

cific cell types by immunohistochemistry. Findings from pre-clinical experiments have 

been possible to apply in a clinical setting when examining patients with corneal      

pathology.  
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ABBREVIATIONS 

ACAID: Anterior chamber associated immune deviation 
Ab: Antibody 
AMD: Age-related macular degeneration 
ARVO: The Association for research in vision and ophthalmology 
bFGF: basic Fibroblast growth factor 
CAM: Chorioallantoic membrane 
CD: Cluster of differentiation 
CM: Confocal microscopy 
COX2: Cyclooxygenas 2 
D2-40: Lymphatic endothelial marker 
DR: Diabetic retinopathy 
EC: Endothelial cell 
ECM: Extracellular matrix 
FGF: Fibroblast growth factor 
GS-101: Anti-sense oligonucleotide against insulin receptor substrate-1 
HGF: Hepatocyte growth factor 
HIF1: Hypoxia induced growth factor 1  
HRT-RCM: Heidelberg retina tomograph with Rostock cornea module 
HUVEC: Human umbilical vascular endothelial cell 
IFN: Interferon 
IGF: Insulin growth factor 
IHC: Immunohistochemistry 
IL: Interleukin 
IVCM: In vivo confocal microscopy 
Ki-M2R: Pan macrophage marker in rat 
LYVE-1: Lymphatic vessel endothelial hyaluronan receptor-1 
MCP-1: Monocyte chemotactic protein-1 
MHC: Major histocompatibility complex 
MMP: Matrix metalloproteinase 
NA: Numerical aperture 
NG2: Nerve/glial antigen 2 
NOS: Nitric oxide stimulator 
OCT: Ocular coherence tomography 
OIR: Oxygen induced retinopathy 
PDGF: Platelet derived growth factor 
PECAM1: Platelet endothelial cell adhesion molecule 1 
PEDF: Pigment epithelium derived growth factor 
PlGF: Placental growth factor 
Prox-1: Prospero related homeobox 1 antibody (marker for lymphatics) 
ROP: Retinopathy of prematurity 
α-SMA: alfa Smooth muscle actin 
TGFβ1: Transforming growth factor beta 1 

      Tie1: Tyrosine kinase with immunoglobulin-like and EGF-like domains 1. 
      TIMP: Tissue inhibitor of metalloproteinase 
      VEGF: Vascular endothelial growth factor 
      VEGFR1-3: Vascular endothelial growth factor receptor 1-3 
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INTRODUCTION AND BACKGROUND 

The word angiogenesis originates from the greek word “angêion” (vessel) and 
“genesis” (birth or emergence) and defines the formation of new blood (heman-
giogenesis) or lymph (lymphangiogenesis) vessels from existing ones. In 1971, 
Judah Folkman, often referred to as the “father of angiogenesis”, hypothesized 
that angiogenesis was a factor enabling malignant tumour growth in cancer 
(Folkman 1971). The phenomenon of abnormal blood vessel formation was the-
reby introduced and has ever since compelled an exponentially growing research 
audience. In the healthy body, hemangiogenesis can readily be seen in wound 
healing where blood flow is restored to the injured tissue to provide oxygen and 
nutrients for physiologic remodeling of the wound.  Pathologic hemangiogenesis, 
however, often with formation of leaky, unstable blood vessels, sometimes paral-
leled by lymph vessels, is destructive for the tissues and occurs in numerous dif-
ferent diseases such as cancer, inflammation, atherosclerosis and blinding eye 
diseases (Carmeliet 2005, Ellenberg et al 2010). Anti-hemangiogenic treatments 
have recently been introduced in the clinics, sometimes with impressive effect on 
pathologic blood vessel growth. There are, however, numerous situations 
where current treatments are ineffective or only marginally effective, and many 
questions remain to be answered in how to best treat devastating hem- and     
lymphangiogenesis. New in vivo imaging techniques could provide further in-
sights into the dynamic processes associated with angiogenesis, and thereby offer 
the potential to develop improved monitoring and treatment strategies. In this 
thesis we introduce a novel method for in vivo characterization of inflammatory 
angiogenesis in a corneal model. 
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Ocular angiogenesis 

Ocular angiogenesis is a serious complication in a number of pathological condi-
tions affecting different structures in the eye such as the cornea, retina and choro-
id. Corneal angiogenesis or equivalently, ‘corneal neovascularization’ (Faraj et al 
2011) is associated with the second most common cause of blindness worldwide, 
trachoma, (Whitcher et al 2001) and additionally, with the most common cause 
of corneal blindness in the industrialized countries, herpetic keratitis (Liesegang 
et al 1989). The incidence of corneal neovascularization in the US is 4%, affect-
ing 1.4 million people (Lee et al 1998, Chang et al 2001) inducing visual im-
pairment through edema, lipid deposition and scarring. Furthermore, corneal vas-
cularity introduces circulating immune cells, reducing the immune privilege and 
consequently graft survival probability after transplantation (Niederkorn 2003, 
Cursiefen et al 2004a, Chong & Dana 2008, Hos et al 2008). In the posterior part 
of the eye, diabetic retinopathy (DR) is the leading cause of blindness in Ameri-
cans of working age and the third leading cause of blindness in the US (Morrello 
2007). In DR, retinal hypoxia, caused by a subsequent breakdown of capillaries, 
induces release of a number of vasoactive factors such as VEGF and IGF which 
promote angiogenesis, tissue remodeling and consequently visual impairment. 
Age related macular degeneration (AMD), the major cause of blindness in the 
elderly population in the Western World, is a multi factorial disease that 
progresses from damage of the retinal pigment epithelium. In the exudative form 
(10-15 % of cases), abnormal angiogenesis causes choroidal neovascularization 
under or above the pigment epithelium, inducing severe visual impairment in 
untreated cases (Qazi et al 2009). Retinopathy of prematurity (ROP) is a blinding 
eye disease of premature infants (Terry 1942) that affects more than 80% of ba-
bies born with birth weight less than 1000 g (Drack 2006). The retinal blood ves-
sels in ROP are not fully developed, with peripheral retinal avascularity. When 
such infants are brought out of the hyperoxic incubator into normoxia, relative 
retinal hypoxia will occur and consequently wide-spread hypoxia-induced retinal 
angiogenesis. In summary, ocular angiogenesis is a highly sight-threatening con-
dition affecting almost all of the ocular structures with often dramatic conse-
quences. Further knowledge about vessel formation and regression can provide 
clues for the prevention and treatment of these conditions. 
 
 
 
 



Background 

 

13 
 

 The vascular system 

Blood vessels supply oxygen and nutrients and provide a gateway for immune 
surveillance. The network of blood vessels includes arteries, veins, arterioles, 
venules and capillaries. Large vessels are responsible for blood transport and 
smaller vessels, specifically capillaries, for exchange of gases and metabolites 
over the vessel wall. The vascular system was first described as a connected tu-
bular system by William Harvey in 1628 (Carmeliet 2005). Only a few decades 
later, Caspar Aselius discovered another class of vessels, the lymphatic vessels, 
responsible for regulating homeostasis in the body by transporting fluid from 
tissues back to the blood circulation.  Leonardo da Vinci had speculated a century 
earlier  that the vasculature developed like a tree from a seed (heart) by sprouting 
roots (liver capillary meshwork) and a trunk with major branches (aorta) (Risau 
1997).  Now it is known that the vascular system is partly formed, mainly by 
vasculogenesis, before the heart starts to beat, and that sprouting angiogenesis is 
one part of the growth and development of our circulatory system. The urge to 
explore the secrets about blood and lymph vessel development and behaviour has 
exploded parallel to the increasing knowledge about their role in a number of 
pathologic and physiologic conditions. 

Vasculogenesis 

Vasculogenesis and angiogenesis are the fundamental mechanisms by which new 
vessels are formed (Risau 1997). In the embryo, the first vessels arise by de novo 
formation of blood vessels from scattered precursor cells, angioblasts or vascular 
precursor cells, that shape blood islands which later fuse to create a primitive 
plexus of vessels (Carmeliet & Jain 2011).  This process is referred to as vascu-
logenesis. The first primordial vessels are typically radial, uniform in diameter 
and have low capillary density, thus forming a primitive network that needs fur-
ther development by either sprouting or intussusceptive angiogenesis (page 15-
17). After the onset of circulation, the vascular network converts into arteries and 
veins to form a functional circulatory loop. Different growth factors (see Table 
1), such as TGF-ß, PDGF and FGF are required for vasculogenesis, however, the 
most critical pathway for this event appears to be the VEGF and angiopoeitin 
pathways (Jin & Pattersen 2009). Additionally, the initial development of the 
vasculature also seems to be genetically programmed (Carmeliet 2005). Vascu-
logenesis mainly takes place in the embryo, but may also contribute to the forma-
tion of new vessels after birth, for example in hypoxia (Asahara et al 1997, Asa-
hara et al 1999).   
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Activators Function 
VEGF family members Stimulate vasculogenesis/angiogenesis,  

permeability, leukocyte adhesion 

Angiopoeitin1, Tie2 Stabilize vessels, inhibit permeability 

PDGF Recruit pericytes, smooth muscle cells 

TGF-ß1, endoglin, TGF-ß-receptors Stimulate ECM production, recruit 
macrophages 

FGF, HGF, MCP1 Stimulate angio/arterogenesis 

Integrins Receptor for matrix macromolecules, 
proteinases 

VE-cadherin, PECAM (CD31) Endothelial junctional molecules 

Plasminogen activators, MMPs Remodel ECM, release and activate 
growth factors 

NOS-COX2 Stimulate angiogenesis and vasodilation 

HIF-1 Activates VEGF and other pro-angiogenic 
factors 

Inhibitors Function 
VEGFR-1, soluble VEGFR-1, VEGFR-3 Sink for VEGF, PlGF 

Angiopoietin2 Antagonist for Angiopoietin1 

Trombospondin1,-2 Inhibit endothelial migration, growth, adhe-
sion and survival 

Angiostatin Suppress tumor angiogenesis 

Endostatin (collagen XVIII fragment) Inhibit endothelial survival and migration  

TIMP Inhibits MMP 

IL-4, IL-12, IL-8, IFN-α,-ß,-ƴ Inhibit endothelial migration, down regulate 
bFGF 

Table 1. Examples of activators and inhibitors of angiogenesis and their known func-
tions. (Carmeliet et al 2000) 

Angiogenesis 

In contrast to vasculogenesis, angiogenesis refers to the formation of new blood 
vessels from pre-existing ones and is initiated by stimulating factors released in a 
variety of physiologic (for example ovulation) and pathologic (hypoxia, inflam-
mation, tumors) conditions. Angiogenesis depends on cell adhesion and prote-
olytic mechanisms that involve the activity of growth factors, extracellular matrix 
proteins, proteases and adhesion molecules. Vessels form either by so called 
sprouting angiogenesis, where vascular endothelial cells proliferate and migrate 
into the extracellular matrix (Folkman 1971), by intussusceptive angiogenesis, 
where transcapillary pillars are formed and partition the vessel lumen (Caduff et 
al 1986) or by looping angiogenesis, where blood vessels translocate by biome-
chanical forces (Kilarski et al 2009). 
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Sprouting angiogenesis 

In adulthood, most blood vessels remain quiescent, except from vasculature in 
the female reproductive tract (Carmeliet 2005). The vascular endothelial cells, 
however, retain their capability to divide under physiologic stimulus. A cascade 
of events must take place in order for vascular sprouting to occur including: re-
lease of growth factors, degradation of basement membrane, activation of tip cell, 
leading the following sprout towards the growth factor gradient, endothelial stalk 
cell proliferation, formation of solid sprouts of endothelial cells and connecting 
of sprouts to vascular loops (Fig 1). For sprouting to occur, precise spatial and 
temporal regulation of extracellular proteolytic activity mediated by matrix-
degrading enzymes is important (Pepper et al 1996). Matrix metalloproteinases 
(MMPs) can act together or in cooperation with other enzymes to degrade most 
components of the extra cellular matrix (ECM) and play an important role in the 
regulation of angiogenesis (Steen et al 1998, Samolov et al 2005, Davies et al 
2006, Ebrahem et al 2010).  VEGFA, the most important regulator of sprouting 
angiogenesis, especially in hypoxia, induces a signal cascade which activates an 
endothelial cell to become a tip cell, consequently navigating the growing sprout 
towards a growth factor gradient (De Smet et al 2009). The tip cell of the sprout 
leads the way for the growing vessel, guided by fine extensions called filopodia. 
The tip cells do not divide. The stalk cells, however, trail behind the tip cell, pro-
liferate and elongate the stalk of the sprout and form a lumen (De Smet et al 
2009). To form a functional loop, tip cell filopodia from different sprouts con-
nect, subsequently establishing a perfused vessel.      

Fig 1. Events in sprouting angiogenesis. EC = endothelial cell, ECM = extra cellular 

matrix 

Background 
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For stabilization and vessel maturation, pericytes are recruited by EC and base-
ment membrane is formed (Fig 1). Additionally, if micro vessels are destined to 
become larger vessels with a medial layer, smooth muscle cells must be recruited 
(Tomanek & Schatteman 2000). Vessels formed by abnormal sprouting often 
become leaky and instable due to imbalance in angiogenic factors and insuffi-
cient maturation, such as in retinal angiogenesis and tumors.  

Intussusceptive angiogenesis 

Intussusceptive angiogenesis involves the maturation of vascular networks 
through the formation of transluminar pillars within capillaries, consequently 
splitting one vessel into two parallel vessels without vascular endothelial cell 
proliferation (Fig 2). The pillars are then invaded by pericytes and myofibro-
blasts that provide stabilizing collagen to the vessel wall (Burri et al 2004). In 
general, intussusceptive microvascular growth results in enlarging of the capil-
lary plexuses with a resultant large endothelial exchange surface, without requir-
ing much energy. Intussusception was first described by Caduff et al in 1986 
when they encountered several tiny holes in the vasculature of developing lungs 
(Caduff et al 1986). Since then intussusceptive angiogenesis has received consid-
erable attention as an important mode for subsequent growth and remodelling of 
the developing vasculature (Burri et al 2004, Makanaya et al 2009, Styp-
Rekowska et al 2011). In contrast to sprouting, intussusception is fast, occurring 
within hours or even minutes, and is energetically more economic as it does not 
require cell proliferation or degradation of basement membrane. Whether sprout-
ing or intussusception shall occur depends mainly on metabolic and hemody-
namic factors. Sprouting is normally driven by angiogenic factors such as VEGF, 
FGF, and PDGF, whereas intussusception is normally stimulated by higher levels 
of shear stress (mechanical forces from blood flow) (Styp-Rekowska et al 2011) 
or by a drop in angiogenic factors (Hlushchuk et al 2008).  So far intussusceptive 
angiogenesis has been identified in many developing organs, such as the retina, 
but also as a vascular defense mechanism to escape anti-angiogenic treatment in 
tumors (Hluschhuk et al 2008). Until now, intussusception has not been observed 
as a mode of blood vessel formation in the cornea. 
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Fig 2. Schematic image of intussusceptive angiogenesis, EC=endothelial cell, Bm= 

basement membrane, Pr= pericyte, Co= collagen, Fb= fibroblast (modified from Kurz et 

al 2003).  

Looping angiogenesis 

Recently, looping angiogenesis was stated as the fourth form of blood vessel 
growth and was described as “the expansion of translocated vessels by biome-
chanical forces” (Benest & Augustin 2009). The same year, Kilarski et al sug-
gested that translocation of the pre-existing vasculature is responsible for the ini-
tial rapid formation of functional vessels in granulation tissue. By biomechanical 
forces, from contracting myofibroblasts in the wound area, surrounding blood 
vessels incorporate as perfused, functional vessels. The recruited vessels, appear-
ing as loops, show many hallmarks of maturity, such as perfusion, the presence 
of smooth muscle cells and basement membrane. By blocking matrix contractil-
ity, the invasion of vessels was inhibited (Kilarski et al 2009).  

Angiogenic switch 

In order to activate the otherwise quiescent vascular endothelial cells, extensive 
interactions between a variety of cells and molecules are required. It is now 
widely accepted that the angiogenic switch is ‘off’ when pro-angiogenic mole-
cule concentration is balanced by the effect of anti-angiogenic molecules. Angio-
genesis is triggered when the balance shifts towards a pro-angiogenic state, with 
a dominant effect of stimulating growth factors. Triggering events, tilting the 
switch towards angiogenesis, are hypoxia, inflammation, malignancies and       
mechanical stress. A number of endogenous inhibiting and stimulating factors 

Background 
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have been identified, that regulate the balance between the pro- and antiangio-
genic states (Table 1). For a comprehensive review on signal transduction in an-
giogenesis, please see Pathel-Hett & D’Amore 2011. 

Inflammation and angiogenesis 

Inflammation is a physiologic process initiated to protect structures from tissue 
damage induced by pathogenic, traumatic or toxic injuries. The process is highly 
regulated by pro- and anti-inflammatory factors that control cell chemotaxis, mi-
gration and proliferation. The first cells recruited include polymorphonuclear 
leukocytes, such as neutrophils and eosinophils. Neutrophils are known to com-
prise the bulk of the early infiltrate in corneal inflammation (Sunderkötter et al 
1991, Zhu & Dana 1999, Li et al 2006), and have been shown to have a peak in-
flux into the cornea within one day after wounding (Li et al 2006). In a corneal 
alkali wound model, these cells have been shown to have important pro-
angiogenic properties (Gan et al 1999). Mast cells also play an important role in 
the early process by releasing inflammatory factors (Coussens & Werb 2002). 
Inflammatory mediators, such as nitric oxide (NO), consequently induce vasodi-
latation and fluid extravasation, attracting more inflammatory cells. In a later 
stage, monocytes migrate to the inflamed site where they mature into dendritic 
cells or macrophages (Philip et al 2004). In addition, monocytes have been 
shown to have trans-differentiation potential, expressing cell surface markers and 
phenotypic characteristics of vascular endothelium in a pro-angiogenic environ-
ment ( Fernandez Pujol et al 2000, Schmeisser et al 2001, Fujiyama et al 2003, 
Zhao et al 2003, Anghelina et al 2006, Frid et al 2006, Kim et al 2009). The 
sprouting of blood vessels into the ECM is strongly dependent on the actions of 
macrophages, which enhance the inflammation through release of pro-angiogenic 
factors and consequently recruitment of more macrophages (Cursiefen et al 
2004b). An important role of macrophages in corneal neovascularization is their 
secretion of VEGF; indeed, it is believed the major source of VEGF in the cornea 
originates from invading macrophages (Ambati et al 2003). In an inflammatory 
setting, VEGFC has been shown to be the main angiogenic factor as opposed to 
VEGFA in hypoxia (Nibbs et al 2001, Cursiefen et al 2006a), which can have 
important implications for anti-VEGF treatment in inflammatory angiogenesis. 
Furthermore, macrophages have been shown to play a key role in capillary re-
gression by initiating degradation and phagocytosis of vascular endothelium 
(Ausprunk et al 1978, Lang & Bishop 1993, Meeson et al 1996). In summary, 
inflammatory cells have important implications in angiogenesis, specifically ma-
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crophages which can perform a number of pro- and antiangiogenic roles depend-
ing on surrounding regulating growth factors (Pollard 2009).  

Tumor angiogenesis 

In 1971, Judah Folkman first described the association between tumor growth 
and pathologic angiogenesis (Folkman 1971). Almost two decades later, in 1989, 
Ferrara & Henzel described the specific growth factor VEGF, ever since known 
as the main activator of vascular endothelial cells (Ferrara & Hentzel 1989). It is 
now well established that, in order to grow over a few millimeters in size, tumors 
are dependent on the growth of a vascular network providing them with blood 
and oxygen (Bergers & Benjamin 2003). Tumor neovascularization is induced by 
a number of pro-angiogenic stimuli rendering tortuous, irregular vessels with the 
lack of hierarchy encountered in normal vessels. Hypoxia is an important regulat-
ing factor and leads to activation of hypoxia-induced factor 1α (HIF- 1α) which 
targets genes such as VEGFA, FGF, IGF, cell adhesion molecules (integrins and 
adhesion receptors), extra cellular matrix proteins and MMPs (Harris 2002).  Ad-
ditionally, tumor-specific vessel formation mechanisms can occur in malignant 
tissue. Examples are vessel co-option, where tumor cells hijack the existing vas-
culature, or vessel mimicry, when tumor cells line existing vessels. Finally, puta-
tive tumor cells are known to harbor transgenic potential, forming vascular endo-
thelial cells (Carmeliet & Jain 2011). 
Tumors often harbor a great number of inflammatory cells that release pro-
angiogenic factors (Zijlstra et al 2006), mimicking chronically inflamed tissues 
(Squadrito & De Palma 2011). In a number of tumors, tumor-associated macro-
phages (TAMs) make up a significant proportion of the inflammatory tumor 
stroma and it is still not known whether they originate from circulating or resi-
dent monocytes (Mac Donald et al 2010). The complex functions of macrophag-
es in human cancer are still being investigated. In a number of studies, however, 
macrophages have been implicated as a negative predictive factor for tumors by 
promoting a) immunosuppression b) tissue remodeling, and c) angiogenesis (Pol-
lard 2009, Squadrito & De Palma 2011). 

Lymphatic vascular system 

The lymphatic vascular system acts as a regulator for fluid homeostasis, immune 
function and fat metabolism. Lymph vessels originally develop from the venous 
vasculature where a subset of venous endothelial cells starts to express lymphatic 
markers, such as prox-1, specifying theses cells as lymphatic endothelial progeni- 

Background 
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tors. These cells can respond to the lymphangiogenic factor VEGFC and migrate 
to form the initial lymphatic sacs (Oliver 2004). Adult lymph vessels are normal-
ly quiescent but can, after the stimulation of inflammation, malignancies or trau-
ma, start to sprout new lymph vessels, slightly delayed with respect to hemangi-
ogenic sprouting (Cursiefen et al 2006b). This coupling of hemangiogenesis and 
lymphangiogenesis illustrates an important function of the lymphatic vasculature, 
which is to maintain fluid homeostasis by collecting fluid that leaks from capil-
lary blood vessels and returning it to the blood circulation. Another way for 
lymph vessels to form is from circulating hematopoietic endothelial progenitor 
cells and transdifferentiated macrophages that contribute to lymphatic vascular 
endothelium (Maruyama et al 2005, Religa et al 2005). Contrary to the blood 
vessels, lymphatic vessels can be blind-ended and have a bidirectional flow, 
transporting fluid, macromolecules and immune cells from the tissue back to the 
circulation. Lymphatic capillaries are irregular and have a varying lumen diame-
ter with a thin, monolayer wall without supporting pericytes or smooth muscle 
cells. The capillaries are attached to the ECM with anchoring filaments that pre-
vent vessel collapse. An increased interstitial pressure stretches the filaments and 
opens up the lining lymphatic endothelial cells, allowing for fluid and macromo-
lecules to enter the vessel lumen. The lymphatic capillaries transport the fluid to 
larger collecting lymphatic vessels where it is returned to the blood circulation 
through the lymphaticovenous junctions between the thoracic duct and the sub-
clavian veins (Norrmén et al 2011). As immune cells, such as antigen presenting 
cells, are transported in the lymph from the tissues to regional lymph nodes, 
lymph vessels have an important role in the immune system. By presenting for-
eign antigen to T-cells in the lymph nodes, transplant rejection can be initiated 
(Yamagami & Dana 2001, Yamagami et al 2002, Cursiefen et al 2003, Dietrich 
et al 2010). The critical role of lymph vessels is further underscored in cancer-
induced lymphangiogenesis where the dissemination of tumor cells through 
lymph vessels is believed to initiate tumor metastasis (Cao 2005).  

The cornea 

The cornea is often cited as the “window of the eye” and is highly dependent on 
its complete clarity to maintain optical performance and vision. The primary 
functions of the cornea are transmission of incident light, refraction, and protec-
tion of intraocular structures from trauma and pathogens. More than 60 % of the 
total refractive power of the eye is achieved by the cornea together with the tear 
film, making it an important structure for image processing onto the retina (Land 
&Fernald 1992). Under normal conditions the cornea is free from blood and 
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lymph vessels and is supplied with oxygen and glucose from the tear film and 
aqueous humor respectively. To maintain its clarity, the cornea harbors an im-
mune and angiogenic privilege, controlled by a number of regulating immune 
cells and proteins. Under certain conditions, such as injuries, infections and hy-
poxia, this privilege may be disrupted and hence, inflammation and/or neovascu-
larization can occur. The cornea, due to its anatomic accessibility, normal avas-
cularity and transparency, and due to its robust angiogenic response under appro-
priate stimulation, has been used extensively to study angiogenesis as a pheno-
menon of broad interest (Gimbrone et al 1974, Takahashi et al 1999, Cursiefen et 
al 2002, Chen et al 2009, Kilarski et al 2009, Regenfuss et al 2008). 

Corneal anatomy 

The cell types that constitute the cornea include epithelial cells, keratocytes, and 
endothelial cells. The corneal epithelium is derived from the ectoderm, while the 
stroma and endothelium are developed from a mixture of neural crest and meso-
dermal mesenchymal cells (Gage et al 2005). The different cells are separated by 
two distinct interfaces: Bowman’s layer (between the epithelium and stroma) and 
Descemet’s membrane (between the stroma and endothelium) (Fig 3). The exact 
arrangement of the different components of the cornea contributes to its transpar-
ency and strength. The corneal stroma is continuous with the scleral connective 
tissue at its lateral edges and surrounded by the blood vessels underlying the pe-
ripheral corneal (limbal) epithelium. Under normal circumstances blood vessels 
do not grow into the cornea due to a number of regulating factors and the pres-
ence of the limbal stem cells. Innervation of the cornea is dense and is about 300 
to 400 times greater than in the skin, providing among other functions, an impor-
tant sensory system protecting the cornea through the blink reflex (Krachmer et 
al 2005 ). 

                      Fig 3. Major anatomic layers of the cornea.  
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Ocular immune privilege 

As early as the 1870s, the Dutch ophthalmologist van Dooremaal noted pro-
longed survival of mouse skin graft placed in the anterior chamber of a dog eye 
(Chong & Dana 2008). 70 years later, in the 1940s, Sir Peter Medavar introduced 
the terminology “immune privilege”. He concluded the cause to be immunologi-
cal ignorance, where sequestered antigen failed to initiate an immunologic re-
sponse. It is now known that the cornea and anterior chamber are immunologi-
cally quiescent by a complicated, but not fully understood, active process (Azar 
2006). Niederkorn described the immunologic privilege in terms of a three-
legged stool where each leg represents one arm of the corneal immune privilege 
(Niederkorn 2003). The first leg is the afferent (entry) blockade, constituting 
avascularity and low expression of MHC class II (antigen presentation) on cor-
neal cells. The second leg is the central processing, where immune deviation is 
induced, diverting the immune reaction from a cytotoxic to a relatively more be-
nign response (ACAID, see below). And finally, the third leg constitutes the 
blockade of the efferent (exit) arm, where soluble and membrane-bound factors 
induce apoptosis of immune cells, inhibiting them from migrating to nearby 
lymph nodes to consequently induce an immune reaction (Niederkorn 2003, 
Chong & Dana 2008). Similar to a three-legged stool, removal of one of these 
legs will result in collapse of the immune privilege. 

Corneal avascularity and angiogenesis 

The normal cornea is avascular and does not, as other tissues, respond with hem- 
and lymphangiogenesis after minor insults. The maintenance of corneal avascu-
larity has been termed “angiogenic privilege” and involves several active cas-
cades supported by multiple redundant molecular mechanisms; many of them 
part of the immune privilege. (Ambati 2006, Azar 2006, Cursiefen 2006a, Qazi et 
al 2010). When corneal neovascularization occurs, the balance between angio-
genic and anti-angiogenic factors is tilted in favor of angiogenesis, due to 
upregulation of angiogenic factors or downregulation of anti-angiogenic mole-
cules. (Fig 4) 

A number of anti-angiogenic mechanisms have been identified in the cornea such 
as 1) densely packed collagen lamellae and the presence of compact collagen 
networks resulting in a mechanical defense 2) angiostatic nature of corneal 
epithelial cells 3) induction of anterior chamber-associated-immune deviation 
(ACAID), in which antigen-specific delayed-type hypersensitivity is suppressed 
4) extensive innervation 5) low levels of angiogenic factors 6) the barrier func-



 

23 
 

tion of limbal cells and, 7) active production of potent anti-angiogenic factors 
(Ambati 2006, Azar 2006, Cursiefen 2006).  

Fig 4. The corneal angiogenic balance 

 

Examples of corneal molecules that orchestrate the anti-angiogenic privilge are a) 
thrombospondins 1 and 2 (Cursiefen et al 2011), b) angiostatin (Gabison et al 
2004), c) endostatin (Lai et al 2007), d) PEDF (Meyer et al 2002), e) tissue in-
hibitors of metalloproteinases (TIMPs) and g) soluble VEGFR1 (Ambati et al 
2006). Additionally, Cursiefen et al described the important role of soluble 
VEGFR3, secreted by corneal epithelial cells, in preserving corneal avascularity 
by acting as a trap for the inflammatory induced angiogenic VEGFC and thereby 
preventing membrane bound VEGFR3 receptor activation (Cursiefen et al 
2006a). Despite a number of anti-angiogenic mechanisms protecting the cornea, 
there are pathologic conditions tipping the balance in favour for angiogenesis 
such as, inflammatory disorders, corneal graft failure, infectious keratitis, contact 
lens-related trauma, alkali burns,  ulceration, and aniridia  (Table 2) (Sellami et al 
2007, Maddula et al 2011).  

Corneal lymphangiogenesis 

In 1966, Collin described for the first time the presence and ultrastructural char-
acteristics of corneal lymphatics in a rabbit corneal wound model (Collin 1966). 
However, it was not until after the discovery of VEGFR3 in the mid 90’s (Kai-
painen A et al 1995), a specific lymphatic endothelial marker, that corneal lym-
phatic research gained considerable momentum. Over the last twenty years, a 
number of additional lymphatic markers have been defined, such as podoplanin, 
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LYVE-1, D2-40 and Prox-1, providing new tools for studying corneal lymphan-
giogenesis (Cursiefen et al 2002, Kahn & Marks 2002, Cursiefen et al 2003). 

  

Infectious Herpes simplex/zoster keratitis 

Syphilis 

Pseudomonas 

Chlamydia trachomatis 

Candida 

Fusarium 

Aspergillos 

Oncoceriasis 

Inflammatory Graft rejection 

Blepharitis 

Steven-Johnson syndrome 

Graft-versus-host disease 

Pemphigoid 

Atopic conjunctivitis 

Trauma Alkali wound 

Contact lens 

Ulceration 

Degenerative Terrien marginal degeneration 

Pterygium 

Aniridia 

Table 2: Clinical conditions associated with corneal angiogenesis (Maddula et al 2011) 

There is a growing interest for studying corneal lymphatics, as it has great impli-
cations in corneal transplant rejection, reducing graft survival in high-risk (vascu-
larised) transplant beds (Cursiefen et al 2003, Hos et al 2008, Dietrich et al 
2010).  

The cornea is normally free from lymph vessels. After a breach in the angiogenic 
privilige, however, vessels will invade the stroma, slightly delayed in relation to 
blood vessels (Fig 5). The lymphangiogenic growth factors VEGFC and D in-
duce lymph vessel growth via VEGFR3. FGF-2 up-regulates VEGFC, and is 
consequently an additional stimulating factor for lymphatic growth (Kubo et al 
2002). VEGFA, normally known as a hemangiogenic factor, has also been impli-
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cated as an important stimulator of lymphangiogenesis (Cursiefen et al 2004b, 
Cao et al 2011). In addition, PDGF, HGF and IGF stimulate lymph vessel growth 
in a corneal micro pocket mouse model (Cao et al 2011).  

Inflammation is known to be a regulating factor in lymphangiogenesis. The re-
lease of VEGFC is, in contrast to VEGFA, not upregulated by hypoxia but rather 
by proinflammatory cytokines, such as TNF-α and IL-1 (Nibbs et al 2001, Cur-
siefen et al 2006a). Maruyama et al demonstrated how CD11b+ macrophages 
physically contribute to the formation of lymph vessels and express the lym-
phatic markers LYVE-1 and Prox-1 under inflammatory conditions (Maruyama 
et al 2005).  

Over the last decade, corneal lymphatic research has advanced, but with the 
drawback that destructive, ex-vivo analysis precludes longitudinal observation of 
the same cornea or the study of cell transport within the vessels. Moreover, cur-
rent methods of visualizing corneal lymph vessels limit lymphatic research to 
animal models (Dana et al 1996, Yamagami et al 2002, Maruyama et al 2005, 
Cursiefen et al 2006b, Galanzha et al 2008, Steven et al 2011) or to a retrospec-
tive analysis of excised human corneal grafts in failed transplant cases (Cursiefen 
et al 2002, Ling et al 2008).  

Unlike corneal blood vessels, which can be easily visualized and assessed by slit-
lamp bio-microscopy, corneal lymph vessels have long eluded in vivo detection 
due to the transparency of lymphatic endothelial cells and the lymph fluid. 

Fig 5. a) Normal limbal arcade. (pan-endothelial marker CD31(green), lymphatic 
marker Lyve-1(red)  b) Hem-(green) and lymph-(red) angiogenesis after inflammatory 
stimulus. 
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Treatments for angiogenesis 

Significant progress has been made in identifying different factors that promote 
and inhibit hemangiogensis and a number of anti-angiogenic treatments have 
subsequently been introduced in the clinics (Table 3). Anti-VEGF treatment for 
exudative AMD has revolutionized the visual outcome for these patients and cur-
rently there are two approved substances (pegaptanib and ranibizumab), where 
ranibizumab is strongly dominating the market. Bevacizumab is a monoclonal 
VEGFA-antibody, primarily approved for the treatment of metastatic colon can-
cer, but is widely used off-label for ocular angiogenesis and has been shown to 
have promising effect on corneal angiogenesis (Dastjerdi et al 2009, Koening et 
al 2009, Zaki & Farid 2010). Aflibercept (VEGFTrap) is a soluble decoy recep-
tor, binding to all isoforms of VEGFA and placental growth factor (PlGF). A 
recent study by Oliveira et al showed a promising effect of VEGFTrap on FGF2-
induced corneal neovascularization in a murine model. (Oliveira et al 2010).  

 
Anti-angiogenic factor Mechanism of action 

Ranibizumab (Lucentis) Monoclonal ab fragment for VEGFA 

Bevacizumab (Avastin) Monoclonal ab for VEGFA 

Pegaptanib (Macugen) RNA aptamer against VEGF165 

Aflibercept(VEGFTrap) Soluble decoy receptor for VEGFA and 
PlGF 

Triamcinolone acetonide Corticosteroid inhibiting inflammatory 
response 

Sunitinib Inhibitor of receptor tyrosine kinases 

GS-101 Oligonucleotid against insulin receptor-1 

Doxycycline/Triamcinolone 
combination 

MMP-2 inhibition 

Cyclosporin A Reduction in IL-2 induced corneal neovasc. 

Methotrexate Possible inhibition macrophage infiltration, 
and  

endothelial cell proliferation 

Tacrolimus Inhibits T-lymphocyte signal, IL-2 
transcription 

PEDF Endogenous angiogenic inhibitor 

Argon laser Ablate neovessels 

Photodynamic therapy Vaso-occlusion of corneal vessels 

Table 3. Anti-angiogenic treatments and their mechanisms of action (Cursiefen et al 
2009, Qazi et al 2010, Maddula et al 2010) 

 
There are ongoing clinical trials studying different anti-angiogenic treatments for 
corneal angiogenesis. One is evaluating the effect of GS-101; anti-sense oligo-
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nucleotide against the angiogenic insulin receptor substrate-1, on corneal neovas-
cularization, where the interim analysis summarized the treatment to be effective 
(Cursiefen et al 2009). Another example is a recent randomized clinical study on 
the effects of topical bevacizumab on corneal neovascularization (Maddula et al 
2011).  No approved antiangiogenic treatment for corneal anigogenesis exists so 
far, but varying off-label combinations are normally used. Current indications for 
anti-angiogenic therapy in cornea include a) corneal neovascularization second-
ary to trauma or infections b) aggressive corneal neovascularization in recurrent 
pterygia c) neovascularization in limbal stem cell deficiency and, d) corneal 
transplant rejection (Maddula et al 2011). In the ideal setting, corneal anti-
angiogenic treatment would not only destruct and degrade pathologic blood ves-
sels, but also restore the zone of angiogenic privilege and prevent new vasculari-
zation. Unfortunately, this effect is not yet possible to achieve. Even though most 
treatments are associated with moderate improvement, the most successful anti-
angiogenic therapies are subconjunctival steroids combined with VEGF inhibi-
tors (Maddula et al 2011). One drawback to take into account is the long-term 
severe side effects of steroids, such as corneal ulceration, glaucoma, and cataract.  

Treatments for lymphangiogenesis are gaining more interest parallel to the grow-
ing knowledge about their role in transplant rejection and tumor metastasis. So 
far there is no clinically-approved specific treatment for lymphangiogenesis. Cur-
rent exogenous pharmacological inhibitors for lymphangiogenesis include ster-
oids (Hos et al 2011), VEGFA specific cytokine traps (Cursiefen et al 2004a) 
inhibitory peptides against integrin α5/v and blocking antibodies against 
VEGFR3 (Cursiefen et al 2011). Endogenous inhibitors for lymph vessel angio-
genesis known so far are soluble VEGFR2 (Albuquerque et al 2009) and throm-
bospondin 1 (Cursiefen et al 2011).  

Imaging of the cornea in the clinics  

With development of new treatments for angiogenesis there is a growing need for 
imaging techniques to assess effectiveness of anti-angiogenic drugs in preclinical 
and clinical studies. Over the last ten years, imaging techniques of the eye have 
evolved rapidly, mainly aimed at increasing the ability to diagnose ocular pathol-
ogy in the anterior and posterior segments, but not specifically for assessing an-
giogenesis. Biomicroscopy of the cornea in the clinics is dominated by slit-lamp 
examinations, providing a maximal magnification of approximately 40x and a 
resolution of 20µm, and has been used as the major imaging instrument of the 
eye since Gullstrand first presented his model of the slit lamp in 1911 (Krachmer 
et al 2005). Ocular coherence tomography (OCT), ultrasound biomicroscopy and 
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Scheimpflug photography are modern examples of corneal imaging techniques. 
The latter is an examination that provides an assessment of the anterior segment 
of the eye in a sagittal plane and can be used to detect and monitor opacities in 
the media of the anterior segment (e.g. in the lens) and to carry out biometric 
evaluation (e.g. depth of the anterior chamber, lens thickness measurement, cor-
neal topography). OCT was primarily introduced for examination of the retina 
and uses a non-invasive, transpupillary optical signal acquisition and processing 
method to cross section retinal structures at high resolution. With the latest OCT, 
using multiple wavelengths simultaneously, it is now possible to obtain high res-
olution scans of the cornea in 3D with a magnification of 40x. 

Confocal microscopy 

The principle of confocal microscopy was first described in 1957 by Minsky. He 
proposed that both the illumination and observation systems are focused on a 
single point – with conjugate focal planes - thereby the name “confocal micros-
copy” (Minsky 1988). The principle of confocal microscopy constitutes a light 
source that is focused through a pinhole diaphragm to one point on the object. 
The back-scattered light is separated by a beam splitter from the incident light 
beam path and is deflected through a second confocal pinhole to reach a photo-
sensitive detector. Due to the confocal design, light originating from outside the 
focal plane is mostly blocked by the second pinhole, and only the object layer 
located at the focal plane contributes to the image (Fig 6).   

 

Fig. 6. Representation of the optical principles of confocal microscopy. Light passes 
through the first pinhole and is focused on a focal plane in the cornea by the condensing 
lens. The returning light passes through the objective lens and is diverted by the beam 
splitter to a conjugate exit pinhole where it reaches the detector/observer. Scattered out 
of focus light is limited by the exit pinhole and is highly suppressed at the detector 
(modified from Jalbert et al 2003). 
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One important drawback of the method is that the confocality is only at one sin-
gle point and to create a usable field of view the instrument needs to illuminate 
and scan a small region of tissue with thousands of tiny spots of light. This 
movement is achieved by rapidly ‘scanning’ the point of light over the sample. 
The confocal technique results in an immensely improved resolution and contrast 
of the image. Previously, the only method to achieve such a high resolution and 
magnification was by histological examination of excised tissue.  

It was not until 1968 that the first scanning confocal microscope was manufac-
tured (Petran et al 1968), introducing high-resolution microscopic images of cells 
within living tissues without the need for fixation or staining. The first in vivo 
images of the human cornea were published in 1990 (Cavanagh et al 1990). 
Other ocular structures, however, such as the optic disc and retina can also be 
imaged with the related confocal laser scanning ophthalmoscopy.  

There are different types of scanning confocal microscopy including a) tandem 
scanning-based confocal microscopy b) scanning slit confocal microscopy and c) 
laser scanning confocal microscopy. Laser scanning, in particular the Heidelberg 
retina tomograph with Rostock cornea module (HRT-RCM) (Fig 7), has better 
contrast and resolution than other systems which use non-laser light. The lateral 
resolution is to an order of 2 µm and axial resolution to 4 µm, subsequently al-
lowing possible magnification of up to 600x with a field of view of 400 x 
400m.  

Figure 7. Heidelberg Retinal Tomograph 3 with Rostock Corneal Module, Heidelberg 
Engineering 
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 In the HRT-RCM system, a coherent laser is used as a high intensity light source 
where the laser beam is scanned by at set of galvanometer scanning mirrors pro-
viding fast scanning of the object. This technique enables rapid and reliable visu-
alization of all the microstructures of the cornea such as the tear film, epithelium, 
nerves, keratocytes and endothelium (Guthoff et al 2009). The different layers in 
the rat (which will be used in this thesis) cornea have similar appearance to that 
observed in the human (Fig 8).  

 

 

Fig 8. Corresponding IVCM images of specific cell layers in human and rat cornea.  
Image size 400 x 400µm.  
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In vivo confocal microscopy in the clinics 

Ever since the introduction of confocal microscopy it has been increasingly used 
in the clinics to examine corneal diseases. Advantages such as the visualization 
of cellular structures and the ability to perform real time sequential in vivo ob-
servations have provided new information about the pathologic cornea. One of 
the most important applications for clinical in vivo confocal microscopy (IVCM) 
is the possibility to differentiate infectious keratitis, such as acanthamoeba and 
fungus infections by identifying their specific IVCM morphology (Kumar et al 
2010). In addition, conditions such as dry eye syndrome, epithelial and endothe-
lial dystrophies, keratoconus, nerve degeneration and regeneration after corneal 
surgery, contact lens associated pathology, and diabetes-associated corneal dis-
ease can be evaluated at a cellular level to provide more detailed information 
about the pathology (Niederer & McGee 2010, Tavakoli et al 2008, Chiou et al 
2006). Neovascularization of the cornea is currently assessed by slit lamp pho-
tography where quantification is achieved by measuring visible area of neovascu-
larization using software techniques (Bahar et al 2008, Dastjerdi et al 2009, Zaki 
& Farid 2010, Tatham et al 2011). To date, confocal microscopy has not been 
used in assessing corneal angiogenesis, even though such an examination may 
provide a better view of vessel invasion.  

Imaging modalities for angiogenesis 

Numerous imaging modalities are available to visualize and characterize the an-
giogenic vasculature (McDonald & Choyke 2003). In a clinical setting these in-
clude computed tomography (CT), magnetic resonance imaging (MRI), positron 
emission tomography (PET), single photon emission computed tomography 
(SPECT) and ultrasound imaging (Jaffer & Weissleder 2005). These techniques 
make it possible to localize sites of angiogenesis and obtain functional data in 
humans and animals. The resolution varies between 100-150 µm to a few mm, 
which unfortunately makes cellular level imaging impossible. There are, howev-
er, microscopic imaging modalities, such as intravital microscopy, that can 
achieve resolutions up to 1-10 µm and thus observe single cell contributions to 
angiogenesis in live tissue.  One drawback of this method is the need for molecu-
lar probes (cell markers), with the risk of interference with the surrounding tis-
sues and limiting the technique to animal studies (Fukumura & Jain 2008). An 
interesting method for label-free or probed detection of single cells in vivo is the 
photoacoustic flow cytometry technique (Galanzha et al 2008). Here label-free 
imaging of lymphocytes and melanocytic cells has been performed in lymphatics 
in vivo, but with a lower resolution compared to IVCM. So far this method has 
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been limited to animal models with, for example, examination of mouse ear and 
rat mesentery. 

Examples of current in vitro and in vivo angiogenesis assays 

When evaluating new angiogenesis treatments there is a need for good models, 
where different contributing factors to vessel growth and remodeling can be ob-
served. Furthermore, to understand physiologic, developmental and pathologic 
angiogenesis, reliable in vivo models mimicking a clinical setting are required. 
Despite the current number of in vitro and in vivo assays, a gold-standard angi-
ogenesis model has yet to be developed. To overcome this problem, a combina-
tion of models for angiogenesis is normally used.  

In vitro assays 
Current in vitro models include culture of different tissue-specific vascular endo-
thelial cells on collagen, for two dimensional studies, or in matrigel for three-
dimensional studies (Poulaki 2011). Endothelial cells can be cultured alone or in 
co-culture with fibroblasts or pericytes for studying various cell interactions. The 
most commonly used endothelial cell in culture is human umbilical vein endo-
thelial cell (HUVEC), however, over 19 types of endothelial cells (uterine, car-
diac, dermal and pulmonary amongst others) are now available, facilitating stu-
dies of different vascular endothelial subtypes (Staton et al 2009). Advantages 
with in vitro models are the possibility to manipulate cell growth and prolifera-
tion by using different stimulating factors and growth media. Important draw-
backs, however, are the artificial surrounding environment and the absence of 
blood flow, inhibiting studies of the more complex physiological interactions that 
occur in vivo. Care should therefore be taken with interpretation and multiple in 
vitro assays should be used and followed up with in vivo assays.  
Ex vivo (organ culture) models include the rat aortic ring assay, vena cava ex-
plant assay and foetal mouse metatarsal assay. The aortic ring assay was intro-
duced by Nicosia & Ottinetti in 1990 and is currently the most commonly used 
organ culture model (Nicosia & Ottinetti 1990). In ex vivo models, segments, 
discs or sections of the specific tissue are cultured in three dimensional matrixes 
in vitro and monitored for microvascular outgrowth for 10-14 days. Advantages 
with the aortic ring model are the presence of remaining non-endothelial cells 
(pericytes and other supporting cells) and the possibility for them to interact with 
vessel growth, hence mimicking an in vivo model.  In addition the cost for the 
assay is low, manipulation of treatment conditions easy and there is an absence 
of inflammatory complications encountered with in vivo models (Kruger et al 
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2001). Disadvantages are the lack of blood flow and representative physiologic 
surrounding tissue found in vivo and difficulties in quantification of vascular de-
gree. In an attempt to overcome the species-specific tissue problem, human pla-
cental umbilical and saphenous veins has been used in organ culture models. 
Whether these assays are truly representative for in vivo angiogenesis in humans 
remains to be answered (Staton et al 2009). 

In vivo assays 

The chorioallantoic membrane (CAM) of the chick is a living system and pro-
vides a more complex biological model for in vivo analysis of pathogens, cells 
and pharmacological reagents than earlier described in vitro methods. There are 
two main techniques for using the CAM; one is by allowing the embryo to de-
velop in the shell and the other by culturing the embryo in a dish (Zijlsitra et al 
2006). There are many advantages with the CAM assay including the fact that it 
is a simple and cheap method for enabling large scale screening. Furthermore, 
substances can be directly applied via intravenous or intra-allantoic injections 
where lack of excretion permits substances to maintain in the circulation for ex-
tended periods. There are also important limitations to take into account such as; 
i) difficulties in distinguishing new vessels from existing ones ii) unspecified 
interactions with endogenous factors that may affect angiogenesis iii) inflamma-
tion induced at the initial dissection procedure, and finally iv) the membrane’s 
sensitivity to oxygen tension, making the sealing of the membrane important. 
(Staton et al 2009) 

In the mouse hindbrain model, angiogenic sprouting and vascular patterning can 
readily be studied and the blood network is ideal for imaging. So far, however, 
live imaging has not been achieved (Geudens & Gerhardt 2011). 

The Zebrafish embryo assay has recently emerged as a popular in vivo angio-
genesis model. Embryos come in large numbers, are easy to manipulate, have a 
rapid generation time, and the transparency of the body allows for observation of 
development and angiogenesis. As the fish shares many genes and mechanisms 
of angiogenesis regulation with mammals, the organism is assistive to analyze 
functional, developmental as well as pathologic vessel formation (Rubinstein 
2003).  

The mouse retina has been used extensively over the last decades as an excellent 
in vivo model for angiogenesis, to study physiologic, pathologic as well as de-
velopmental vessel formation (Stahl et al 2010). The most popular application is 
the oxygen induced retinopathy model (OIR), mimicking retinopathy of prema-
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turity (ROP) encountered in prematurely born children. Using the mouse model 
enables access to a wide range of transgenic animals. Additional advantages are 
long-term experience with the OIR model (since 1994), resulting in high repro-
ducibility with robust and reliable data. Modern techniques provide high-quality 
imaging where trustworthy vessel analysis and quantification is achieved. Certain 
caveats should be kept in mind, however, such as a variation in results depending 
on the genetic strain of mice used, and the importance of monitoring post-natal 
weight gain, which has been shown to be an important regulating factor in the 
OIR model (Vanhaesebrouck et al 2009), similar to humans (Hellström et al 
2009). Furthermore, other mouse models reproduce aspects of pathologic angio-
genesis in the retina, such as diabetic retinopathy and choroidal neovascularisa-
tion. 

Tumour angiogenesis is an extensively studied entity and numerous models exist 
to study malignant vessel formation and interaction with anti-cancer treatments. 
Tumours are formed spontaneously in mice carrying mutations or they can be 
induced by carcinogen or radiation. Furthermore, cancerous cells can be trans-
planted into the tissue (Geudens & Gerhardt 2011). Modern intra-vital imaging 
techniques have rendered new insights into the dynamic interactions between 
tumour cells, stroma and blood vessels during disease progression. 

Additional examples of in vivo models for angiogenesis are the implantation of 
sponges and polymers, the dorsal air sac model, and cornea models (see below) 
(Staton et al 2009).  

Corneal angiogenesis assay 

Due to its normal avascularity, robust angiogenic response to appropriate stimuli, 
accessibility for topical drug administration and possibility to quantify vascu-
larization, the cornea has been used extensively to study new blood vessel forma-
tion (Gimbrone et al 1974, Ausprunk 1978, Takahashi et al 1999, Cursiefen et al 
2004, Cursiefen et al 2006, Regenfuss et al 2008, Chen et al 2009,  Kilarski et al 
2009, Cursiefen et al 2011). Indeed, Folkman pioneered this model in rabbits 
studying tumor angiogenesis in the 1970s, using the micro pocket model (Gim-
brone et al 1974).  
If the model for angiogenesis is intended to advance the understanding of a 
known clinical condition, specific assays imitating the clinical setting are war-
ranted. For example, for inflammatory reactions; chemical cauterization, alkali 
wounding (Bourghardt Peebo et al 2007), mechanical debridement of the limbal 
epithelium, and intracorneal suture (I, III, IV) are preferably used. Limitations of 
inflammatory models, however, are the complexity of reactions with a number of 
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pro-angiogenic factors present, inhibiting evaluations of single substances or fac-
tors in isolation. Another extensively used model mimicking a clinical setting is 
the mouse corneal transplantation model (Dietrich et al 2010).  
One of the most commonly used corneal assays is the micropocket model, with 
implantation of slow release pellets in the mouse cornea, providing means to 
study different growth factors such as subtypes of VEGF, FGF and PDGF (Cao 
et al 2011). One concern with the micropocket assay, however, is an associated 
inflammatory reaction induced by the surgical procedure and hence release of 
interfering pro-angiogenic cytokines (Chang et al 2004). Another concern is that 
the delivery of sustained-release doses of single purified factors does not 
represent a true physiologic scenario. 
Evaluation of corneal vascularization is normally performed by visualization or 
counting of perfused blood vessels using different photography and software 
techniques (Kang & Chung 2010, Faraj et al 2011). IVCM imaging has thus far 
not been a method for evaluation of vascularization. The fact that the normal cor-
nea is an avascular structure makes cornea models slightly atypical since most 
other tissues are vascularized. There are, however, multiple advantages as men-
tioned above and it has been estimated that more than one third of our knowledge 
concerning the formation of blood vessels originates from corneal models (Chen 
et al 2011). 

The rat corneal suture in vivo imaging assay 

The cornea suture model was chosen in this thesis since it is an inflammatory 
model, paralleling inflammatory clinical conditions. Angiogenesis also occurs in 
a physiologic setting, providing the opportunity to translate knowledge into hu-
man clinical applications. The suture method has been described in a number of 
studies and is well known for its reproducibility and prompt neovascular re-
sponse (Dana & Streilein 1996, Cursiefen et al 2002, Cursiefen et al 2004b, Ma-
ruyama et al 2005, Cursiefen  et al 2006a, Cursiefen et al 2006b, Kilarski et al 
2009, Cursiefen et al 2011, Hos et al 2011). Here the corneal suture model was 
modified to enable in vivo imaging.  In order to more easily access the vascular-
ized region with the IVCM, rat was chosen rather than mouse due to the larger 
diameter cornea and hence, easier accessibility to the limbal region. The tempo-
ral, mid-peripheral region of the cornea was chosen for suturing to provide easier 
anatomic access of the limbal corneal region for IVCM imaging, and to induce a 
controlled, predictable angiogenic response.  

Background 



36 
 

 



Aims of the Study 

 

37 
 

AIMS OF THE STUDY: 

General aim: 

To gain insight into cellular level processes in lymph- and hemangiogenesis us-
ing a new in vivo technique in an inflammatory corneal model, and to compare in 
vivo findings with ex vivo immunohistochemical analysis of the same structures. 

 

Specific aims: 

To characterize corneal lymph vessels in vivo (I). 

To investigate the ability to track the progression of single vessels associated 
with corneal inflammatory sprouting angiogenesis, longitudinally in vivo (III). 

To investigate the ability to track single vessel regression associated with 
corneal inflammatory angiogenesis, longitudinally in vivo (IV). 

To apply the method for characterizing pathologic corneal cellular events as-
sociated with hem- and lymphangiogenesis in the clinics (II, IV). 
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MATERIALS & METHODS 

Experimental rat model of corneal neovascularization (I, III, IV) 

Male Wistar rats were used and all animals were treated in accordance with the 
ARVO Statement for of the Use of Animals in Ophthalmic and Vision Research. 
A suture-induced model for corneal neovascularization was used as previously 
described by others (Cursiefen et al 2002) and slightly modified to suit our ex-
periments. With approval from the Linköping regional animal ethics review 
board, the rats were anesthetized and a 10-0 nylon suture was placed in the right 
temporal cornea, at the 8-10 o’clock position, 1.5 – 2.0 mm from the limbus, in 
order to induce corneal hem - and lymphangiogenesis. The temporal position was 
chosen in order to have a good access to the vessel area with the in vivo confocal 
microsope. A nasal suture was placed at the 2 o’clock position, 1.5 – 2.0 mm 
from the limbus, in some cases, to provide additional tissue sample for ex vivo 
analysis. Left eyes were untouched and served as negative controls. In our model,  
sprouting angiogenesis starts at day 3-4, complete vascularization to the suture is 
achieved by day 7 and lymph vessels have invaded the stroma by day 14 (Fig 9). 
Fourteen rats were used in I and III respectively. 

 Fig 9: Day 0, 5 and 7 days after suture placement in the rat cornea. Iris vessels are visi-
ble through the cornea at all time points (white arrow). At day 0, before suture place-
ment the cornea is clear. At day 5, sprouting vessels have reached half the way to the 
suture (black arrow). At day 7, new blood vessels have reached all the way to the suture 
(black arrow). 

Initiation of capillary regression (IV) 

In order to induce capillary regression, sutures were placed as described above 
and removed 7 days after placement, when corneas were fully vascularized to the 
suture. Immediately after suture removal animals were divided into three groups. 
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Six animals were left untreated to study natural regression. The other twelve 
animals were divided into two groups of six, treated with subconjunctival injec-
tion of either 1.25 mg of bevacizumab or 2.0 mg of triamcinolone.  

Patient characteristics (II, IV) 

After in vivo observation of lymph vessels in the rat model, we started to look for 
lymphatics by performing IVCM in patients presenting with corneal neovascu-
larization. A 55 year old woman with a second corneal transplant (penetrating) 
was treated at the eye clinic in Linköping due to rejection and neovascularization. 
Initially, the acute rejection was successfully treated with hourly topical 0.1 % 
dexamethasone, however, superior neovascularisation to the graft was still pre-
sent and was deemed a risk factor for future rejection. Treatment with subcon-
junctival bevacizumab 2.5 mg was hence administred at the one o’clock position. 
At the day of injection (day 0) and day 7 and 21, in vivo confocal microscopy 
and photography were performed. 

In vivo confocal microscopy (I-IV) 

Laser scanning in vivo confocal microscopy (IVCM) was used, with an instru-
ment clinically approved for application in imaging the eye. The microscope, 
Heidelberg Retinal Tomograph 3 with Rostock Corneal Module (HRT, Heidel-
berg Engineering) was equipped with a 63x/0.95 NA water-immersion objective 
(Zeiss, Oberkochen, Germany), that provides an en face view of a 400µm x 
400µm corneal area at a selectable corneal depth. Images are formed by endoge-
nous light scatter from tissue structures after excitation by a 670 nm red laser. 
The instrument was prepared as for a routine clinical corneal examination ac-
cording to the manufacturer’s instructions. Briefly, a large drop of transparent 
tear gel (Bausch & Lomb, Rochester, NY) was placed on the microscope objec-
tive lens, and a sterile disposable plastic cap (Tomocap; Heidelberg Engineering, 
Heidelberg, Germany) was affixed over the gel-coated lens. A second drop of gel 
was placed on the outer surface of the cap, and the cap was brought into contact 
with the cornea in the suture region using the HRT manual alignment controls 
(Fig 10). The focus depth of the HRT was initially adjusted to image the corneal 
epithelial surface, and the lateral and transverse microscope alignments were ad-
justed to locate the suture in the real-time image display window. In I, IVCM 
was performed at a single occasion on day 14 to localize and characterize lymph 
vessels. In the case report (II) the patient was examined with IVCM three weeks 
after subconjunctival injection of 2.5 mg bevacizumab. 
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                    Fig 10. Method of in vivo examination of rat cornea by IVCM. 

In the sprouting study (III), IVCM was performed at time points 0, 6 and 12h 
and day 1, 2, 3, 4, 5 and 7 after suture placement, in order to follow the dynamic 
process of infiltrating cells and sprouting angiogenesis. In the capillary regres-
sion study (IV), IVCM was performed in all animals at the day of suture removal 
(0) and on day 7 and 21, to parallel the case report. Additionally, for more accu-
rate follow-up, 4 of 6 animals in the bevacizumab group were examined with 
IVCM daily after suture placement and on day 1, 2, 5 and 12 after suture removal 
and bevacizumab injection. In the case report (IV), the patient was examined 
with IVCM at the day of subconjunctival injection of 2.5 mg bevacizumab (day 
0) and on day 7 and 21 post-injection. 

Cells within lymph and blood vessels (I, II) and measurement of lumen con-
trast ratio (I) 

Lymph and blood particle diameter was measured once per cell and only for cells 
with distinct boundaries. The contrast ratio of the vessel lumen to the surround-
ing extracellular matrix was determined by the ratio of the 8-bit grayscale pixel 
value at the center of the vessel lumen to the pixel value of the ECM at a distance 
of one vessel diameter from the center of the lumen in a direction perpendicular 
to the direction of flow.  ImageJ software was used for this purpose (developed 
by Wayne Rasband MD, National Institutes of Health, Bethesda, available at 
http://rsb.info.nih. Gov /ij/ index.html ). Cell velocity in lymph vessels represents 
the velocity of cells that were in motion when images were viewed in sequence 
(stationary cells were not included). Cell velocity in blood vessels was deter-
mined by identifying individual moving cells in the center of blood vessels, and 
measuring their displacement in two successive image frames (200ms interval) to 
limit the influence of motion artefacts. 
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Quantification of vessel lumen diameter (I-IV) 

To investigate the effect of angiogenesis and regression on capillary vessel lumen 
diameter, and to assess lumen diameter of corneal lymph vessels, in vivo images 
were analysed as follows. In vivo image frames with distinct blood or lymph ves-
sels were selected from IVCM examinations. Within each image frame, the di-
ameter of all visible vessel lumen was measured at two to three locations along 
the vessel (spaced 100-150µm apart). A manual line tool was used for the meas-
urements using ImageJ software. The median or mean lumen diameter was calcu-
lated at different time points and was used in statistical analysis. 

In vivo analysis of inflammatory cell infiltration (III, IV) 

Quantification of in vivo inflammatory cell infiltration was made using two dif-
ferent methods:   

In vivo frames from day 0-4 were selected, depicting the identical limbal region 
in a given cornea.  Inflammatory cells were counted within a box (measuring 150 
µm  300 µm) placed in each image at the same location. The left side (long 
edge) of the box just touched the limbal vessel at the vessel-stroma interface. 
Cells were counted by two independent observers, with standardized brightness 
and contrast levels. Cells were identified as discrete, hyper-reflective, round or 
spindle-shaped structures. The mean cell count of both observers was reported, 
and the Bland-Altman method was used to determine the 95% limits of agree-
ment between observers (Altman & Bland 1986) (III).  

Semi-quantitative analysis from in vivo frames (400µm x 400µm) was per-
formed, using a grading of 0 (0-10 cells/frame), 1 (10-30 cells/frame), 2 (30-50 
cells/frame), or 3 (more than 50 cells/frame). The mean grade from two observers 
was used in the analysis (IV).  

Grading of neovascularization of rat corneas from photos (IV) 

Corneas were examined in the operating microscope at day 0 (day of suture re-
moval) and at days 7 and 21 to assess regression at the tissue level. The degree of 
visible blood vessels in the cornea was evaluated from photographs, counting the 
number of perfused vessels at the meridian half-way to the suture,  using a grad-
ing of 0 (no visible blood vessels), 1 (1 - 5 vessels), 2 (5 - 15 vessels), 3 (15 - 25 
vessels), or 4 (over 25 vessels).  

Identifying cell types (I, III, IV) 

To be able to identify specific structures in tissue, such as blood and lymph ves-
sels and inflammatory cells, different histology techniques are normally used. In 
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this thesis, whole mounted corneas were stained with immunohistochemistry 
(IHC) markers (antibodies recognizing specific cell antigens) for a variety of 
cells. LYVE-1(lymphatic vessels endothelial hyaluronan receptor-1) is the first 
specific hyaluron acid receptor to be characterized and is a powerful specific 
marker for lymphatic endothelium (Podgrabinska et al 2002). The cluster of dif-
ferentiation (CD) is a protocol used since 1982 (Bernard & Boumsell 1984) for 
identification of cell surface molecules present on different cell types. CD 
molecules can act in numerous ways, often as receptors, ligands (the molecule 
that activates a receptor) or cell adhesion molecules. The CD nomenclature was 
primarily intended for the classification of the many monoclonal antibodies 
(mAbs) generated by different laboratories around the world against epitopes on 
the surface molecules of leukocytes. Since then it has expanded and is now addi-
tionally used for many other cell types and include more than 350 unique clusters 
and subclusters. Ki-M2R recognizes mature macrophage surface antigen in rat 
tissue and specifically discriminates between monocytes and macrophages. NG2 
(nerve/glial antigen 2) is a high molecular weight, integral membrane chondroitin 
sulfate proteoglycan found on glial cells within the nervous system but is addi-
tionally expressed on the surface of pericytes. In addition, as a marker for smooth 
muscle cells and pericytes, α-SMA is used to characterize mature vessels. Colla-
gen IV is a major consitutent of the basement membrane along with laminins, 
proteoglycans and enactins and is used as a marker for blood vessel basement 
membrane in this thesis. 

Immunohistochemistry (I, III, IV) 

 After the final IVCM examination, animals were euthanized, eyes enucleated, 
corneas excised, dissected and immediately frozen to -70º C (Fig 11).  

 

Fig 11. Excised and dissected whole mount cornea prepared prior to immuno-
histochemistry. 
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Table 4: Cell types analysed in each specific paper. Primary and secondary antibodies, 
concentrations and origins of antibodies are included. 

 

At the time of staining, frozen corneas were thawed and rinsed in PBS; fixed in 
acetone; rinsed in PBS 3 times; blocked in 10 % normal donkey serum (Jackson 
ImmunoResearch Europe, Newmarket, UK) and incubated with primary antibod-
ies overnight. The next day, samples were rinsed, blocked, and incubated with 
secondary antibodies overnight. For double immunostaining, this procedure was 
repeated. For primary and secondary antibodies in each specific paper, please see 
Table 4. Imaging was performed using a laser-scanning confocal fluorescence 

Celltype Primary 
antibody 

Source Secondary 
antibody 

Source Paper 

Pan-
endothelial  

CD31/ 
PECAM1 
1/100 

Santa Cruz Bio-
technology Inc. 
Santa Cruz, CA, 
USA 

FITC 1/50 
Dylight 488 1/300 
Dylight 549 1/100 

Jackson      
Immuno       
Research 
Europe, New-
market, UK 

I, 
III,  
IV 

Lymphatic 
endothelium 

LYVE-1 
1/250 

Santa Cruz Cy3 1/100 
Dylight 549 1/300 

Jackson I 
 

Myeloid 
lineage  

CD11b 
1/100 

Santa Cruz 
 
 

Dylight 488 1/300 
Dylight 549 1/100 

Jackson III,  
V 

Dendritic cell CD11c 
1/100 

Abcam PLC 
Cambridge, UK 

Cy 3 1/100 Jackson III 

Hemato- 
poietic  

CD34 
1/50 

R&D Systems, 
Minneapolis, MN, 
USA 

Cy 3 1/100 
Dylight 549 1/100 

Jackson III 

Pan-leukocyte CD45 
1/200 

Millipore AB, 
Solna, Sweden 

Dylight 549 1/100 Jackson III 

Mature pan-
macrophage 

Ki-M2R 
1/200 

Abcam Dylight 488 1/300 Jackson III, 
IV 

Mature pan-
macrophage 

CD68 
1/50 

Abcam Dylight 488 1/300 Jackson IV 

Mature 
pericyte 

NG2 
1/100 

Millipore Dylight 649 1/300 Jackson III, 
IV 

Smooth 
muscle cell 

α-SMA 
1/50 

Dako Denmark, 
Glostrup, DK 

FITC 1/50 Jackson III 

Basement 
membrane 

Collagen IV 
1/400 

Abcam Dylight 488 1/300   Jackson IV 
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microscope (Nikon Eclipse E600 or Zeiss LSM 700) equipped with 60x/1.40, 
40x/1.30 NA oil-immersion, 20x/0.75 NA or 10x/0.75 NA objective lenses.  In 
all cases, control samples were used, and omission of the primary antibody 
eliminated cell-specific staining. 

In vivo and ex vivo correlation of corneal structures (I, III, IV) 

To be able to interpret structures observed in vivo, a method for comparison of in 
vivo and ex vivo images has been developed. Following in vivo examination, the 
rat was euthanized and the entire cornea with scleral rim was removed, keeping 
the suture in place when applicable (I, III). The full-thickness cornea was then 
prepared for flat-mounting to preserve the en face view, and processed for double 
immunohistochemistry staining using specific markers for different cell types. 
The suture area was located with a confocal laser-scanning fluorescence micro-
scope (Nikon Eclipse E600 or Zeiss LSM 700), and the focal depth was adjusted 
to locate vascular structures (I, III). In IV, where the suture had been removed 
and vessels had regressed, characteristic remaining perfused vessels and ghost 
vessels were used as points of reference.  Blood (CD31+++) and, in I, lymph 
(CD31+/LYVE-1+++) vessels were observed in the immediate vicinity of the su-
ture. Concurrently, archived in vivo confocal microscope images were manually 
searched to locate the same microscopic region adjacent to the suture. Characte-
ristic blood vessel branches and bends were used as points of reference. Once the 
identical region was found, a direct comparison of in vivo and ex vivo images 
was possible, revealing the in vivo morphology of both blood-carrying ves-
sels/sprouts and lymph vessels containing white blood cells (I). Similarly, in III 
and IV an exact correlation of pericyte-covered vessels was possible as well. Ad-
ditionally, in III, budding limbal loops and the cells in and around them were 
exactly correlated with ex vivo stainings. Finally, in IV a correlation (not exact 
but similar) was performed of macrophages lining regressing vessels and empty 
basement membrane tubes. 

Statistical analysis (I-IV) 

Statistical analysis of vessel parameters (I) and lumen diameter (I-IV) was per-
formed using an independent t-test where values were normally distributed and 
the non-parametric Mann-Whitney rank sum test otherwise. In IV, one-way 
ANOVA was used to evaluate between-group differences in lumen diameter and 
inflammatory cell infiltration where data was normally distributed and the non-
parametric Mann-Whitney rank sum test otherwise. In addition in IV, pairwise 
multiple comparisons were performed using Dunn's Method. Normality was de-
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termined by the Kolmogorov-Smirnov test. All comparisons were performed us-
ing statistical software (SigmaStat, Syastat Software Inc. Chicago, IL, USA) and 
a two-tailed value of P < 0.05 was considered statistically significant. 
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RESULTS 

In this thesis a new method of in vivo cellular level characterization of inflamma-
tory corneal angiogenesis is introduced. Lymph vessels, sprouting angiogenesis 
and capillary regression have been assessed in a rat model and explored in an 
inflammatory model, in vivo. To characterize the cells observed, corneal regions 
examined in vivo have been compared with ex vivo immunohistochemical stain-
ings, thereby allowing specific ex vivo interpretation of in vivo findings. In addi-
tion, findings from the experimental studies have been possible to apply in a 
clinical setting, where lymph vessels, blood vessels and inflammatory cells have 
been observed in the human cornea. 

Study I:  

Much emphasis has been made in evaluating corneal neovascularization in the 
slit-lamp. Lymph vessels and lymph  fluid, however, are transparent and there-
fore elude discovery. Moreover, details of cell types and cell transport within 
lymphatics are difficult to investigate in a living system. Lymphatic presence is 
deemed a risk factor for corneal transplant rejection and identification can help 
in preoperative risk assessment.  The first goal in our study was hence to explore 
whether corneal lymphatics could be detected in vivo despite their invisibility by 
conventional microscopy. Can their features be described in a way that could 
help us to distinguish them from blood vessels? 

Fourteen days after suture placement, aggressive neovascularization was ob-
served in the area between the limbus and suture. IVCM of the vascularized re-
gion was performed and in vivo images were compared to whole mount ex vivo 
immunohistochemical stainings with the pan-endothelial marker CD31 and lym-
phatic marker LYVE-1. Once the suture and identical microscopic region in vivo 
and ex vivo was found, a direct comparison of the two was possible, revealing 
vessels with thicker walls (CD31+++ /Lyve-1- ) containing erythrocytes and leuko-
cytes,  and dark, thin-walled lymph vessels (CD31+ / Lyve-1+++)    harbouring leu-
kocytes but no apparent erythrocytes (Fig 12). Once the in vivo morphology of 
lymph vessels was revealed, a prospective experiment was done to further char-
acterize the IVCM appearance of these vessels. Lymph vessels had a dark lumen, 
no discernible vessel walls in vivo (non-light-scattering), had irregular diameter 
and contained reflective cells (presumed leukocytes) of roughly uniform size 
with a slower movement compared to the flow within blood vessels. Quantitative 
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in vivo analysis of corneal blood and lymph vessels showed that the lumen of 
blood vessels was on average four times as reflective as the lymph vessel lumen 
in the same corneal region (p< 0.001). Cell velocity in lymph vessels was signifi-
cantly reduced compared to blood particle movement (p< 0.001).  

From these findings, it was demonstrated that corneal lymph vessels have 
morphologic characteristics distinct from blood vessels, making them possi-
ble to identify by IVCM in live, unlabeled tissue. 

 

Fig 12. In vivo (a) and ex vivo (b,c) confocal image correlation. Features of blood ves-
sels (a,b asterisk) aided in the location of the same tissue region. Lymph vessels (white 
arrows) had a darker lumen, thinner vessel wall, and harbored fewer cells compared to 
blood vessels in vivo (a). Lymph vessels were identified ex vivo by CD31+/LYVE1+++ 
staining (b,c). 

Study II 

With increasing knowledge of the in vivo appearance of corneal lymph vessels in 
the rat model, routine IVCM examination of patients presenting with corneal  
neovascularization in the clinic was initiated.  
On one occasion, IVCM was performed at the Linköping Eye Clinic, in a 55 year 
old woman three weeks after subconjunctival injection of 2.5 mg bevacizumab 
due to neovascularization as a complication after corneal re-transplantation. 
IVCM examination revealed numerous blood vessels and vessel structures with 
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characteristics closely resembling lymph vessels, as previously observed (I). The 
presumed lymphatics, found in the superior limbal cornea, had thin walls, varia-
ble vessel diameter, a dark lumen and contained no erythrocytes. Instead lymph 
vessels contained round or oval-shaped cells with reflective nucleus and cell 
membrane and a dark cytoplasm. These vessels were in stark contrast to the sur-
rounding blood vessels, equipped with thick vessel walls, uniform lumen diame-
ter and exhibiting a constant high flow rate of erythrocytes. The inflammatory 
cells present within the presumed lymph vessels had similar appearance and size 
compared to the cells analyzed in lymph vessels in our previous, animal model. 
Although immunohistochemical confirmation was not possible in the patient, the 
observed in vivo morphology provided strong evidence to support the assump-
tion that the observed vessels were corneal lymphatics.  
In this case report, presumed human corneal lymph vessels harboring cells 
were visualized by IVCM and reported for the first time. 

Study III 

In this study we aimed at exploring the first steps in corneal angiogenesis after 
inflammatory initiation, by performing time-lapse IVCM of the same corneas at 
repeated time points. Over 62 000 IVCM images from 14 animals, examined at 
nine different time points were analyzed. The goal was to assess the intimate re-
lation between inflammatory cells and capillary sprouts over time and to deter-
mine whether it would be possible to track the same vessels repeatedly to image 
the inflammatory and capillary sprouting process as blood vessels evolved. Addi-
tionally, we employed the comparative method described (I) to identify the dif-
ferent cell types observed in vivo.  
Within 6 hours after induction of inflammation, and peaking at day 1, 
CD11b+/CD45+ bone marrow derived myeloid cells extravasated and formed en-
dothelium-free corneal stromal tunnels directed towards the suture. Cells in close 
proximity to parent limbal vessel walls were round with a hyper-reflective nuc-
leus, while cells in the stroma had both round and spindle-shaped forms. The first 
cells to reach the suture were rounded and formed “string-of-pearls” configura-
tions seeming to occupy single tunnels. The infiltrate was composed mainly of 
myeloid cells (CD11b+/CD45+) negative for dendritic (CD11c), hematopoeitic 
(CD34) and pan-macrophage (Ki-M2R) markers. In addition, smaller populations 
of CD11b+CD11c+ and CD11b-Cd11c+ dendritic cells were noted. At day 7, Ki-
M2R+ mature macrophages were found aggregating around the suture having a 
characteristic appearance in vivo with a hyper-reflective rounded, slightly irregu-
lar shape, and a hypo-reflective center.  
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Limbal vessel diameter tripled on day 2 – 3 as vascular buds emerged, which 
transformed into perfused capillary sprouts less than one day later. During the 
period of sprout growth toward the inflammatory stimulus from day 3 to 7, hy-
per-reflective, spindle-shaped cells aligned parallel to sprout walls. Immunostain-
ing revealed that some CD11b+ cells appeared to incorporate into the sprout wall. 
As sprouts continued to grow towards the suture, a subset of spindle-shaped 
CD11b+ myeloid-lineage cells, but not dendritic cells or mature macrophages, 
appeared to directly guide further capillary sprout growth. These cells were 
sometimes connected to the sprout tip extensions (filopodia) co-expressing endo-
thelial marker CD31. In vivo, the new capillary sprout lumen was perfused with a 
slow-moving fluid derived from feeder blood vessels. The fluid contained string 
like structures and rounded hyper-reflective cells. At day 7, the majority of the 
sprouts had developed into connected, mature, pericyte covered (NG2+/α-SMA+) 
vascular loops. A schematic of the observed process of sprouting angiogenesis in 
our model is given in Fig 13. 

CD11b+ myeloid cells infiltrate the stroma within hours after stimulus, con-
stituting a heterogeneous population of inflammatory cells. Corneal limbal 
vessels undergo rapid expansion, budding, and early sprouting phases, with-
out apparent direct physical contribution of inflammatory cells. After initial 
sprout formation, however, CD11b+ inflammatory cells of the early infiltrate 
appear to directly contribute to sprout guidance and vessel growth. Newly 
formed capillary sprouts are perfused with a slow-moving fluid and seem to 
contain a lumen. 

Study IV 

In order to fully understand the dynamic process of angiogenesis it is important 
to assess how blood vessels regress. How is inflammation associated with re-
gressing capillaries? What happens at the cellular level as blood vessels de-
grade? Can single regressing vessels be followed longitudinally in vivo? How 
does therapeutic intervention influence regression? The final study aimed at ob-
serving the in vivo appearance of cellular level events associated with capillary 
regression over time.  
Natural capillary regression was initiated by removal of inflammatory stimulus 
during an active pro-angiogenic phase (day 7 after suture placement). In addition, 
the contributing impact of anti-angiogenic treatment with triamcinolone or beva-
zicumab was investigated. Capillaries regressed naturally within one week after 
suture removal and treatments did not further enhance the natural regression 
process. On the contrary, a delayed regression was observed in the bevacizumab 
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treated group. A small parallel study on the effect of topical bevacizumab in 
sprouting angiogenesis revealed no effect on blood vessel formation in our mod-
el. At three weeks, when examining corneas in the operating microscope, all cor-
neas seemed to be populated mainly by non-perfused ghost vessels. IVCM of the 
same samples, however, revealed a surprising number of thin, perfused blood 
vessels remaining, many with single-erythrocyte flow. Morphologically, early-
phase regression was characterized by significant lumen narrowing and a reduc-
tion in CD11b+ myeloid cell infiltration of the ECM. By one week, vascular re-
modeling occurred concomitant with CD11b+CD68+KiM2R+ mature macrophage 
localization to capillary walls. Furthermore, by three weeks of regression, ma-
crophages aggregated around remaining perfused capillaries and were observed 
in apposition with degrading capillary segments. Empty conduits without blood 
flow, positive for collagen IV and devoid of vascular endothelium and pericytes, 
were apparent in vivo (but not in the operating microscope) and by three weeks 
were more numerous than perfused capillaries. Abrupt termination of inflamma-
tory stimulus in our regression model further revealed vascular endothelial aban-
donment of sprout tips (pruning) and perfused capillary loop formation within a 
single angiogenic sprout as a possible sign of intussuceptive angiogenesis (Fig 
14). Finally, paralleling the animal model, the effect of anti-angiogenic treatment 
in a clinical setting was also evaluated in vivo. A patient was followed with 
IVCM after a single sub-conjunctival injection of bevacizumab due to neovascu-
larization secondary to corneal retransplantation. In the clinical case, we ob-
served significant lumen constriction at day 7 and no further constriction of lu-
men diameter at day 21 after bevacizumab injection.  At day 21, many inflamma-
tory cells were still present in the corneal stroma. Additionally, macrophage loca-
lization on capillary walls in the patient paralleled findings in our murine model. 
IVCM of inflammatory capillary regression reveals how CD11b+ cells are 
associated with a pro-angiogenic environment resistive to regression and 
how single sprouts transform into perfused vascular loops as a sign of intus-
susception. Furthermore, a network of empty conduits is seen after three 
weeks of regression, positive for collagen IV, but without vascular endothe-
lium or pericytes. Mature macrophages appear to remodel the capillary 
network and remove endotheilal cells from degrading vessel segments. Addi-
tionally, at day 21, the number of visible perfused blood vessels in the oper-
ating microscope is far less than the number of perfused vessels observed in 
IVCM of the same corneas.  



Results 

 

52 
 

Capillary sprouting 

 

Fig 13. Sequential images of inflammatory sprouting angiogenesis observed in vivo 
(III). At 6h, rounded and elongated CD11b+ cells (red) infiltrate the cornea all the way 
to the suture, sometimes forming dark stromal tunnels (grey). At 3d, limbal vessel di-
ameter has expanded with formation of overlying stromal bridges visible and buds on 
the vessel wall. The stroma is densely infiltrated by CD11b+cells (red). At 4d, limbal 
vessel expansion has decreased and sprouts are seen in the corneal stroma at the position 
of earlier buds, appearing to be guided by elongated CD11b+ cells, arranged linearly in 
the direction of sprout growth, with some cells in close proximity to the sprout wall. 
Sprouts are perfused by hyperreflective cells of varying size and “strings”. Some sprout 
tip projections are attached to CD11b+ CD31+ cells (yellow). At 7d, the cornea is fully 
vascularised to the suture with looped vessels. CD11b+ cells populate the stroma in 
close relation with the vessel walls. Mature macrophages are seen in the suture area. 
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Capillary regression 

 

Fig 14. Sequential images of capillary regression observed in vivo (IV) 0d: suture re-
moval and injection day.  7d: CD11b+ myeloid infiltration is markedly reduced paral-
leled by a significant decrease in vessel lumen diameter. CD11b+/Ki-M2R+/CD68+ 
macrophages are seen on vessel walls. Vascular loop formation is observed in single 
sprouts. 21d: Remaining perfused vessels are pericyte covered (NG2+). A network of 
collagen IV+/CD31- /NG2 - empty membrane tubes are observed. CD11b+/Ki-
M2R+/CD68+ macrophages are seen in close apposition with degrading vessels.  
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DISCUSSION 

Numerous assays have been developed, both in vitro and in vivo, to study differ-
ent aspects of angiogenesis (see introduction p 32-35). Every model has its ad-
vantages and disadvantages and none of the assays are perfect in the sense that 
angiogenesis occurs in the correct context and can be fully documented. Conse-
quently, there is a need for new angiogenesis assays and new in vivo imaging 
techniques for evaluating neovascularization in a physiologic setting, where, for 
example,  flow and shear-stress dependent remodeling as well as tissue response 
feed-back mechanisms can be studied non-invasively. 

Advances in non-invasive, in vivo microscopy have enabled the repeated imag-
ing of live human (Guthoff et al 2009) and animal (Guthoff et al 2009, Labbé et 
al 2006) tissue without the use of exogenous contrast agents, but with the draw-
back that images contain purely morphological information without molecular-
level specificity (Guthoff et al 2009, Masters 2009) . For clinical applications to 
develop, a good animal model is needed that parallels human pathology, so that 
cells can be identified in animal samples in cases where removal and staining of 
human tissue would be impossible. Our model has the advantage of allowing 
high resolution documentation of cellular activities in vivo, including time lapse 
imaging with the in vivo confocal microscope. Fixation and immunostaining of 
whole mounts allows identification of the cells in the same location as docu-
mented in vivo. In this way, cell characterization of the dynamic events in angi-
ogenesis has been possible in untouched tissue, where contributing surrounding 
factors have been able to act without any interference.  As the microscope used in 
IVCM is a clinically approved instrument, used to examine patients, findings 
from the experimental bench can be applied in a clinical setting.  

In this thesis, the in vivo model was used in a purely descriptive manner, to ex-
plore the range of potential phenomena that could be investigated. The technique 
has led to many novel observations, and provides a basis for further evaluation at 
the mechanistic, factor and receptor level 
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In vivo imaging of lymph vessels (I, II) 

Unlike corneal blood vessels, which can be easily visualized by slit-lamp bio-
microscopy, corneal lymph vessels have been impossible to detect clinically due 
to the transparency of lymphatic vessels and the lymph fluid. In vivo detection of 
lymph vessels could help in risk assessment of corneal transplant patients since 
they represent the afferent pathway of the immune system and hence can contrib-
ute to transplant rejections (Yamagami & Dana 2001, Yamagami et al 2002, 
Niederkorn 2003, Cursiefen et al 2003, Cursiefen et al 2004a, Hos et al 2008, 
Dietrich et al 2010). Furthermore, in vivo visualisation of lymph vessels can have 
a general application in providing additional knowledge about lymph vessel 
morphology and behaviour.   
Attempts have been made to correlate in vivo morphology with ex vivo staining 
of histologic sections (Masters 2009, Messmer et al 2006) or immuno-
fluorescence from impression cytology (De Nicola et al 2005, Guthoff et al 2006) 
but so far an exact correlation has not been possible due to the technical difficulty 
in imaging the identical tissue region in the same anatomical view and with simi-
lar resolution (Masters 2009).  We found that by providing the identical en face, 
high-resolution confocal microscopic view of the same cornea region, both in 
vivo (by endogenous scatter) and ex vivo (by fluorescence), a direct correlation 
of tissue morphology was possible and thereby the identification of corneal 
lymph vessels in vivo (I). After the confirmation of lymph vessels by immunhis-
tochemistry analysis, additional experiments confirmed the possibility to detect 
and longitudinally monitor corneal lymph vessels and their cells prospectively, 
without staining. Both corneal and conjunctival lymphatics have been observed 
with the in vivo technique. Limbal conjunctival lymph vessels are normally lo-
cated parallel to the limbus and often appear as big, wide, bulging vessels with 
visible cells and valves (Fig 15, p 64). Following invasion into the cornea, lymph 
vessels have a smaller diameter and are less bulging, probably due to the more 
compact corneal ECM and recently formed nature of the vessels.  
The fact that corneal lymphatics can have clinical implications in risk assessment 
for corneal transplant or for post-operative follow up in corneal transplant pa-
tients (Yamagami & Dana 2001, Yamagami et al 2002, Cursiefen et al 2003, 
Niederkorn 2003, Cursiefen et al 2004a, Hos et al 2008, Dietrich et al 2010) in-
spired us to attempt to detect lymph vessels in vivo in the clinics. Interestingly, 
lymphatic vessels were possible to detect in vivo in a corneal transplant patient 
with neovascularization. Immunohistochemical confirmation of the presumed 
lymphatics was not possible; however, the observed in vivo morphology in rela-
tion to findings in the animal model provided strong evidence to support the pre-
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sumption. Further examination of vascularized corneas by IVCM in the clinics is 
required to confirm the findings. In the cases where lymphatics were observed 
prospectively (I), the path of the vessels was followed in an attempt to trace their 
entire course from the conjunctival lymphatics to the suture region. In practice, 
however, this was difficult due to the three-dimensional course of the vessels, 
and the presence of intervening blood vessels and non-transparent areas of ECM 
that served to obscure the lymphatics. In the future, tests are required to deter-
mine the feasibility of in vivo quantification of lymph vessel presence and den-
sity. 

Hemangiogenesis (III, IV) 

We have introduced an in vivo technique to longitudinally track single vessels in 
order to evaluate the cellular sequence of events associated with sprouting and 
regressing capillary hemangiogenesis (III, IV).  

Sprouting angiogenesis (III) 

Surprisingly, in this study limbal vascular loops tripled their diameter within 2-3 
days after suture placement. Subsequent vessel constriction, coinciding with the 
emergence of sprouts from vascular buds, indicated a burst-like process of capil-
lary sprout formation. Vascular bud endothelium was CD11b-, suggesting that 
the vascular endothelium of newly formed sprouts originated from proliferation 
of existing endothelium (Ausprunk & Folkman 1977) and not from CD11b+ cells 
that at a later time point, however, were seen contributing to sprout growth. An-
other interesting finding was the appearance of newly formed hemangiogenic 
sprouts. They seemed to harbour a slow-moving fluid with distinct cells and 
string-like structures, directly connected to the parent vessel flow. In some in-
stances, sprouts seemed to be open-ended, ejecting material into the ECM. To 
our knowledge this is the first in vivo imaging of sprout perfusion. Future studies 
would aim at exploring the time-lapse event of subsequent initiation of blood 
flow in newly formed sprouts.  

One of our major findings was how CD11b+ bone marrow derived myeloid cells 
seem to contribute to sprouting angiogenesis in numerous ways. For many years 
it has been known that inflammatory cells contribute to angiogenesis by secreting 
pro-angiogenic factors (Jackson et al 1997, Sunderkötter 1994, Moldovan 2000, 
Capoccia et al 2006) and the cells are known to contribute to vessel formation in 
a number of conditions such as cancer (Zijlstra et al 2006, Mac Donald et al 
2010, Squadrito & De Palma 2011), eye diseases (Cursiefen et al 2004a, Cursie-
fen et al 2004b, Ambati et al 2003)  and pregnancy (Hanna et al 2006).   As early 
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as 1977, Polverini et al demonstrated how activated macrophages injected into 
the cornea resulted in robust neovascularisation (Polverini et al 1977). More re-
cently, Cursiefen et al observed how blocking of CD11b+ myeloid cells promptly 
inhibited corneal neovascularization after intrastromal suture placement (Cur-
siefen et al 2004b). Already six hours after inflammatory induction, CD11b+ cells 
were shown to pre-pattern the ECM, forming endothelial-free stromal tunnels, 
probably by breaking down tightly-packed collagen lamellae and perhaps provid-
ing conduits for future sprout growth. These findings are similar to tunnels in-
duced in matrigel and myocardial tissue by monocytes after chemotactic and 
proangiogenic factor stimulation (Moldovan et al 2000, Anghelina et al 2004, 
Anghelina et al 2006). The observation indicates a possible early link between 
myeloid cells and hemangiogenic sprouting in the cornea where CD11b+ cells 
may provide pre-formed tunnels as well as paracrine support for the expansion of 
vascular networks. Furthermore, sprout tips were shown to possibly be given di-
rectional cues by CD31+ projections (filopodia) extending toward CD11b+ mye-
loid cells, likely due to cellular secretion of pro-angiogenic factors such as VEGF 
(Gerhardt et al 2003). The findings may also imply that CD11b+ cells physically 
take part in the sprouting process, a hypothesis for which further investigation is 
required. 

An additional sign of transdifferentiation potential was the apparent incorpora-
tion of CD11b+ cells into the sprouting vessel wall and presumed co-expression 
of CD31 (as a sign of vascular endothelial transformation) in a subset of these 
cells, attached to the sprout tip filopodia. This may indicate a progenitor-like ori-
gin, a concept supported by several studies (Fernandez Pujol et al 2000, Sch-
meisser et al 2001, Fujiyama et al 2003, Zhao et al 2003, Anghelina et al 2006). 
Expression of CD11b on sprout tip endothelium, but not on stalk cells, provides 
further evidence of transdifferentiation of CD11b+ cells into vascular endothe-
lium. Examining the expression of additional endothelial-lineage and progenitor 
cell markers would allow a closer investigation of this phenomenon.  
Inflammatory capillary sprouting is a complex process including a number of 
cellular events where an intimate relation between myeloid cells and growing 
sprouts has been observed in this thesis. This technique may expand the experi-
mental and eventual clinical possibilities of studying angiogenic processes at the 
cellular level in vivo. 
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Capillary regression (IV) 

In capillary regression, in which myeloid cells (macrophages) similarly have a 
prominent role (Lang & Bishop 1993, Meeson et al 1996, Lobov et al 2005, Shen 
et al 2007, Davies et al 2008), multiple steps are taking place in order to degrade 
the vascular structures. Blood vessel regression was successfully observed (IV) 
using the time-lapse in vivo method (III). We have indications that IVCM is su-
perior to clinical observation in assessing remaining perfused blood vessels after 
three weeks of regression. There was an obvious discrepancy between the num-
bers of observed, perfused blood vessels in the operating microscope as opposed 
to the IVCM findings, the latter method revealing a larger number of remaining 
vessels with perfusion. This points to IVCM being a more accurate and precise 
method compared to the slit lamp (Dastjerdi et al 2009, Tatham et al 2011) for 
evaluating corneal angiogenesis in the clinics. This finding could have implica-
tions in clinical determination of the effectiveness of anti-angiogenic treatment or 
clinical assessment of the suitability of a cornea for transplantation. Corneas with 
active blood vessels have a much poorer prognosis for graft survival than corneas 
with an intact immune privilege (Niederkorn 2003, Cursiefen et al 2004a, Chong 
& Dana 2008, Hos et al 2008). Another finding in the study was the rapid natural 
regression of capillaries, unaffected by the treatment with anti-angiogenic agents. 
On the contrary, capillaries within the bevacizumab treated group regressed in a 
slower fashion, probably due to the injection itself and to an absence of effect 
caused by species-specific anti-VEGF sensitivity (human) (Yu et al 2009). This 
was confirmed by the similar lack of effect of topical bevacizumab in sprouting 
angiogenesis in our model. An additional reason for the absent effect of bevaci-
zumab could be the dense infiltration of CD11b+ myeloid cells, which have been 
shown in tumour models to be an important mediator of anti-VEGF refractori-
ness (Shojaei et al 2007, Ferrara 2010). The infiltration of CD11b+ cells seemed 
to parallel the degree of vascular regression. As myeloid cell infiltration declined, 
vessel lumen diameter and blood flow decreased. The reverse phenomenon oc-
curred after subconjunctival injection of bevacizumab, where inflammatory cell 
infiltration increased post-injection parallel to lumen diameter re-expansion and 
increased flow. This suggests a pro-angiogenic role in the myeloid cell popula-
tion and that targeting CD11b+ myeloid cells may be an effective strategy in 
combating pathologic angiogenesis. 

Under angiogenic conditions, monocytes/macrophages are known to support ves-
sel formation by releasing growth factors and physically interacting with the 
sprouting vessels (Moldovan et al 2000, Anghelina et al 2004, Anghelina et al 
2006). Conversely, in an anti-angiogenic environment, macrophages have been 
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observed to take part in degradation and phagocytosis of regressing blood vessels 
(Lang et al 1993, Meeson et al 1996, Shen et al 2007, Davies et al 2008, 
Ausprunk et al 1978). In our study, mature macrophages were found in close as-
sociation with regressing capillaries and vascular remnants and appeared to take 
part in vessel degradation. Some of these macrophages were observed in vivo 
with pseudopodia-like extensions connecting to vascular endothelial cells, and 
others appeared co-located with CD31+ vessel fragments. Our model could be 
used to study the dynamic activity of various macrophage subtypes in pro- or 
anti-angiogenic environments.  

As capillaries regressed, additional interesting in vivo morphologic changes were 
observed, such as capillary loop formation within single sprouts, and the aban-
donment of immature capillaries leaving a network of empty collagenIV+/CD31-

/NG2- basement membrane tubes. The possible sign of intussusception within 
capillary loops may be due to the sudden drop in angiogenic factors after cessa-
tion of inflammatory stimulus and may contribute to vessel survival without the 
need for proliferation of vascular endothelial cells. To our knowledge, this is the 
first report of intussusception in capillary loop formation and may parallel the 
response seen in tumour vasculature after anti-angiogenic treatment (Hlushchuk 
et al 2008). In this model we have a reliable and repeatable method for inducing 
intussusception and it could be used to determine factors inducing this event in 
the cornea, of which there is no current knowledge.  The network of empty ves-
sels (CD31-/CollagenIV+/NG2-) observed after three weeks of regression has 
similarities with earlier reported “string vessels” in other tissues (Ausprunk et al 
1978, McDonald & Choyke 2003, Brown 2010). Interestingly, remaining mature 
CD31+/CollagenIV+/NG2+ capillary loops were perfused and seemed to be resis-
tive to regression at this time point. The finding is in accordance with earlier re-
ports indicating how vascular endothelial cell death is preceded by platelet stick-
ing and stasis of blood flow (Ausprunk et al 1978, Meeson et al 1996). The emp-
ty membrane tubes may provide a scaffold for regenerating vessels and thereby a 
route for rapid re-vascularization. Consequently, in vivo observation of this net-
work may have implications in the clinics when evaluating patients at risk for a 
relapse of corneal angiogenesis.  
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The following conclusions can be drawn from the results presented in this thesis: 

 
1) Corneal lymphatics can be identified and characterized in vivo in animals 

and in patients, without exogenous labelling.  
2) It is possible to track a single vessel in vivo over time as sprouting or regres-

sion occurs.   
3) CD11b+ myeloid cells likely contribute to corneal inflammatory capillary 

sprouting and regression in numerous ways including pre-patterning of the 
ECM  

4) Newly formed corneal hemangiogenic sprouts are perfused and seem to have 
a lumen.   

5) Infiltrating CD11b+ cells appear to maintain a pro-angiogenic environment 
resistive to regression  

6) Capillary remodeling by abandonment of sprout tips and vascular loop for-
mation by presumed intussusceptive angiogenesis occurs in vessel regres-
sion.   

7) An extensive network of pericyte-free basement membrane tubes is formed 
after abandonment of vascular endothelium in former corneal capillaries.   

8) Insights from the studies have been possible to apply in a clinical setting 
when examining patients with corneal pathology. 
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NEW INSIGHTS AND FUTURE    
PERSPECTIVES 

The in vivo/ex vivo technique for studying lymphatics and inflammatory corneal 
angiogenesis introduced in this thesis has not been previously described. We be-
gan with the intention to evaluate a new way of imaging corneal angiogenesis 
and this led to novel in vivo findings about lymph vessels and about blood vessel 
behaviour in growth and regression. As the method is new, and so far, purely ob-
servational, many questions remain to be answered. In this section, some of the 
avenues for further research regarding the introduced method will be discussed. 

Lymphatics 

Lymphatic research signifies a new, vibrant field of discovery and has attracted 
substantial attention during the past few years due to the role of lymphatics in 
fluid homeostasis, tumor metastasis and transplant rejections (Alitalo et al 2005, 
Chen 2009). In the eye we are, however, only just beginning to understand the 
lymph vessels in terms of their harboring cells (Steven et al 2011), valves 
(Truong et al 2011), and the differences between corneal and conjunctival lym-
phatics.  With the IVCM method, vessel structures, lymphatic valves and the dif-
ferent subtypes of cells they transport can be imaged in high resolution without 
interfering markers. In a recent study, valves were observed in newly formed 
corneal lymphatics by ex vivo staining (Truong et al 2011). These have been 
possible to identify in limbal lymphatics in our model, where cellular flow and 
valve movement have additionally been studied (Fig 15). Another area of recent 
research activity is to characterize cells transported within lymphatics, and al-
though this has been attempted (Steven et al 2011), a convincing demonstration 
of analysis of cell types within lymph vessels has yet to be described. By IVCM, 
cell morphology can be visualized in a clear, native manner, without any contrast 
or resolution reduction from strongly fluorescing antibodies (Fig 16). It remains 
to be elucidated, however, how these cells can be further characterized according 
to their specific subtypes. 
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Fig 15.  Limbal conjunctival lymph vessels in non-inflamed cornea and their valves. a) 
Photograph of a limbal lymph vessel (white arrow) that is possible to observe without 
staining in a clinical microscope in a small fraction of rats b) Corresponding in vivo 
appearance of the same vessel (asterisk) with visible valves (green arrows). Note the 
close location to the vessel bend. A video of the operating valve indicates directed fluid 
flow away from the cornea. c) Limbal lymph vessel with visible valves (green arrows). 
Image size 400 x 400 µm. 

 

Fig 16 . a) Non-inflammatory native limbal lymph vessel. Note that cells are transported 
within lymphatics both individually and as clusters of cells (green arrowhead). Pre-
sumed valve (green arrow) b-d) Inflammatory corneal lymphatics (white arrows) har-
bouring cells with varying morphology. In some vessels larger cells are seen carrying 
small particles (yellow arrowheads). Image size 400 x 400 µm. 

 

In future studies, the model can possibly be used to define growth and regression 
of the lymphatic vasculature by longitudinally studying lymph vessel sprouting, 
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subsequent growth, and regression, as in hemangiogenesis. In this manner it may 
be possible to explore the nature of lymphatics in a natural setting where new 
insights of inflammatory cell contribution to lymphatic vessel formation can be 
obtained, as described by Maryuama et al 2005. In addition, cell transport over 
the lymphatic vascular membrane (Steven et al 2011) and possibly the spread of 
tumour cells via lymphatics could be visualized.  

Hemangiogenesis 
 
In the future we aim at time-lapse imaging of vascular loop formation to explore 
the morphology, timing, and cells associated with such events. We have in one 
case been able to observe the in vivo time-lapse formation of a blood vessel loop 
from two connecting sprouts (Fig 17). Recent descriptions of macrophage-tip cell 
interactions, especially where two tip cell filopodia make contact, has raised the 
hypothesis that macrophages act as “bridge cells”, facilitating the contact and 
possibly stabilizing nascent connections (Checchin et al 2006, Fantin et al 2010, 
Schmidt & Carmeliet 2010). In vivo/ex vivo observation of macrophages in their 
varying roles in angiogenesis, and possible related morphologic appearance, 
could provide further insights into how to differentiate them by morphology in 
vivo. 
The first cells to invade the corneal stroma shortly after wounding are known to 
be neutrophils. It has been observed how these cells preferentially are located in 
the anterior part of the stroma and seem to move in close contact with collagen as 
well as keratocytes, the latter by the aid of cell adhesion molecules, as described 
in a corneal epithelial abrasion model (Petrescu et al 2007). In our study, with 
more severe wounding (suture), CD11b+ cells were seen lining up in straight 
rows towards the growth factor gradient in the most anterior part of the stroma, 
as opposed to deeper down, where inflammatory cells were seen migrating prefe-
rentially along the network of keratocyte cell bodies (Fig 17). The significance of 
this finding in the deeper stroma, with typically fewer vessels than the anterior 
stroma, remains to be elucidated. Additionally, very little is known about the re-
lationship between keratocytes and inflammatory cells in angiogenesis. 
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Fig 17 : In vivo observation of a vascular loop being formed. a) Two sprouts (white 
arrows) are emerging from the limbal arcade (asterisk) b) The superior sprout is extend-
ing filopodia (yellow arrow) toward the inferior sprout-tip. c) A dark tunnel is formed 
(green arrow), appearing to connect to the inferior sprout d) A connected loop has 
emerged with visible blood flow confirmed by video analysis (red arrows). Note the 
short time lapse frame for loop formation. Image size 400 x 400 µm 

 

 

Fig 18. In vivo appearance of migrating myeloid cells. a) At day 5, CD11b+ cells (white 
arrows) are seen in the superficial stroma, migrating in straight lines towards the in-
flammatory stimulus. b) At day 7, in the deeper stroma, inflammatory cells (white ar-
rows) appear to migrate in close association with keratocyte cell bodies connected in a 
network (blue arrows). Image size 400 x 400 µm. 
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We also have an indication that stromal degradation and, hence, tunnel formation 
by early infiltrating inflammatory cells is MMP-dependent (Lindsey et al 2001, 
Johnsson et al 2004). Immunostaining with MMP9 in our sprouting study im-
plied the possibility of this matrix metalloproteinase to play a role in ECM de-
gradation (results not shown). Investigation of other MMPs (MT1-MMP, MMP2) 
(Davies & Saunders 2006, Samolov et al 2005) and MMP blocking strategies 
(TIMP) would be an interesting approach to inhibit inflammatory cell infiltration 
in an early phase in our model and to explore the resulting effect on sprouting. 

Several anti-angiogenic treatments are currently approved and used for malig-
nancies as well as for eye diseases (introduction p 26-27). IVCM has the poten-
tial of documenting the mode of action and efficacy of such treatments. Of spe-
cial interest is the blockade of CD11b+ myeloid cells which has been shown to 
inhibit inflammatory corneal neovascularization (Cursiefen et al 2004b) and tu-
mor angiogenesis (Zeisberger et al 2006). Future studies would aim at targeting 
specific cells and receptors in this heterogeneous myeloid population, possibly as 
a primary or adjunctive therapeutic strategy for inhibiting inflammatory angioge-
nesis. Cellular level effects of such strategies could be examined by the IVCM 
technique and correlation procedure introduced in this thesis.  

The presumed sign of intussusception noted in single sprouts in the regression 
study (IV) is new and future studies would focus on detailed observation of such 
an event and the relation to sprouting and regression. 
One striking finding in the regression study was the formation of presumed emp-
ty membrane tubes, devoid of vascular endothelium and pericytes, expressing 
collagen IV. In an event of re-inflammation, could these structures serve as a 
scaffold, accelerating revascularization of the stroma? New studies using the 
IVCM technique might provide further insights into the nature and behavior of 
this earlier unknown but extensive network. 

The technique for in vivo/ex vivo correlations of corneal angiogenesis has many 
possibilities for further development. In order to define specific subtypes of 
CD11b+ inflammatory cells (neutrophils, monocytes, macrophage subtypes, anti-
gen-presenting cells, lymphocytes, endothelial progenitor cells, etc.), ex vivo 
immunostaining could be taken further with more specific antibodies.                                     

In this regard, switching to a mouse model would enable access to a broader 
range of antibodies and additionally to transgenic strains. Finally, the time lapse 
method could be extended to continuous in vivo observation for periods of sev-
eral hours or more, to witness dramatic angiogenic processes in greater detail as 
they unfold. 
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SVENSK SAMMANFATTNING 

Bakgrund 

Ordet angiogenes härstammar från grekiskans “angêion” (kärl) och ”genesis” 
(födelse) och beskriver nybildning av blodkärl eller lymfkärl från de som redan 
existerar i vävnaden. 1971 upptäckte Judah Folkman, känd som ”angiogenesens 
fader”, att cancersvulster överlevde och tillväxte på grund av sin förmåga att bil-
da nya blodkärl. Sedan dess har intresset att studera kärlnybildning tilltagit i takt 
med ökad kunskap om dess roll vid över 70 olika sjukdomar som cancer, in-
flammation, åderförkalkning och synhotande ögonsjukdomar. 
 
Vid normal, ändamålsenlig kärlnybildning, som sker exempelvis vid läkning av 
sår, uppstår nya blodkärl som tillför reparerande (inflammatoriska) celler och 
syre till vävnaden. Vid en rad olika sjukdomar bildas istället blodkärl med dålig 
kvalitet som läcker vätska, blöder lätt och kan bidra till tumörers tillväxt. Sådana 
blodkärl stjälper snarare än hjälper, och leder till att vävnader blir förstörda. I 
ögat ses sjuklig kärlnybildning vid ett flertal tillstånd i såväl hornhinna, regn-
bågshinna, näthinna som åderhinna och skadar ofta synfunktionen allvarligt, inte 
sällan med efterföljande blindhet. Några av de vanligaste orsakerna till blindhet i 
världen, som trakom (infektion i hornhinnan), åldersrelaterad förändring i gula 
fläcken och diabetes, beror just på sjuklig blodkärlstillväxt. Idag finns godkända 
läkemedel för behandling av kärlnybildning vid olika typer av cancer och ögon-
sjukdomar som ofta har god, men inte alltid tillräcklig effekt. Det finns därför 
fortsatt ett behov att utveckla nya blodkärlshämmande behandlingar. 
 
Hornhinnan kallas ofta för ”ögats fönster” och är helt beroende av att vara fri från 
blod- och lymfkärl för att bevara sin klarhet. Den hyser en rad reglerande meka-
nismer för att undvika överdriven inflammation och just kärlnybildning. Trots 
detta privilegium kan barriären ibland rubbas, som vid infektioner, skada och 
hornhinnetransplantation, då sjuka blod- och lymfkärl kan bildas.  
 
Lymfkärlen är viktiga för vätskebalansen i kroppen. De förekommer ofta paral-
lellt med blodkärl och återför den vätska som läcker ut från de minsta blodkärlen, 
kapillärerna, tillbaka till blodcirkulationen. Utan lymfkärl skulle vi dö inom 24 
timmar på grund av den vätskeförlust och svullnad som skulle uppstå. Lymfkär-
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len är också viktiga för ämnesomsättningen av fett och transporterar inflammato-
riska celler från olika organ till angränsade lymfkörtlar. På grund av lymfkärlens 
roll som transportör av immunceller bidrar de såväl till avstötningsreaktioner ef-
ter vävnadstransplantation (till exempel hornhinna) som till spridning av tumör-
celler, så kallad metastasering. Lymfkärl brukar nybildas parallellt med sjukliga 
blodkärl och ofta med lite fördröjd tillväxt i förhållande till blodkärlen. Då lymf-
kärlen är osynliga för ögat på grund av sina genomskinliga kärlväggar och väts-
ka, har det tidigare varit omöjligt att identifiera dem i hornhinnan med den spalt-
lampa som normalt används vid ögonundersökningar. 
 
För närvarande finns en rad olika tekniker och modeller för att studera kärlny-
bildning och hur läkemedel kan påverka blodkärlens tillväxt. Uppskattningsvis 
kommer en tredjedel av den kunskap vi har om kärlnybildning från studier med 
hornhinnan som modell. Än finns det dock inga metoder för att på cellulär nivå, i 
levande vävnad (in vivo) utan störande cellmarkörer, kunna undersöka lymf- och 
blodkärlens utseende och beteende över tid.  
 
De senaste åren har en rad moderna avbildningsmetoder utvecklats inom ögon-
specilatiteten, däribland konfokalmikroskopet. Detta instrument tar hjälp av en 
stark ljuskälla (ibland laser) och en avancerad optik för att få högupplösta bilder 
med upp till 600x förstoring. Med hjälp av denna teknik har man för första gång-
en kunnat avbilda hornhinnan i levande vävnad (in vivo) på cellulär nivå, där 
enstaka celler kan återges (se Fig 8, s 30), utan att först avlägsna hornhinnan och 
färga in den med specifika cellmarkörer. Mikroskopet är godkänt för undersök-
ning av patienter i kliniken. Nackdelen med tekniken är att man endast får en 
uppfattning om hur cellerna ser ut och inte exakt kan identifiera celltyperna. 

Syfte, Material och Metoder 
 
Huvudsyftet med avhandlingen var att utarbeta en ny metod för att studera lymf-
kärl och blodkärlsnybildning. Går det att med konfokalmikroskopet se lymfkärl 
in vivo? Hur beter sig blodkärl när de tillväxer och återbildas, och hur samspelar 
inflammatoriska celler med nybildning och tillbakagång av blodkärl? För att un-
dersöka detta jämförde vi bilder av hornhinnan från konfokalmikroskopet på le-
vande försöksdjur, med samma vävnad som infärgats med olika cellmarkörer 
efter att djuren avlivats.  
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För att framkalla blod- och lymfkärl, i den annars kärlfria hornhinnan, valde vi en 
tidigare välkänd djurmodell. Genom att placera en sutur (kirurgisk nylontråd) i 
hornhinnan på råtta framkallas en inflammatorisk reaktion med efterföljande 
kärlnybildning (både blod- och lymfkärl) (Fig 19 ).  

Fig 19. Modell för framkallande av kärlnybildning i råtthornhinna. Före och efter 7 da-
gar med sutur i hornhinna.  Notera genomlysande blodkärl från regnbågshinna (vit pil). 
Sjukliga blodkärl i hornhinnan (svart pil). 

 
I studierna där vi tittade på lymfkärl och nybildning av blodkärl (I, III) under-
söktes djuren efter det att suturen placerats i hornhinnan. För observation av 
lymfkärl gjordes konfokalmikroskopi efter 14 dagar, då lymfkärlen hunnit växa 
in, varefter djuren avlivades och hornhinnor togs ut. Vid blodkärlstillväxtstudien 
undersökte vi förloppet vid nio olika tillfällen, från 0 timmar - 7 dagar.  Djuren 
sövdes vid varje undersökning och samma del av hornhinnan studerades med 
konfokalmikroskopet. På detta sätt kunde ett dynamiskt förlopp följas där samma 
blodkärl undersöktes över tid. Vid olika tidpunkter efter suturplacering avlivades 
djuren, varpå hornhinnorna dissekerades och färgades in med markörer för olika 
celltyper såsom blodkärlsceller, lymfkärlsceller och olika typer av inflammato-
riska celler. Därefter följde ett detektivarbete där bilder från konfokalmikrosko-
pet jämfördes med samma, uttagna och infärgade hornhinna för att finna exakt 
samma region och på så sätt analysera fynden från konfokalmikroskopet. 
I arbetet där tillbakagång av blodkärl undersöktes (IV), lät vi suturen sitta kvar i 
7 dagar varefter vi avlägsnade den för att framkalla tillbakabildning av kärlen. 
Djuren delades in i tre grupper där vi i en grupp studerade naturlig tillbakagång. 
De andra två grupperna fick varsin behandling (kortison eller anti-kropp mot till-
växtfaktor VEGF) som anses påskynda återgång av blodkärl. Djuren undersöktes 
dag 0, 7 och 21 med konfokalmikroskopet efter det att tillbakabildning initierats 
och vid samma tidpunkter avlivades vissa av djuren för cellulär analys av horn-
hinnan.  
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Resultat och Diskussion 

I och med avhandlingen har en ny teknik att studera kärlnybildning utvecklats. 
Det visade sig vara möjligt att identifiera samma område av hornhinnan både i 
konfokalmikroskopet och i bilder från uttagen infärgad vävnad. På detta sätt 
kunde vi bevisa hur lymfkärl ser ut med konfokalmikroskopet in vivo (Fig 20)(I) 
och identifiera olika inflammatoriska celler som medverkar vid nybildning och 
tillbakagång av blodkärl (III, IV). Vi kunde också för första gången följa ett väx-
ande blodkärl på cellulär nivå i levande vävnad och studera dess tilltagande blod-
flöde. Efter att vi identifierat lymfkärl i hornhinna hos råtta började vi leta lymf-
kärl med samma teknik hos våra patienter med sjuklig kärlnybildning i hornhin-
nan. Hos en 55-årig kvinna med avstötningsreaktion av transplanterad hornhinna 
kunde vi påvisa förmodade lymfkärl (II). 

  

Fig 20. Lymfkärl avbildat in vivo (i levande vävnad) med konfokalmikroskopi, som 

sedan jämförs med infärgning för CD31 (markör för blod- och lymfkärl) och 

LYVE1(markör endast för lymfkärl) i samma hornhinna (asterisk samma blodkärl). 
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Möjligheten att finna lymfkärl i hornhinnan hos patienter kan i framtiden hjälpa 
både att bedöma risken för avstötningsreaktioner och avgöra tidpunkten för att 
påbörja förebyggande behandling av en sådan. 

I våra studier om tillväxt och tillbakagång av blodkärl såg vi hur en subgrupp av 
myeloida inflammatoriska celler (med ursprung i benmärgen) gynnade såväl till-
växt som nedbrytning av blodkärl i hornhinnan (se Fig 13-14 s 52-53). Vid till-
växt av blodkärl verkar inflammatoriska celler agera vägvisare, men bidrar även 
till att bilda själva blodkärlsväggen och kan troligtvis omformas till blodkärlscel-
ler. Detta kan innebära att läkemedel som hämmar specifika inflammatoriska cel-
ler skulle kunna förhindra uppkomst av sjuka blodkärl. 

En av slutsatserna i studien av tillbakagång av blodkärl var att konfokalmikro-
skopet sannolikt är en känsligare metod än spaltlampan för att undersöka andelen 
kvarvarande blodkärl i hornhinnan. De tunnaste blodkärlen, med bara sparsamt 
flöde av blod, kan vara svåra att identifiera utan hög förstoring.  

Tillförda läkemedel, som förväntades påskynda tillbakagången av blodkärl, på-
verkade inte förloppet. Detta kan förklaras av hornhinnans eget inneboende för-
svar mot kärlnybildning och egna blodkärlshämmande faktorer.   

Efter att blodkärlen tillbakabildats kvarstod ett nätverk av ”tomma” kärl, utan 
blodkärlsceller, bestående endast av stödjevävnad. Det återstår att ta reda på om 
detta nät kan utgöra en ”byggnadsställning” för nya blodkärl att tillväxa på. Om 
så är fallet kan sådana fynd hos en patient ha betydelse vid bedömningen inför en 
hornhinneoperation som riskerar att framkalla kärlnybildning med ökad risk för 
avstötningsreaktion. 

Då metoden är ny kvarstår många frågor att besvara. Bland annat skulle vi vilja 
undersöka hur känslig tekniken är för att upptäcka lymfkärl i hornhinnan hos 
våra patienter och hur vi ytterligare kan analysera och specificera de celler vi ser 
med konfokalmikroskopet. 

Avhandlingen har resulterat i en ny metod att studera kärlnybildning, där 
bilder från mikroskopi av levande vävnad kan korreleras med uttagen cell-
markerad vävnad. Med metoden har lymfkärl i hornhinnan kunnat påvisas 
och tillväxt och återbildning av blodkärl har studerats.  Modellen kan vara 
till hjälp i framtiden vid utveckling och utvärdering av nya behandlingar 
mot sjuklig kärlnybildning. 
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