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Ágrip 

Tilgangur: Truflun á blóðflæði um sjónhimnu er talin gegna hlutverki í fjölda augnsjúkdóma. Virkjun 

verndandi áss renín-angíótensín kerfisins (RAS) er efnileg leið til að draga úr framvindu þessara 

sjúkdóma með því að auka blóðflæði um sjónhimnu. Tilgangur rannsóknarinnar var að staðsetja AT1 

og MAS viðtakana í sjónhimnuslagæðum svína í fyrsta sinn, en viðtakarnir gegna gagnstæðum 

hlutverkum í RAS. Einnig var kannað hvort hægt væri að vinna gegn æðasamdrætti í gegnum AT1 

virkjun, með því að virkja MAS viðtakann og kalla þannig fram æðavíkkun í þessum sömu æðum. 

Aðferðir: Nýslátruð nautgripa og svíns augu fengust frá nálægum sláturhúsum. Fyrir mótefnalitun 

með flúrljómun voru heilir sjónhimnuslagæðabútar (2-12mm að lengd) einangraðir og veffestir (N=28), 

ásamt því að vera steyptir í paraffín (n=2). Sýnin voru kvíuð með aðalmótefnum gegn AT1 og MAS, en 

til að ákvarða staðsetningu þeirra var einnig mótefnalitað gegn sléttum vöðvum, stjarnfrumum og 

æðaþeli. Sýnin voru því næst skoðuð undir lagsjá. Fyrir myograph tilraunirnar, voru augu bæði úr 

nautgripum (N=37) og svínum (N=33) notuð, þau skorin við miðbaug, slagæðabútur einangraður og 

komið fyrir í myographinu. Ang-II og U-46619 voru prófuð sem æðaþrengjandi efni, en Ang (1-7), DIZE 

og dorzolamide prófuð sem möguleg æðavíkkandi efni. 

Niðurstöður: Bæði AT1 (n=16) og MAS (n=16) fundust í öllum sýnum sem prófuð voru og 

reyndust vera á sömu vefjalögunum, í sléttum vöðvum (n=15), á stjarnfrumum (n=14) og æðaþeli 

(n=4). Dreifing þeirra reyndist misjöfn meðfram lengd sjónhimnuslagæðanna, þar sem meira var af 

þeim við sjóntaugarós. Í paraffín sneiðunum fundust AT1 (n=2) og MAS (n=2) í bæði sléttum vöðvum 

og æðaþeli. Sex mismunandi skammtar af Ang-II voru prófaðir á sjónhimnuslagæðar úr nautgripum og 

svínum. Einungis 35% af nautgripa sýnunum brugðust við Ang-II við 10-5 M (n=1), 10-6 M (p=0.012, 

n=7) og 10-7M (p=0,005, n=5). KCl 0.15M var notað til samanburðar og virkaði alltaf (p=0,001, n=7). 

Ang-II (N=33) framkallaði samdrátt í aðeins 9% svína sýnanna. Hvorki Ang (1-7) (n=13) né DIZE (n=9) 

voru fær um að framkalla æðavíkkun ef æðin var strekkt með U-46619. En ef æðin var strekkt með 

Ang-II, gátu Ang (1-7) ásamt DIZE snúið alveg við áhrifum Ang-II (n=1). U-46619 framkallaði samdrátt 

í öllum heilbrigðu sjónhimnuslagæðunum úr svínum (p=0,00, n=16), sem og nautgripum (p=0.03, 

n=2). Dorzolamide framkallaði meðaltals æðavíkkun upp á 70% (p=0,002, n=7) þegar æðarnar voru 

strekktar með U-46619 og afnám fullkomlega samdrátt Ang-II (n=1). 

Ályktanir: AT1 og MAS er að finna í sjónhimnuslagæðum svína, þar sem þá er að finna í sömu 

vefja lögum, í æðaþeli, sléttum vöðvum og stjarnfrumum, sem er í samræmi við fyrri rannsóknir á 

öðrum vefjum og tegundum. En þrátt fyrir að AT1 væri að finna í þessum æðum framkallaði Ang-II 

nánast aldrei samdrátt, samanborið við U-46619 og KCl sem reyndust áreiðanleg. Ang (1-7) og DIZE 

framkölluðu einungis æðavíkkun þegar æðarnar voru strekktar með Ang-II sem reyndist sjaldgæft en 

höfðu engin áhrif þegar æðarnar voru strekktar með U-46619, sem er einnig í samræmi við fyrri 

rannsóknir. Þetta er í fyrsta sinn sem megin viðtakar Ang-II og Ang (1-7) hafa fundist í 

sjónhimnuslagæðum svína. En fyrst Ang-II framkallaði nánast aldrei samdrátt, er hlutverk þeirra enn 

óljóst. Virkjun verndandi ás RAS er þó enn spennandi kostur fyrir síðari rannsóknir og færir þessi 

rannsókn okkur einu skrefi nær því að uppgötva möguleika þess. 
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Abstract 

Purpose: Disturbances in the retinal blood supply are thought to play a role in a number of ocular 

diseases. Activation of the renin-angiotensin system’s (RAS) vasoprotective axis is a promising way of 

reducing the progression of those diseases by increasing blood flow to the retina. The purpose of this 

study was to locate the AT1 and MAS receptors in porcine retinal arteries for the first time, both of 

whom play key but opposite roles in RAS, and examine if it was possible to counter AT1 induced 

vasoconstriction by MAS activated vasodilation in those same arteries. 

Methods: Freshly slaughtered bovine- and porcine eyes were obtained from local abattoirs. For 

immunofluorescence, whole retinal vascular segments (2-12mm length) were isolated and fixed 

(N=28), with additional samples embedded into paraffin (n=2). The samples were incubated with 

primary antibodies against AT1 and MAS and to determine their location in/on the vessels, primary 

antibodies against smooth muscle, astrocytes and endothelium were used and the vessels viewed 

under a confocal microscope. For the myograph experiments, both bovine (N=37) and porcine (N=33) 

eyes were bisected, a retinal artery isolated and mounted in a wire myograph. Ang-II and U-46619 

were tested as vasoconstrictors, along with Ang (1-7), DIZE and dorzolamide as potential vasodilators.  

Results: Both AT1 (n=16) and MAS (n=16) were detected in all the samples tested and were found 

to co-localize in the smooth muscle layer (n=15), on astrocytes (n=14) and endothelium (n=4). Their 

distribution also varied along the length of the arteries, being more concentrated nearer the optic disk. 

In the paraffin sections, AT1 (n=2) and MAS (n=2) were found to co-localize in both smooth muscle 

and endothelium. Six different lots of Ang-II were tested on both bovine and porcine retinal arteries. 

Only 35% of the bovine retinal arteries responded to Ang-II at 10-5 M (n=1), 10-6 M (p=0.012, n=7) and 

10-7M (p=0.005, n=5). KCl controls at 0.15M worked every time (p=0.001, n=7). Only 9% of porcine 

retinal arteries responded to Ang-II (N=33). Neither Ang (1-7) (n=13) nor DIZE (n=9) were able to 

produce vasodilation when precontracted with U-46619. Whereas Ang (1-7) with DIZE were able to 

completely reverse the effect of Ang-II (n=1). U-46619 produced contraction in every healthy porcine 

experiment (p=0.00, n=16), as well as every bovine experiment (p=0.03, n=2). Dorzolamide produced 

a mean vasodilation of 70% (p=0.002, n=7) when precontracted with U-46619 and completely 

abolished the effect of Ang-II (n=1). 

Conclusion: AT1 and MAS are located in porcine retinal arteries, where they co-localize in the 

same vascular layers, in the endothelium, smooth muscle layer and astrocytes, in accordance with 

previous studies in other species and tissues. But despite AT1 being located in the retinal vasculature 

Ang-II rarely produced vasoconstriction, compared to the vasoconstrictor controls U-46619 and KCl 

which were consistent. Ang (1-7) and DIZE only produced vasodilation when precontracted with Ang-II 

which was rare but never with U-46619, which is also in accordance with previous studies. This is the 

first time that both main receptors for Ang-II and Ang (1-7) have been directly identified in the porcine 

retinal vasculature. But since Ang-II almost never produced vasoconstriction, their purpose remains 

unclear. The activation of the RAS vasoprotective axis however remains an intriguing prospect for 

future studies, with this study taking us one step closer to discovering its potential. 
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1 Introduction 

Disturbances in the retinal blood supply are believed to be involved in the pathophysiology of ocular 

diseases such as age-related macular degeneration (AMD), diabetic retinopathy (DR) and glaucoma. 

Current treatments used to combat these disorders have their limitations, including uncomfortable or 

even life threatening side effects. This emphasizes the need for new and novel treatments with 

potentially fewer side effects. The widely distributed retinal renin-angiotensin system (RAS) with its 

vasoprotective axis holds great promise in countering those ocular disorders with potential for novel 

therapeutic eye treatments. 

1.1 Structure of the eye 

The eye is one of the most complex organs of the body (Willoughby et al., 2010). A normal adult eye is 

approximately 24mm in diameter and consists of three layers; the fibrous tunic (outer layer), the 

vascular tunic (middle layer) and the neural tunic (retinal layer/inner layer) (Chen, Hou, Tai, & Lin, 

2008). The outer layer consists of the sclera a white protective structure and the cornea, a transparent 

avascular protective structure which allows light to pass through to the retina (Watkinson & 

Seewoodhary, 2007; Willoughby et al., 2010).  

 

Figure 1. Illustration showing the structure of the eye (Giese, 2014). 

The middle layer consists of the iris, ciliary body and choroid. The iris controls the amount of light 

entering the eye via the pupil, by contracting or dilating. Behind the iris lies the lens whose purpose is 

to focus light onto the retina (Watkinson & Seewoodhary, 2007; Willoughby et al., 2010). The lens is a 

transparent avascular structure whose shape is controlled by the ciliary muscles for near or distance 

vision. The ciliary muscles are located in the ciliary body, which also contains the ciliary processes 

that are responsible for the formation of aqueous humour. Aqueous humour flows around the lens, 

passing through the pupil (into the anterior chamber), providing nutrients to the lens, iris and cornea. 

The aqueous humour leaves the eye through two pathways. The majority of the outflow passes 

through the trabecular meshwork across the Schlemm’s canal and then into the aqueous veins, and 

finally the episcleral vein, rejoining the bloodstream. Around 10-20% of aqueous humour exits through 
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the uveoscleral pathway via the spaces between the iris root and ciliary muscle, and out through the 

sclera. Intra ocular pressure (IOP) is regulated by a balance between the secretion and drainage of 

aqueous humour (Adatia & Damji, 2005; Fan & Wiggs, 2010; Razeghinejad, Fudemberg, & Spaeth, 

2012; Watkinson & Seewoodhary, 2007; Weinreb & Khaw, 2004).  

The retina is the innermost layer of the eye and is responsible for converting light rays into 

electrical signals that are sent along the optic nerve to the visual cortex where the signal is interpreted 

as vision (Watkinson & Seewoodhary, 2007). The retina is about 200 µm thick (Rattner & Nathans, 

2006) and consists of six distinct classes: photoreceptors, horizontal-, bipolar-, amacrine, ganglion 

cells and two glial cell types (Müller cells and astrocytes) (Lin et al., 2014; Willoughby et al., 2010). 

The outermost retinal layer consists of the photoreceptors (rods and cones) whose distal tips contain 

light-sensing pigments (Rattner & Nathans, 2006) that enables them to convert light into electrical 

signals (Martini, Timmons, & Tallitsch, 2006).  

 

Figure 2. Schematic illustrating the structure of the human retina and its vascular supply. A. Cut-away 
view of the eye. B. Schematic diagram of the retina. GC, ganglion cells; AC, amacrine cells; 
BC, bipolar cells; HC, horizontal cells; RPE, retinal pigment epithelium; CH, choroid (Rattner 
& Nathans, 2006). 

Rods and cones are unevenly distributed in the retina. The central area where light lands on the 

retinal through the cornea and lens has exclusively cones and is called the Macula. The highest 

concentration of cones within the macula is a small area in the middle known as fovea centralis and is 

responsible for sharp central vision (Martini et al., 2006; Willoughby et al., 2010). The fovea is a 

capillary free zone, allowing for unobstructed passage of light for maximum visual acuity (Gardiner, 

Archer, Curtis, & Stitt, 2007). Ganglion cells are neuronal cells that come together to form the optic 

nerve and are responsible for forwarding the signals received in the retina to the visual cortex (Martini 

et al., 2006). The area within the retina where the nerve fibers of the ganglion cells pass out of the eye 

forming the optic nerve is known as the optic nerve head or blind spot since it contains no 

photoreceptors (Quigley, 2011; Watkinson & Seewoodhary, 2007). Between the photoreceptors and 

ganglion cells lay the bipolar-, horizontal- and amacrine cells that inhibit or facilitate communication 
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between photoreceptors and ganglion cells (Martini et al., 2006). Adjacent to the photoreceptors distal 

tips lies the retinal pigment epithelium (RPE), a monolayer of cells that are specialized to service the 

adjacent photoreceptors. The RPE rests on a specialized basement membrane known as Bruch’s 

membrane (Rattner & Nathans, 2006). The choroid (a part of the vascular tunic or middle layer of the 

eye) is a vascular layer that lines the posterior segment of the eye (Watkinson & Seewoodhary, 2007) 

just beneath the BM. It supplies oxygen and nutrients to the RPE and the photoreceptors where most 

of the oxygen consumption takes place (Rattner & Nathans, 2006). Glial cells have long been known 

to provide structural support and to regulate extracellular concentrations of molecules. They also play 

an important role in other functions such as neuronal signaling and vascular regulation (Mackenzie & 

Cioffi, 2008; Wilkinson-Berka & Fletcher, 2004). The two main glial cell types in the retina are Müller 

cells and astrocytes. But whereas Müller cells span the whole retina end to end, astrocytes are more 

confined to the ganglion cell layer (Mackenzie & Cioffi, 2008; Pournaras, Rungger-Brandle, Riva, 

Hardarson, & Stefansson, 2008; Wilkinson-Berka & Fletcher, 2004). 

1.2 Ocular blood flow 

The ocular circulation is complex, with different parts being regulated differently. The ocular circulation 

is responsible for supplying the eye with nutrients and oxygen without interfering with the visual 

pathway. Ocular blood flow is highly regulated in order to adapt to metabolic needs during changes in 

visual function, to compensate for varying perfusion pressure and to keep the temperature at the back 

of the eye constant (Flammer & Mozaffarieh, 2007; Flammer et al., 2002).  

1.2.1 Anatomical structure 

The ophthalmic artery is the primary source of blood to the human eye (Hayreh, 2011; Mackenzie & 

Cioffi, 2008; Yao, Tschudi, Flammer, & Luscher, 1991; Yu, Su, Cringle, & Yu, 2003). It is 

approximately 0.5 mm in diameter and is the first major branch of the internal carotid artery (Flammer 

& Orgul, 1998; Hayreh, 2011).  

Figure 3. A schematic showing the vascular structure of the eye. A. The course of the central retinal 

artery and its branching supplying blood to the retina. B. Blood vessels entering the retina 

through the optic disc and their layout on the retina (Hayreh, 2011). Abbreviations: C= 
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choroid; CRA= central retinal artery; CRV= central retinal vein; OD= optic disc; ON=optic 

nerve; PCA= posterior ciliary artery; R= retina; S= sclera. 

The ophthalmic artery branches off, forming the central retinal artery (CRA) which feeds the retinal 

circulation and the posterior ciliary arteries (PCAs) which supply the choroidal circulation (Flammer & 

Orgul, 1998; Hayreh, 2011; Mackenzie & Cioffi, 2008; Yu et al., 2003). The retinal circulation drains 

into the ophthalmic vein via the central retinal vein (CRV) which lies parallel to the CRA within the 

optic nerve head (Gardiner et al., 2007). The retina is supplied with nutrients and oxygen from both the 

retinal circulation and choroid. Two opposite vascular layers, which is necessary because the retina is 

the most metabolically active tissue in the body, with the photoreceptor layer being the most 

demanding (Kur, Newman, & Chan-Ling, 2012; Osborne et al., 2004; Rattner & Nathans, 2006). The 

retinal and choroidal circulations possess very different properties and differ substantially from one 

another, both anatomically and functionally (Delaey & Van de Voorde, 2000; Yu et al., 2003). The 

retinal circulation is characterized by a low blood flow and a high level of oxygen extraction compared 

to the choroidal circulation where blood flow is very high and oxygen extraction very low (Delaey & 

Van de Voorde, 2000; Flammer et al., 2002). 

1.2.2 The retinal vasculature 

The retinal vasculature starts at the center of the optic nerve head, where the artery enters and 

spreads over the retina, in close association with the retinal vein. The main vessels lie superficially on 

the nerve fibre layer and each branch of the vessel diverges into successively smaller branches, finally 

forming the capillary network. The entire retina is supplied this way, except the extreme periphery and 

the macula (along with fovea centralis) which are avascular (Kong, Wang, Sun, & Witt, 2010; Osborne 

et al., 2004). The retinal vasculature is responsible for supplying the inner two-thirds of the retina 

whereas the choroid supplies the outer one-third (Kur et al., 2012). The retinal vasculature is 

differently constrained in its design compared to the choroid. Even though it is responsible for feeding 

the retina’s high metabolic rate, its volume is limited to a minimum in order not to interfere with the 

light reaching the retina, since it is located in front of the photoreceptors. The retinal vasculature 

therefore only has a limited spare capacity to increase blood flow when the retinal metabolism 

increases (Bek, 2013; Yu et al., 2003). The rate of retinal blood flow depends on the interaction of 

various factors including perfusion pressure and the vascular resistance generated by the retinal 

vessels (Pournaras et al., 2008). Perfusion pressure is the force that drives blood trough the retinal 

vasculature. Perfusion pressure is traditionally defined as the difference between the arterial Blood 

pressure and the IOP, in the assumption that IOP is equal to the retinal venous pressure (Mozaffarieh 

& Flammer, 2013; Pournaras et al., 2008). 

The diameter of a vessel determines blood flow resistance in the retinal arteries. The diameter 

is modulated by the interaction of multiple systemic factors and local control mechanisms that affect 

the smooth muscle tone (Pournaras et al., 2008). Vessel diameter is generally considered to be a 

good surrogate parameter for blood flow (Hammer et al., 2012), since increased vessel diameter has 

been shown to increase retinal blood flow in healthy individuals (Feke et al., 1989). 



  

15 

1.2.3 Retinal vessel structure 

The walls of small arteries consist of different cellular layers including the endothelial cell layer, the 

smooth muscle cell layer and elastic membranes. The most abundant component in small arteries are 

smooth muscle cells, which are responsible for controlling the vascular diameter of a vessel either by 

contraction or relaxation (Simonsen & Aalkjaer, 2012). Small arteries have the advantage over larger 

vessels, that their morphological characteristics allow for their use under in vitro conditions, without 

recourse to histology and the inevitable artifacts introduced by fixation (Mulvany & Aalkjaer, 1990). 

The wall composition of small arteries consists of an inner tunica intima, a central tunica media, and 

an outer tunica adventitia. These wall components are dynamically interconnected providing a level of 

plasticity (Martinez-Lemus, 2012; Mulvany & Aalkjaer, 1990). Human retinal arteries differ however 

from other arteries in the body. They are devoid of the adventitial layer, they are non-fenestrated and 

have no autonomic nerve innervation (Gardiner et al., 2007; Mackenzie & Cioffi, 2008; Pournaras et 

al., 2008). 

 

Figure 4. Schematic illustrating the basic structure of small arteries (Mulvany & Aalkjaer, 1990). 

 

Retinal arteries, veins and capillaries are all closely ensheathed by glial cells. Glial cells provide 

structural support, regulate extracellular concentrations of molecules and help maintain the blood-

brain barrier. Glial cells play an important role in vessel integrity and barrier properties, both via direct 

contact and through release of humoral factors. In the human retina, both astrocytes and Müller cells 

completely ensheath the retinal arteries. Retinal astrocytes have a close relationship with retinal 

arteries, suggesting that astrocytes could even play a role in the regulation of the retinal blood flow 

(Kur et al., 2012; Mackenzie & Cioffi, 2008; Pournaras et al., 2008). Astrocytes are known to possess 

the intermediate filament protein, glial fibrillary acidic protein (GFAP) (K. Campbell & Gotz, 2002) 

which can be immunolabeled, allowing for the study of astrocyte morphology in the retinal vasculature 

(Kur et al., 2012; Senanayake et al., 2007). 
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The tunica media of small arteries consist of a smooth muscle layer, bound by internal elastic 

lamina (Mulvany & Aalkjaer, 1990). The smooth muscles can be immunolabeled using markers that 

bind to the smooth muscle actin (SMA) (Gesslein, Gustafsson, Wackenfors, Ghosh, & Malmsjo, 2009). 

Retinal arteries differ from arteries of the same size in other organs in that they lack the internal elastic 

lamina and have an unusually developed smooth muscle layer (Gardiner et al., 2007; Pournaras et al., 

2008). The number of smooth muscle cell layers within the media decrease with decreasing vessel 

diameter (Mulvany & Aalkjaer, 1990). Near the optic disk the tunica media comprises five to seven 

layers of smooth muscle cells, which decreases to two or three layers at the equator and to one or two 

at the periphery. The smooth muscle cells are oriented both circularly and longitudinally. Each of them 

surrounded by a basal lamina that contains an increasing amount of collagen (Pournaras et al., 2008).  

The tunica intima is the inner most layer in retinal arteries. It consists of an endothelial 

monolayer of thin squamous cells that form a continuous cover lining the inside of blood vessels 

(Mulvany & Aalkjaer, 1990; Yu et al., 2003), surrounded by a basal lamina (Pournaras et al., 2008). 

The endothelium can be immunolabeled, using CD-31 endothelial marker (Gesslein et al., 2009). The 

endothelial cells are orientated longitudinally along the axis of the vessel. The endothelial cell 

processes overlap, where lip-like protrusions often mark the site of the adhesion between neighboring 

cells, with tight junction complexes between the endothelial cells on their luminal side. These tight 

junctions are an important part of the blood-retinal barrier (Kur et al., 2012; Mackenzie & Cioffi, 2008; 

Pournaras et al., 2008). 

1.2.3.1 The Porcine vasculature 

In vitro studies are of great value when it comes to understanding the regulation of retinal blood flow 

and its pathology. But because of the lack of availability of human retinal tissue, these experiments 

must be performed on animal models (Bek, 2009). The porcine eye is quite similar to that of a human 

in regards to its vascular anatomy, histology and physiology. The porcine eye is about 2/3 the size to 

that of a human and the retina consists of the same layers (Stefansson et al., 2005). Structurally 

speaking, the arterioles, capillaries and venules are similar (Rootman, 1971). The walls of the porcine 

retinal arteries consist of the same layers, with astrocytes ensheathing the smooth muscle layer which 

are lined with an endothelial layer (Pournaras et al., 2008). The porcine retinal vasculature has other 

features that are common to humans, like a periarterial capillary-free zone, suggesting that the arteries 

have similar properties to human retinal arteries. Unlike humans however, the porcine retinal 

vasculature originates from the external carotid via the external ophthalmic artery while in the human 

eye it comes from the internal carotid. Porcine retinal vessels also lie more superficially in the nerve 

fiber layers and the porcine fovea is vascular (as opposed to being avascular in humans) (Rootman, 

1971). Due to the structural and functional similarities between the porcine and human retinal 

vasculatures, it seems reasonable to compare the reactions of porcine retinal vessels to the reactions 

of human retinal vessels, justifying the use of porcine as an experimental animal (Stefansson et al., 

2005).  
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1.2.4 Retinal blood flow regulation 

Regulation of blood flow is essential for the normal functioning of the retina (Jarajapu, Grant, & Knot, 

2004). The retinal blood flow maintains relatively constant despite variations in PP, blood gasses and 

IOP (Kur et al., 2012). Blood flow through an organ is highly regulated in order to ensure an adequate 

supply of oxygen and nutrients reaching the tissues as well as removal of waste products, 

temperature- and volume regulation. This is achieved by regulation of the relative resistance of flow by 

local resistance which is controlled by the size or diameter of vessels (Flammer & Mozaffarieh, 2007; 

Flammer et al., 2002). Even though the retinal vasculature is a classic end artery system, it lacks 

autonomic nerve innervation (Gardiner et al., 2007). Instead there are many different local and 

systemic factors that control the retinal blood flow (Delaey & Van de Voorde, 2000). The vascular tone 

is constantly being regulated by a number of interrelated regulatory systems and factors. Including 

circulating hormones, metabolic, myogenic and neurogenic factors. The systemic circulation contains 

a number of vasoactive hormones that can act through mediation of the endothelial layer or directly on 

smooth muscle cells (Flammer & Orgul, 1998; Yao et al., 1991). The general strategy is for local 

regulatory factors to try to adapt the blood flow to local needs, while systemic factors (like circulating 

hormones) regulate the distribution of the cardiac output over the different vascular beds as a function 

of the hemodynamic situation of the whole body (Delaey & Van de Voorde, 2000). 

1.3 Renin Angiotensin system  

The circulating RAS is a peptide hormone system composed of inactive and active peptides along 

with various enzymes that play an essential role in regulating blood pressure and fluid volume 

homeostasis (Gao, Yallampalli, & Yallampalli, 2013; Jarajapu et al., 2013; Vaajanen & Vapaatalo, 

2011; Xu, Sriramula, & Lazartigues, 2011). In the classical circulatory RAS, juxtaglomerular cells in the 

kidneys activate prorenin to form renin (Fletcher, Phipps, Ward, Vessey, & Wilkinson-Berka, 2010; 

Wilkinson-Berka, Agrotis, & Deliyanti, 2012). Renin then cleaves angiotensinogen from the liver to 

produce the decapeptide Angiotensin I (Ang I), which is then hydrolysed by Angiotensin converting 

enzyme (ACE-1) into the biologically active octapeptide Angiotensin II (Ang-II) (Fletcher et al., 2010; 

Foureaux et al., 2013; Senanayake et al., 2007; Wilkinson-Berka et al., 2012; Xu et al., 2011). This 

pathway is now considered to be far more complex than this classical view of the pathway indicates 

(Wilkinson-Berka et al., 2012; Xu et al., 2011). In addition to the circulatory RAS, there is a tissue-

localized system which is known to regulate changes in a variety of organs such as the heart, kidneys, 

brain, vasculature and the eye (Batenburg et al., 2014; Foureaux et al., 2013; Luhtala, Vaajanen, 

Oksala, Valjakka, & Vapaatalo, 2009; Senanayake et al., 2007; Vaajanen & Vapaatalo, 2011). 

1.3.1 ANG-II and the vasodeleterious axis 

ACE-1 is a membrane-associated and secreted enzyme (Donoghue et al., 2000) whose main effect 

is to cleave Ang-I forming Ang-II. Ang-II exerts its effect through two types of high-affinity G-protein 

coupled receptors, the Ang-II type 1 receptor (AT1) and the Ang-II type 2 receptor (AT2), although 

additional receptors for Ang-II have been identified (Ferraridileo, Ryan, Rockwood, Davis, & Anderson, 
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1988; Fletcher et al., 2010; Pueyo & Michel, 1997; Reudelhuber, 2005; Sarlos & Wilkinson-Berka, 

2005; Vaajanen & Vapaatalo, 2011). Both AT1 and AT2 receptors display similar binding affinity for 

Ang-II but differ in their function (Fletcher et al., 2010; Xu et al., 2011), pharmacological properties and 

tissue distribution (Reudelhuber, 2005). Almost all biological action of Ang-II is mediated through the 

AT1 receptor (Fletcher et al., 2010; Higuchi et al., 2007; Reudelhuber, 2005; Robles, Cerezo, & 

Hernandez-Gallego, 2014; Sarlos & Wilkinson-Berka, 2005; Vaajanen et al., 2010; Vaajanen & 

Vapaatalo, 2011), including regulation of arterial blood pressure, electrolyte and water balance (de 

Gasparo, Catt, Inagami, Wright, & Unger, 2000). Ang-II activation of AT1 also induces pathological 

effects, such as vasoconstriction, angiogenesis, inflammation, endothelial dysfunction and raised 

blood pressure (Fletcher et al., 2010; Higuchi et al., 2007; Hikichi et al., 2001; Jarajapu et al., 2013; Lu 

et al., 2013; Robles et al., 2014; Sarlos & Wilkinson-Berka, 2005). The function of the AT2 is less well 

understood, but evidence suggests that it exerts opposite effects to those mediated by the AT1, that 

includes vasodilation most likely through the release of Nitric oxide (NO) (Vaajanen et al., 2010; van 

der Graaf et al., 2013). Ang-II has been used in previous studies to induce vasoconstriction in feline 

(Rockwood, Fantes, Davis, & Anderson, 1987), porcine (Kulkarni, Cai, & Hurst, 2002) and bovine 

retinal arteries. The response however varies, perhaps because of counter regulatory releases such 

as NO or prostaglandin (Kulkarni, Hamid, Barati, & Butulija, 1999). The AT1 receptor is a G protein-

coupled receptor and its major physiological functions are expressed through Gq-mediated activation 

of phospholipase C (PLC) followed by hydrolysis and Ca2+ signaling (de Gasparo et al., 2000). 

 

Figure 5. Schematic showing the signaling pathways involved in AT1 induced vasoconstriction. PLC = 
phospholipase C, PKC = protein kinase C, IP3 = inositol, 1,4,5-trisphosphate, DAG = 
diacylglycerol, VOC = L-type Ca2+ channel (Hughes, 1998). 

It has been suggested that AT1 exerts its effects by causing Ca2+ to enter into the cytoplasm via L-

type Ca2+channels (VOC), while other studies suggest that Ca2+ enters the cytoplasm from internal 

stores, but that issue remains unresolved. The main initiating event of the vasodeleterious axis 

involves Ang-II binding to AT1, which in turn activates PLC that then hydrolyses a minor membrane 

lipid component, phosphatidylinositol 1,4-bisphosphate into Inositol trisphosphate (IP3) and diacyl-

glycerol (DAG). IP3 is a diffusible cytoplasmic messenger which binds to an IP3 receptor located in the 
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endoplasmic reticulum, which results in the opening of Ca2+ permeable channels, releasing Ca2+ into 

the cytoplasm. DAG on the other hand binds to protein kinase C inducing it to relocate from the 

cytoplasm to the cell membrane and become active, where it phosphorylates a variety of substrates 

including VOC, opening them leading to Ca2+ entering the cytoplasm (Barro-Soria et al., 2012; 

Hughes, 1998; Inagami et al., 1999). The majority of AT1 induced Ca2+ influx into smooth muscle cells, 

is via VOC (Garcha, Sever, & Hughes, 2001; Hughes, 1998; Kruse, Bauriedel, Heimerl, Hofling, & 

Weber, 1994). When Ca2+ enters the cytoplasm it binds to calmodulin, forming a complex which 

activates the myosin light chain kinase. This activation uses ATP to phosphorylate the myosin 

regulatory light chain, allowing the actin-myosin interaction to proceed resulting in cross-bridge 

formation and force generation (Hughes, 1998). 

1.3.1.1 AT1 Location 

AT1 has been located in retinal blood vessels as well as in retinal glial cells such as Müller cells 

and astrocytes in rats (Downie et al., 2009; Sarlos & Wilkinson-Berka, 2005), mice (Fuchtbauer et al., 

2011; Kurihara et al., 2006; Nagai et al., 2005) and humans (Senanayake et al., 2007). In the 

vasculature AT1 is predominantly found in vascular smooth muscle cells of the tunica media as well to 

a lesser extent in endothelial cells of the tunica intima (Burnier, 2001; Higuchi et al., 2007; Hikichi et 

al., 2001; Pueyo & Michel, 1997; Sarlos & Wilkinson-Berka, 2005). Not much is known about AT1 in 

porcine eyes. AT1 has neither been directly located in the porcine retinal vasculature nor the porcine 

retina itself (Giese & Speth, 2014; Wilkinson-Berka et al., 2012). There is however strong evidence 

that it resides in the porcine retinal vasculature (Kulkarni et al., 2002). 

The Ang-II/ACE-1/AT1 axis is considered to be the vasodeleterious arm of the RAS because of its 

pathophysiological effects mediated through Ang-II activation of AT1 including in retinal vascular 

diseases (Jarajapu et al., 2013; Prasad, Verma, & Li, 2014; Qiu et al., 2014). 

1.3.2 Ang (1-7) and the vasoprotective axis 

The ACE-2 is a structurally related homologue of ACE-1 with 42% of their amino acid sequence 

identical (Donoghue et al., 2000). Angiotensin converting enzyme 2 (ACE-2) exerts its effect by 

metabolizing Ang-II into the heptapeptide angiotensin (1–7) [Ang (1-7)] (Qi et al., 2013; C. Zheng et 

al., 2015), by cleaving Phe in the eighth position from Ang-II (de Gasparo et al., 2000; Ferrario, 

Ahmad, Joyner, & Varagic, 2010). ACE-2 can also hydrolyse Ang-I to Ang (1-9) with subsequent Ang 

(1-7) formation by ACE-1, but it does so much less efficiently (Donoghue et al., 2000), since ACE-2 

catalytic efficiency is 400-fold higher with Ang-II compared to Ang-I (Vickers et al., 2002). ACE-2 

activity may counterbalance the vasodeleterious effects of ACE-1 by preventing Ang-II accumulation 

(Senanayake et al., 2007). ACE-2 has been located in smooth muscles of the human coronary vessels 

(Donoghue et al., 2000) and the endothelium of porcine coronary arteries (Raffai, Khang, & Vanhoutte, 

2014). ACE-2 has also been found in rat (Tikellis et al., 2004), porcine (Luhtala et al., 2009) and 

human retina (Senanayake et al., 2007), with ACE-2 and ACE-1 co-localizing. The presence of both 

ACE-2 and ACE-1 in the retina suggests that there is a balance within the retina of the various 

angiotensins, perhaps including modulating vascular tone (Luhtala et al., 2009; Tikellis et al., 2004). 



  

20 

1.3.2.1 Ang (1-7) and the MAS receptor 

The other main actor of the RAS besides Ang-II seems to be Ang (1-7) (Berard, Niel, & Rubio, 

2014). Ang (1-7) is a vasodilator peptide that opposes the effects of Ang-II (Neves, Averill, Ferrario, 

Aschner, & Brosnihan, 2004; Roks et al., 1999), not by blocking the AT1 receptor, but by binding to its 

own dedicated MAS receptor (R. A. Santos et al., 2003) that is also a G-protein-coupled receptor 

(Kostenis et al., 2005). Besides its vasodilatory effects, Ang (1-7) has also been reported to have 

antithrombotic, antiproliferative, and anti-inflammatory effects (Bader, 2013; Ferrario et al., 2010; Lu et 

al., 2013; Silva, Silveira, Ferreira, & Teixeira, 2013). Ang (1-7) has been shown to counteract Ang-II 

induced vasoconstrictions, resulting in vasodilation in human mammary arteries (Mendonca et al., 

2014; Roks et al., 1999) as well as in porcine coronary arteries (Porsti, Bara, Busse, & Hecker, 1994). 

The intracellular mediators involved in Ang (1-7) activated Mas receptor signaling have not been fully 

characterized (Mendonca et al., 2014), but Ang (1-7) seems to produce its vasodilatory effect at least 

partially through the release of NO (Dias-Peixoto et al., 2008; Ferrario, Chappell, Dean, & Iyer, 1998; 

Lemos et al., 2005; Porsti et al., 1994; R. A. Santos, Campagnole-Santos, & Andrade, 2000; Zisman, 

2005), a potent vasodilator (Kulkarni et al., 1999). The NO synthase inhibitor NG-nitro-L-arginine 

methyl ester has for example been shown to reduce Ang (1-7) induced vasodilation in feline (Osei et 

al., 1993), mouse (Lemos et al., 2005) and porcine models (Porsti et al., 1994). Ang (1-7) has also 

been shown to stimulate NO release in cultured bovine aortic endothelial cells (Wiemer, Dobrucki, 

Louka, Malinski, & Heitsch, 2002). The vasodilator responses of Ang (1–7) is also thought to at least in 

part be related to the release of bradykinin (Ferrario et al., 2010; Ferrario et al., 1998; R. A. Santos et 

al., 2000), with Ang (1-7) suspected of releasing NO from endothelial cells via the bradykinin 

B2 receptor in porcine coronary arteries (Gorelik, Carbini, & Scicli, 1998). 

1.3.2.2 MAS Location 

MAS has been identified in the retina of rats (Vaajanen et al., 2010) and mice, including Müller cells 

and astrocytes (Prasad et al., 2014). MAS has been identified in the human vasculature, including 

human mammary arteries where MAS was mainly located in the endothelium (Mendonca et al., 2014). 

MAS was also recently discovered in Mouse retinal blood vessels where it was located in endothelial 

cells (Prasad et al., 2014). MAS was recently discovered in the human retina, however it was not 

specifically identified in the retinal vasculature (Vaajanen, Kalesnykas, Vapaatalo, & Uusitalo, 2015). 

The Ang (1-7)/ACE-2/MAS axis is considered to be the vasoprotective arm of the RAS for its ability 

to counteract the deleterious Ang-II/ACE-1/AT1 axis, especially in pathological conditions (Jarajapu et 

al., 2013; Prasad et al., 2014; Qi et al., 2013; S. H. S. Santos & Andrade, 2014). 
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Figure 6. Schematic illustrating the RAS pathway (S. H. S. Santos & Andrade, 2014). 

 

1.3.3 The effects of Ang-II and Ang (1-7) on the porcine vasculature 

The porcine Ang-II amino acid sequence is identical to that of humans (Asp-Arg-Val-Tyr-Ile-His-

Pro-Phe) whereas the Bovine Ang-II sequence differs, where valine is in position 5 instead of 

isoleucine (de Gasparo et al., 2000). 

                                         1    2     3    4    5   6     7    8      9    10   11   12  13  14 

Angiotensinogen       Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser 

Ang I        Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 

Ang II       Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 

Angiotensin 1–7       Asp-Arg-Val-Tyr-Ile-His-Pro 

Table 1. Amino acid sequences of Ang-II precursors and metabolites (de Gasparo et al., 2000). 

 

The effects of Ang-II on the porcine vasculature can vary. Ang-II and even U-46619 proved to have 

no effect on isolated porcine vasa vasorum of the thoracic aorta, while Ang-II produced a potent 

concentration-dependent contractions in aortic strips from the thoracic aorta itself (Scotland, Vallance, 

& Ahluwalia, 1999). When it comes to the porcine eye, Ang-II has been shown to produce 

vasoconstriction in isolated porcine ciliary arteries (extraocular arteries), when mounted in a wire 

myograph. Its effects were markedly reduced when the vessels had previously been incubated with 

the AT1 receptor antagonist valsartan, indicating that Ang-II acted via the AT1 receptor in these 

arteries (Meyer, Flammer, & Luscher, 1995). Ang-II can produce a vascular response in porcine retinal 

arteries as well. In one study, porcine retinas were isolated and placed in an organ bath where the 

whole retinal circulation was perfused through the CRA. Diameter changes were then recorded and 

analysed using images taken from a closed-circuit video microscopy. Topically applied Ang-II reduced 

the arterial diameter by only about 10% however even at 10-6M (Kulkarni et al., 2002), most likely via 

the AT1. 
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The effects of Ang (1-7) on the porcine retinal vasculature have not been fully established. Ang (1–

7) alone at concentrations up to 10−5 M has for example been shown to be unable to produce 

vasodilation in porcine coronary arteries when precontracted with U-46619 (Gorelik et al., 1998) or 

prostaglandin F2α (Tom, de Vries, Saxena, & Danser, 2001) unless the vessels had been pretreated 

with bradykinin, at which point Ang (1-7) induced dose-dependent relaxation (Gorelik et al., 1998; Tom 

et al., 2001). This is however disputed. In a recent study porcine coronary arteries failed to produce 

Ang (1-7) dilation when precontracted with U-46619 even though the vessels had been pretreated with 

bradykinin (Raffai et al., 2014). This might indicate that when testing Ang (1-7) alone on porcine retinal 

arteries in vitro, that a precontractor that is a part of RAS would be needed, and in that case Ang-II 

would be ideal. Another reason for this would be that when human mammary arteries were mounted in 

a wire myograph to test the effects of Ang (1-7) alone it mattered what precontractor was used. When 

the vessels were precontracted with phenylephrine (adrenaline analog) Ang (1-7) had no significant 

effect, but when precontracted with Ang-II the vasoconstriction was significantly attenuated by Ang (1-

7) (Mendonca et al., 2014). 

1.3.4 Renin angiotensin system inhibition 

Angiotensin converting enzyme inhibitors (ACEI) and AT1 blockers (ARB) have traditionally been 

the leading pharmacotherapeutic drugs counteracting the deleterious axis (ACE/Ang-II/AT1) of the 

RAS (Qi et al., 2013). These two classes of drugs have been successfully used in the treatment of 

complications such as hypertension and renal diseases, but their therapeutic value is believed to go 

beyond their effect on blood pressure alone (Giese & Speth, 2014; Roks et al., 1999), such as the use 

of ACEI and ARBs in the treatment of glaucoma (Costagliola, Di Benedetto, De Caprio, Verde, & 

Mastropasqua, 1995; Costagliola et al., 2000). The problem with these two types of drugs is that they 

have uncomfortable side effects such as ocular dryness (Smidt, Torpet, Nauntofte, Heegaard, & 

Pedersen, 2011) and angioedema (Burnier, 2001), emphasizing the importance of targeting different, 

perhaps more recently discovered parts of the RAS. 

1.3.5 Angiotensin converting enzyme inhibitors 

The ACEIs counteract the RAS vasodeleterious axis by blocking ACE-1 conversion of Ang-I to 

Ang-II, leading to decreased activation of AT1 by Ang-II. ACEIs also block the enzymatic degradation 

of bradykinin, increasing bradykinin plasma levels which leads to the release of NO and subsequent 

vasodilation through activation of the β-2 receptor (Robles et al., 2014). ACEIs do not however inhibit 

ACE-2 (Donoghue et al., 2000; Zisman, 2005). Captopril was the first available orally active ACEI and 

is still used as a antihypertensive drug (Wright, 2000) and could potentially be used in treatment of 

ocular diseases due to abnormal retinal blood flow such as DR (Horio et al., 2004). ACEI such as 

enalaprilat have additionally been shown to fully inhibit vasoconstriction produced by Ang-I in porcine 

ciliary arteries (Meyer et al., 1995). 
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1.3.6 Angiotensin type 1 receptor blockers 

The ARBs counteract the RAS vasodeleterious axis by selectively antagonizing the AT1 receptor 

(Giese & Speth, 2014). ARBs are selective because they have high affinity for the AT1 receptor and 

almost no affinity for the AT2 receptor, preventing Ang-II from binding to the AT1. ARBs share 

common pharmacological characteristics (Burnier, 2001). What sets them apart is their chemical 

structure, where individual ARBs may bind to different receptor domains, their mechanisms of receptor 

antagonism may vary, and because of their differential lipophilicity they can present major differences 

in tissue penetration, biological half-life and bioavailability (Villapol & Saavedra, 2015). 

Losartan was the first orally active ARB available on the market (Burnier, 2001) and has  

been shown to be effective in reducing IOP in both healthy individuals and glaucoma patients by 

reducing aqueous humor formation in the eye (Costagliola et al., 2000) and for its ability to inhibit 

vasocontraction produced by Ang-II in for example porcine basilar arteries (Miyamoto et al., 2006). 

1.3.7 MAS agonists 

There also exist MAS agonists such as AVE 0991 which is a non-peptide mimic of Ang (1-7) 

(Wiemer et al., 2002) that also binds to the MAS receptor. Some of the advantages of using AVE 0991 

instead of Ang-(1–7) are that it is orally active and it would be resistant to proteolytic enzymes. AVE 

0991 could also circumvent other important problems associated with the use of peptides (Pinheiro et 

al., 2004) such as short plasma half-life and rapid degradation (Bader, Santos, Unger, & Steckelings, 

2012). Just like Ang (1-7), AVE 0991 stimulates NO release from cultured endothelial cells (Wiemer et 

al., 2002) and also has anti-inflammatory effects (Suski et al., 2013). 

1.3.8 Diminazene aceturate 

Diminazene aceturate (DIZE) was originally developed for treating trypanosomiasis, babesiosis, 

and other protozoal diseases in livestock back in 1955 (Delespaux, Geysen, Van den Bossche, & 

Geerts, 2008; Mungube et al., 2012; Peregrine & Mamman, 1993; C. Zheng et al., 2015). DIZE was 

known for its hypotensive effects, although its vasodilatory mechanism was not understood at the time 

(Peregrine & Mamman, 1993). It was later discovered that DIZE is a potent small molecule activator of 

ACE-2. DIZE thereby increases the cleavage of Ang-II to Ang (1-7) and is thus a potential enhancer of 

the vasoprotective axis of the RAS (Bader et al., 2012; Qi et al., 2013; Qiu et al., 2014; C. Zheng et al., 

2015). Systemic DIZE treatment has for example been shown to significantly increase ACE-2 activity 

in mouse retina (Qiu et al., 2014). More promising is that DIZE has recently been shown to reduce the 

progression of ocular pathological conditions such as inflammation (Qiu et al., 2014; C. Zheng et al., 

2015) and glaucoma (Foureaux et al., 2013). Its effects on the porcine retinal vasculature however are 

unclear. DIZE for example did not elicit vasodilation in porcine coronary arteries when precontracted 

with U-46619, even in the presence of bradykinin (Raffai et al., 2014). 
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1.4 Diseases related to the retinal circulation 

The retina has one of the highest metabolic activities in the human body and consumes oxygen more 

rapidly than other tissues (Yip et al., 2014). So in order for vision to function normally, many complex 

processes need to work correctly including adequate blood supply to the retina (Delaey & Van de 

Voorde, 2000; Kitaba, Martin, Gopalakrishnan, & Tobias, 2013). It is therefore not surprising that 

abnormalities in the retinal vasculature are associated with ocular diseases such as glaucoma, AMD 

and DR (Anderson, 2011; Geirsdottir, Hardarson, Olafsdottir, & Stefansson, 2014; Hammer et al., 

2011; Hammer et al., 2009; Olafsdottir et al., 2014). These disturbances include hypertension 

(Langman, Lancashire, Cheng, & Stewart, 2005; Nagai et al., 2006; Safi, Qvist, Kumar, Batumalaie, & 

Bin Ismail, 2014), abnormal perfusion pressure (Costa et al., 2003; Pemp & Schmetterer, 2008; C. A. 

Shah, 2008) and impaired autoregulation (Ehrlich et al., 2008; Flammer et al., 2002; C. A. Shah, 

2008), all of whom result in abnormal distribution of blood to the retina, leading to pathological 

changes. There is considerable evidence that dysregulation of the RAS plays a role in the 

pathogenesis in these retinal vascular diseases and that counteracting the actions of the 

vasodeleterious axis can slow or prevent pathological progression (Fletcher et al., 2010). 

1.4.1 Glaucoma 

Glaucoma causes a distinct type of optic neuropathy, that is characterized by progressive death of 

retinal ganglion cells and excavation of the optic disc with or without elevated IOP, that if left untreated 

results in progressive and irreversible deterioration of vision (Abdal, Pizzimenti, & Purvis, 2006; 

Anderson, 2011; Costa et al., 2003; Fan & Wiggs, 2010; Foster, Buhrmann, Quigley, & Johnson, 

2002; Kuehn, Fingert, & Kwon, 2005; Quigley, 2011). Glaucoma is the second leading cause of 

blindness in the world. It has been estimated that 60 million people were suffering from the disease in 

2010, with that number increasing to more than 79 million by the year 2020 (Quigley & Broman, 2006). 

In 1950, glaucoma was found to be the main cause of blindness in Iceland, accounting for over 50% of 

all cases. In the decades that followed that ratio steadily decreased (Jonasson, Damji, et al., 2003). By 

2008, glaucoma accounted for only 5% of all cases of blindness in Iceland (Gunnlaugsdottir, 

Arnarsson, & Jonasson, 2008). 

Glaucoma is not a single disease but is in fact a group of diseases (Abdal et al., 2006; Fan & 

Wiggs, 2010; Kuehn et al., 2005; Quigley, 2011). It remains mostly asymptomatic until late in the 

disease when visual problems arise. In the beginning the visual field abnormalities are characterized 

by loss in peripheral vision followed by central vision and total blindness (Fan & Wiggs, 2010; Quigley, 

2011). Despite extensive research into the pathogenesis and development of glaucoma, it remains 

only a partially solved medical problem. Studies have failed to fully explain the relationship between 

the symptoms and their causes (Consoli & Ramlogan, 2008). Historically glaucoma has been 

associated with increased IOP (Fan & Wiggs, 2010), but multiple studies since have found reduction in 

ocular blood flow to be one of the characteristics as well (Costa et al., 2003). Glaucoma affects only 

retinal ganglion cells and this loss occurs selectively more rapidly in axons that pass through the upper 

and lower poles of the optic disc. That leads to decreasing width of the neuro-retinal rim, resulting in 
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an enlargement of the optic disc cup. The progression of the disease is therefore measured by the 

cup-to-disc ratio, by comparing the paler cup against the overall size of the disc. The cup-to-disc ratio 

increases as more retinal ganglion cells axons and connective tissues supporting the optic 

disc degrade (Foster et al., 2002; Quigley, 2011; Weinreb & Khaw, 2004). 

 

Figure 7. Schematic illustrating how high IOP could lead to progressive optic neuropathy. The visible 
cupping is due to thinning of the nerve fiber layer of the retina and optic disc (Mozaffarieh, 
Grieshaber, & Flammer, 2008). 

There are two proposed mechanisms that are thought to be instrumental in glaucoma 

pathogenesis. Those are the mechanical- and the vascular theory. The mechanical theory suggests 

that abnormally high IOP damages the optic nerve head and that this elevation in IOP is either due to 

over-production or impaired drainage of aqueous humour (Abdal et al., 2006; Flammer et al., 2002). 

This theory only explains a certain number of cases however, because studies have found that not all 

patients with high IOP developed glaucomatous optic nerve cupping and that as many as half of 

patients had normal IOP (Anderson, 2011; Costa et al., 2003). The vascular theory on the other hand 

suggests that the optic nerve cupping is due to insufficient blood flow to nourish the nerve fiber layer 

and/or optic nerve head, leading to ischemia and loss of neural tissue. The blood flow even seems to 

decrease further, with increasing damage (Abdal et al., 2006; Flammer et al., 2002; Kuehn et al., 

2005). This theory is not without its critics either, as to whether these blood flow abnormalities cause 

the damage themselves or if they are secondary to IOP changes (Costa et al., 2003; Flammer & 

Mozaffarieh, 2007; Yu et al., 2003). Blood flow to the optic nerve head depends on perfusion pressure 

(arterial blood pressure minus IOP over the optic nerve). Thus, elevated IOP is likely to stress the 

vascular supply to the optic nerve by causing increased tissue pressure within the optic nerve head 

(Kuehn et al., 2005) thereby impeding the arterial blood flow so that the blood nourishing the optic 

nerve head is inadequate, leading to the optic nerve cup formation (Consoli & Ramlogan, 2008).  

1.4.1.1 Open-angle- and Angle-closure Glaucoma 

Glaucoma is broadly divided into two main groups, primary open-angle glaucoma (POAG) and 

primary angle-closure glaucoma (PACG) (Foster et al., 2002; Quigley & Broman, 2006). 

POAG refers to forms of glaucoma where the anatomical structure of the eye is not altered, that is 

characterized by slow progression over months or years. Many clinical research reports on glaucoma 

patients with POAG have stated that the IOP was within normal limits. For that reason high IOP is not 

a defining criterion for POAG. Yet the higher the pressure, the more likely it is that POAG will occur. 



  

26 

POAG is therefore not a direct consequence of increased IOP. It is however related to associated 

factors, such as the stress generated in the sclera and optic nerve head by the increased IOP and the 

interaction between blood flow and this pressure. Individuals with a history of systemic heart disease, 

such as irregular heart rhythm have a higher risk of developing POAG (Consoli & Ramlogan, 2008; 

Fan & Wiggs, 2010; Foster et al., 2002; Quigley, 2011). 

Unlike POAG, PACG has noticeable structural alterations in the anterior part of the eye. PACG is 

characterized by narrowing of the aqueous humour drainage angle by the iris obstructing the 

trabecular meshwork. PACG was formerly categorized as an acute attack of high IOP, resulting in 

sudden visual field loss and pain. Nowadays it is understood to be a chronic disorder that is 

asymptomatic where only a minority of patients experience acute attacks. High IOP is a common sign 

in PACG, due to reduction of the drainage angle resulting in abnormal aqueous humour flow. Changes 

in the optic disc cupping and visual field loss are similar between PACG and POAG, although visual 

field changes and optic atrophy occur over a wider area in patients with PACG (Foster et al., 2002; 

Quigley, 2011). 

1.4.1.2 Glaucoma and ocular blood flow 

Abnormalities in ocular blood flow, especially reduction have been linked to glaucomatous optic 

neuropathy, indicating that the ocular vasculature might play an important role in glaucoma (Flammer 

& Mozaffarieh, 2007; Flammer & Orgul, 1998; Flammer et al., 2002; Mozaffarieh & Flammer, 2013; Yu 

et al., 2003). Ocular blood flow reduction can also be used as a predictor of future deterioration and is 

therefore of major clinical relevance (Flammer & Mozaffarieh, 2007). A number of mechanisms have 

been suggested to explain why ocular blood flow disturbances could lead to glaucoma, including 

increased resistance to flow, abnormal perfusion pressure and impaired autoregulation (Costa et al., 

2003; Flammer et al., 2002; Schmidl, Garhofer, & Schmetterer, 2011). Low and especially fluctuating 

perfusion pressure are considered to be a risk factors for glaucoma (Mozaffarieh & Flammer, 2013). 

Impaired autoregulation is also considered an important factor in the pathogenesis of glaucoma. 

Particularly by creating either acute or chronic vasoconstriction in glaucomatous eyes, that could even 

counteract the expected increase in perfusion pressure secondary to IOP reduction (Costa et al., 

2003). Hypertension has also been identified as an important risk factor for glaucoma (Langman et al., 

2005; Mitchell, Lee, Rochtchina, & Wang, 2004; Vaajanen et al., 2010). Patients who have 

hypertension are more likely to be diagnosed with glaucoma than patients who have blood pressure 

within normal limits (Langman et al., 2005). 

1.4.1.3 Glaucoma and the RAS 

Imbalances in the RAS have been shown to be involved in the pathology of glaucoma (Foureaux et 

al., 2013; Giese & Speth, 2014). Inhibition of the vasodeleterious axis using ACEIs and ARBs has 

proved successful in the past in reducing IOP in animal models. Enalaprilat, ramiprilat and fosinopril 

(ACEIs) have been shown to reduce IOP in rabbits, when IOP was artificially elevated using glucose 

and α-chymotrypsin. Losartan (ARB) has also been shown to reduce artificially α-chymotrypsin 

elevated IOP in rabbits (G. B. Shah, Sharma, Mehta, & Goyal, 2000). ACEIs and ARBs have also 
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been successful in reducing IOP in human subjects, with ACEIs previously been used to reduce IOP 

in both normo- and hypertensive POAG patients (Constad, Fiore, Samson, & Cinotti, 1988; Costagliola 

et al., 1995). Like ACEIs, ARBs like Losartan have been able to reduce IOP in both normo- and 

hypertensive POAG patients (Costagliola et al., 2000). 

Of most interest perhaps, is that Ang (1-7) has been demonstrated to reduce IOP in normotensive 

rabbit eyes. Ang (1-7) most likely affected the IOP by reducing aqueous humour formation, since no 

changes were detected in aqueous humour outflow. The effects were blocked by the selective Mas 

receptor antagonist A-779, showing that Ang (1-7) was acting via the MAS receptor (Vaajanen, 

Vapaatalo, Kautiainen, & Oksala, 2008). The ACE-2 activator DIZE both prevented and reversed the 

elevation of the IOP that had been induced by hyaluronic acid injections, in rats. DIZE increased 

aqueous humour outflow and its effects were blunted by A-779 indicating that DIZE was increasing 

ACE-2 formation of Ang (1-7) which then activated the MAS receptor (Foureaux et al., 2013). 

The traditional RAS inhibitors ARBs and ACEIs have previously been successful in reducing IOP in 

animals and glaucoma patients. Newer studies indicate that activation of RAS’s vasoprotective axis 

could also not only increase blood flow in the retinal vasculature but also reduce IOP. Both Ang (1-7) 

and DIZE have been successful at reducing IOP in animal models, potentially making DIZE and Ang 

(1-7) analogs novel therapeutic options in future glaucoma treatment. 

1.4.2 Age-related macular degeneration 

AMD is a multifactorial disease that leads to the impairment of central visual acuity (Melville, 

Carpiniello, Hollis, Staffaroni, & Golestaneh, 2013). Its pathogenesis remains largely unknown 

(Coleman, Chan, Ferris, & Chew, 2008; Lim, Mitchell, Seddon, Holz, & Wong, 2012; Praddaude, 

Cousins, Pecher, & Marin-Castano, 2009). AMD causes more than 50% of registered blindness in 

Western society and is now considered as one of the major blinding diseases in the world (Bird, 2010; 

Jonasson et al., 2011; Pemp & Schmetterer, 2008). The same prevalence has been observed in 

Iceland (Gunnlaugsdottir et al., 2008). 

AMD primarily affects the macular region of the retina but relatively spares the surrounding 

peripheral retina (Ambati & Fowler, 2012). Cell degeneration of the RPE is one of the central 

hallmarks in the pathogenesis of AMD (Kinnunen, Petrovski, Moe, Berta, & Kaarniranta, 2012), but 

AMD is also characterized by dysfunction of the photoreceptors, Bruch’s membrane (BM) and the 

choroidal vasculature (Gaffney, Binns, & Margrain, 2013). Early AMD is characterized by increased 

prevalence of large and poorly defined drusen (soft drusen) (Arnarsson et al., 2006; Rattner & 

Nathans, 2006), and decrease in the prevalence of small drusen (hard drusen) (Jonasson, Arnarsson, 

et al., 2003) as well as pigmentary abnormalities (Arnarsson et al., 2006). Early AMD can then 

develop into late AMD, which is characterized by local regions of RPE cell loss (geographic atrophy) 

and by the growth of new blood vessels from the choroid that breach the Bruch’s membrane and enter 

the retina (exudative) where they are often a source of local bleeding (Rattner & Nathans, 2006). 

Geographic atrophy: also known as dry AMD is characterized by drusen deposits that affect 

metabolic exchanges between the RPE and the choroidal vessels (Marneros, 2013). The emergence 
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and increased prevalence of soft drusen occurs slowly over years or decades (Ambati & Fowler, 

2012). The increased accumulation of drusen may trigger hypoxia in RPE cells and thereby accelerate 

RPE degeneration that secondarily evokes cell death in neural retinal tissue (Kinnunen et al., 2012). 

Patients with geographic atrophy can progress to develop the exudative form and both forms can 

occur simultaneously, suggesting a common pathological mechanism (Marneros, 2013). Currently, 

there are no pharmacological therapies for geographic atrophy (M. Campbell & Doyle, 2013). The best 

attempts seek to forestall further degeneration of the retina (Melville et al., 2013). Geographic atrophy 

is more common than exudative AMD (Marneros, 2013). In Iceland however, geographic atrophy 

accounts for approximately half of those affected with late AMD, which is a higher proportion than in 

other white populations of comparable age (Jonasson et al., 2011). 

Exudative AMD: Also known as wet AMD is characterized by choroidal neovascularization (CNV), 

a pathological growth of choroidal blood vessels that break through the Bruch’s membrane onto the 

overlying retina (Fletcher et al., 2010) leading to subsequent hemorrhage, exudation, scarring or 

retinal detachment (Shin & Kim, 2013). Vascular endothelial growth factor A (VEGF-A) a diffusible 

cytokine that promotes angiogenesis and vascular permeability has been implicated as an important 

factor promoting neovascularization (Nagai et al., 2006; Rosenfeld et al., 2006). Increased VEGF-A 

levels have been observed in exudative AMD. Increased hypoxia and oxidative damage to the RPE 

have been regarded as critical factors in the pathogenesis of the disease, which induce VEGF-A 

expression in the RPE (Marneros, 2013). Exudative AMD can be treated with regular intraocular 

injections of anti-VEGF therapy. Each injection however carries a risk of infection and retinal 

detachment (M. Campbell & Doyle, 2013). Between 10–15 % of individuals with early AMD will 

transition to the wet form. Although this is the minority form of the disease, it is aggressive and 

accounts for 90% of blindness caused by this condition (M. Campbell & Doyle, 2013). 

1.4.2.1 AMD and the RAS 

There are several ways that dysregulation of the RAS could impact the development of AMD 

(Fletcher et al., 2010). Hypertension has especially been identified as a strong risk factor (Fletcher et 

al., 2010; Giese & Speth, 2014; Nagai et al., 2006; Praddaude et al., 2009; Striker, Praddaude, 

Alcazar, Cousins, & Marin-Castano, 2008). Reduced flow velocities and increased resistance in the 

CRA and PCAs have been observed in patients with both wet and dry AMD (Pemp & Schmetterer, 

2008). Laser Doppler flowmeter has as also shown reduced choroidal blood volume and blood flow in 

patients with dry AMD, with the flow decreasing with increasing severity of the disease (Pemp & 

Schmetterer, 2008). Oxygen extraction by the retinal vessels also seems to be reduced in wet AMD 

(Geirsdottir et al., 2014). Dysregulation of the RAS is thought to have an impact on the RPE since 

evidence indicates that Ang-II at least partially modulates RPE function (Fletcher et al., 2010) and 

almost all components of the RAS have been identified in the RPE (Giese & Speth, 2014; Pons, 

Cousins, Alcazar, Striker, & Marin-Castano, 2011; Praddaude et al., 2009). Ang-II has been implicated 

in retinal angiogenesis and could therefore play a role in the development of CNV (Fletcher et al., 

2010). Several studies support this hypothesis, where AT1 blockers like Losartan (AT1 antagonist) 

have been successful in suppressing the development of laser-induced CNV in rats (Hikichi et al., 
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2001). Telmisartan (AT1 antagonist) has also been shown to reduce CNV as well as mRNA 

expression of VEGF using a laser-induced model in mice (Nagai et al., 2006). Imidapril (ACE-1 

inhibitor) has also been able to significantly reduce CNV development in wild type mice, to the level 

observed in AT1 knockout mice (Nagai et al., 2007), showing that the RAS plays an important role in 

facilitating angiogenesis (Nagai et al., 2007).  

The RAS has also been implicated in the Geographic atrophy form of AMD. Ang-II has been shown 

to have potent regulatory effects on Matrix metalloproteinases and collagen (Praddaude et al., 2009), 

with Matrix metalloproteinase-2 (MMP-2) being the key enzyme for extra cellular matrix turnover in 

Bruch’s membrane (Alcazar, Cousins, & Marin-Castano, 2007; Pons et al., 2011). Ang-II increases 

MMP-2 activity via AT1 activation and when combined with hypertension is believed to explain the 

breakdown of the RPE basement membrane leading to accumulation of extra cellular debris in the 

BM, along with increase accumulation of type IV collagen in the RPE (Pons et al., 2011; Praddaude et 

al., 2009; Striker et al., 2008). These effects have been successfully blocked by Candesartan (AT1 

antagonist) in mice (Praddaude et al., 2009) and humans (Striker et al., 2008). 

Exudative AMD is a minority form of the disease but accounts for 90% of blindness caused by AMD 

worldwide and is characterized by CNV. AT1 antagonists Losartan, Telmisartan and the ACE-1 

inhibitor Imidapril have been successful in reducing CNV development in murine. Telmisartan has also 

been able to reduce mRNA expression of VEGF in mice. Geographic atrophy is harder to treat, but 

Ang-II inhibition has been shown to hinder the AT1 mediated MMP-2 activity, reducing RPE basement 

membrane deterioration and thereby reducing the drusen accumulation. Inhibiting RAS’s deleterious 

axis (ACE-1/Ang II/AT1) therefore looks promising in helping to reduce the progression of AMD.  

1.4.3 Diabetic retinopathy 

DR is a retinal vascular disorder that occurs as a major complication of diabetes mellitus (Kempen 

et al., 2004; Senanayake et al., 2007) affecting the retinal precapillary arterioles, capillaries, and 

venules (Watkins, 2003) leading to hypoxia in the retinal tissue (Hardarson, 2013). DR remains as one 

of the leading cause of blindness worldwide (C. A. Shah, 2008) in working-age people worldwide 

(Ciulla, Amador, & Zinman, 2003; Nicholson & Schachat, 2010; Sjolie, Dodson, & Hobbs, 2011; Yau et 

al., 2012). In 2010 it was estimated that approximately 93 million globally were affected (Yau et al., 

2012). It is believed that 35% of people with diabetes have some form of DR (Yau et al., 2012), but the 

prevalence of DR increases with time, where nearly all individuals with type 1 diabetes and more than 

60% of those with type 2 diabetes form some type of retinopathy within 20 years (Batenburg et al., 

2014; Chaturvedi et al., 1998; Kempen et al., 2004; Sjolie et al., 2011). Blindness due to DR however 

remains uncommon in Iceland (Gunnlaugsdottir et al., 2008). 

DR is characterized by retinal damage due to elevated glucose levels because of insulin resistance 

and relative deficiency in insulin signaling. The exact biochemical processes are complex and are not 

fully understood, but the hypothesized processes taking place before pathologic changes include 

biochemical dysfunction, thickening of the capillary basement membrane, oxidative damage, pericyte 

loss, humoral or genetic factors and hemodynamic factors. Visual loss in DR can result from one or 

both mechanisms: 
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Neovascularization: The release of VEGF resulting in the formation of new fragile vascular 

structures, leading to vitreous hemorrhage. This occurs suddenly and painlessly and can cause 

profound global loss of sight. But even though the blood clears over time, repeated haemorrhages and 

progressive visual loss ensues in most cases if not treated. 

Maculopathy (Macular edema): occurs if there is a thickening of the retina which can cause 

gradual and mostly irreversible loss of central vision, due to any of the three causes; ischemia, hard 

exudates or retinal edema get too close to the Macula leading to irreversible loss of vision (Ciulla et 

al., 2003; Kempen et al., 2004; Sjolie et al., 2011; Watkins, 2003). 

1.4.3.1 DR and the RAS 

DR progression can sometimes be prevented to some extent by laser treatment (Watkins, 2003), 

but laser treatments is not always effective and can itself produce side effects on visual function such 

as loss of visual field and in some cases cause scars in the macula (Ciulla et al., 2003; Sjolie et al., 

2011). One of the major risk factors for DR is hypertension (Chaturvedi et al., 1998; Safi et al., 2014; 

C. A. Shah, 2008; Suzuma et al., 2001; Yau et al., 2012). Hypertension increases vascular stretch 

which induces VEGF expression leading to increased perfusion pressure and damage (Suzuma et al., 

2001), but deterioration in DR can be reduced by aggressive control of hypertension (Kempen et al., 

2004). Such as reducing the effect of the potent vasoconstrictor Ang-II whose release has been 

associated with inducing hypertension as well as overexpression of angiogenic factors such as VEGF 

(Fletcher et al., 2010; Holmgaard, Aalkjaer, Lambert, Hessellund, & Bek, 2008; Sarlos & Wilkinson-

Berka, 2005; Senanayake et al., 2007; Striker et al., 2008; Suzuma et al., 2001). As with glaucoma 

and AMD, oxygen saturation in the retinal venules is significantly higher in diabetic patients compared 

to healthy subjects, most likely due to poor oxygen extraction in the retinal (Hammer et al., 2009). 

Several molecular, biochemical and hemodynamic pathways have been identified as contributing to 

the pathology of DR. Clinical and experimental studies have shown that the RAS plays a critical role in 

the progression of DR, most likely through local changes in blood flow and production of VEGF. 

Hyperactivity of the RAS is one of them, resulting in elevated concentrations of Ang-II which plays a 

critical role in activating pathways leading to increased vascular inflammation, oxidative stress, 

endothelial dysfunction and tissue remodeling (Batenburg et al., 2014; Senanayake et al., 2007).  

Studies have shown that inhibition of the RAS can reduce the progression of DR, including retinal 

blood flow abnormalities (Horio et al., 2004). Lisinopril (ACE-1 inhibitor) is known to decrease 

retinopathy progression in non-hypertensive patients with type 1 diabetes, where they had lower 

glucose levels as well as less retinopathy progression compared to the control group (Chaturvedi et 

al., 1998). ACE-1 inhibitors (including Enalapril) have been shown to attenuate retinal overexpression 

of VEGF in patients with DR, where VEGF vitreous concentration negatively correlated Enalapril daily 

dose size (Hogeboom van Buggenum et al., 2002). In the DIRECT-Protect 2 study that included 1.905 

patients with type 2 diabetes, it was found that Candesartan (AT1 antagonist) treatment was 

associated with a 34% increase in regression of DR and that patients with mild DR showed greater 

regression benefits than patients with more severe DR (Sjolie et al., 2008).  
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RAS inhibition has also been successful in counteracting DR in animal models. Captopril (ACE-1 

inhibitor) and Candesartan have been shown to normalize retinal blood flow in rats with DR (Horio et 

al., 2004). Perindopril (ACE-1 inhibitor) has been shown to reduce VEGF upregulation in rats (Z. 

Zheng et al., 2009) and mice (Kim, Kim, Yu, Cho, & Kim, 2009). Telmisartan (AT1 antagonist) has also 

been shown to prevent pathologic retinal neovascularization, while sparing physiological 

neovascularization in ischemia-induced retinal neovascularization using mice (Nagai et al., 2005). A 

more recent study showed that DR is associated with an imbalance in the local RAS as a result of 

activation of the deleterious axis (ACE-1/Ang II/AT1) and decrease in the vasoprotective axis (ACE-

2/Ang (1-7)/Mas) of the RAS. They were able to demonstrate that by enhancing expression of either 

ACE-2 or Ang (1-7) via AAV vector mediated gene delivery in the retina, prevented diabetes-induced 

retinal vascular permeability, thickening of basement membrane, retinal inflammation, formation of 

acellular capillaries, and oxidative damage in both mouse and rat models with DR (Verma et al., 

2012). 

Inhibiting RAS’s vasodeleterious axis has been shown to work well in reducing the progression of 

DR using rodent models and in human patients. However not many have looked at the possibility of 

activating the counteracting vasoprotective axis, which holds great promise as a novel therapeutic axis 

in reducing the progression of DR.  

1.5 In vitro wire myography 

Functional studies on ocular blood flow can be performed by perfusing the whole eye or by 

studying isolated arterial segments in vitro (Jarajapu et al., 2004). In this study the latter method is 

used. A technique for the direct study of contractile responses in small blood vessels down to 200µm 

in diameter was first introduced by Bohr et al. in 1961 (Bohr, Goulet, & Taquini, 1961). Technical 

difficulties had previously prevented data from being obtained from smaller vessels (Mulvany & 

Halpern, 1977), but in 1972 Bevan and Osher developed the first myograph, which was able to detect 

contractile changes in vessels through drug stimulation in vitro. This allowed them to mount vessels 

with an internal diameter of less than 100 µm (Bevan & Osher, 1972). This method and device were 

later improved upon by Mulvany and Halpern in 1976, creating and describing the first true wire 

myograph as we know it today, where two wires are threaded through the lumen of a vessel, with one 

wire attached to a micrometer and the other to a force transducer, allowing for manipulation of wall 

tension and vessel internal circumference as well as recording of contractile changes from stimuli 

(Mulvany & Halpern, 1976). This development of microvascular myography was a breakthrough in the 

investigation of structure, function and pharmacology of isolated vascular segments with small lumen 

diameters (Simonsen & Aalkjaer, 2012). The advantages of using wire myograph technique is that it 

makes it possible to control external factors. It also allows researchers to examine arterioles that have 

been distended, as they would do when there is pressure in vivo, providing important information on 

tone regulation (Peppiatt & Attwell, 2004). The limitation of this research method is that the process of 

removing the arteries from the retina and placing them in a myograph can damage the tissue, leading 

to reduction in contractibility. Another factor is that there is no blood flow in the arteries when they are 

being examined. What influence that has is unknown (Holmgaard et al., 2008). 
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 Aims of the study 

The goal of the present study is to shed more light on the pathway that governs the effects of the 

RAS in retinal arteries. The retinal diseases that cause the most permanent and devastating effects on 

sight in the developed countries, have been closely related to disturbances in blood flow. Drugs that 

influence the RAS have been linked to benefits beyond just antihypertensive effects in several of these 

diseases. Although in vivo human studies will always be absolutely necessary to fully demonstrate 

such benefits, in vitro models like the current one are also necessary to be able to discover the effects 

of different steps in complicated pathways, thereby increasing our knowledge and uncover new 

potential therapeutic targets.  

The purpose of the study is therefore to locate important parts of the RAS in porcine retinal arteries 

for the first time (Giese & Speth, 2014; Marin Garcia & Marin-Castano, 2014; Wilkinson-Berka et al., 

2012) and demonstrate if it is possible to effects different stages of the RAS in those same vessels. 

1. Are the AT1 and MAS receptors located in porcine retinal arteries? 

2. Can porcine retinal arteries be contracted with Ang-II and U-46619? 

3. Can Ang (1-7) or DIZE reverse the Ang-II/U-46619 induced contraction? 
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2 Materials and methods 

2.1 Solutions and Compounds 

The physiological saline solution (PSS) used in the myograph experiments was a standard Krebs 

recipe obtained from the researchers that had previously used the same Wire Myograph in the same 

laboratory 12 years earlier (Josefsson, Sigurdsson, Bang, & Eysteinsson, 2004). All the PSS was 

dissolved in double distilled water. A few experiments were conducted using Ca2+ free PSS, where 

CaCl2 was omitted during the dissection and normalization phases (n=2).  

Compound mM 

NaCl 112.6 

KCl  5.91 

NaHCO3  24.9 

MgCl2  1.19 

NaH2PO4  1.18 

CaCl2  2.0 

Glucose  11.5 

Table 2. Standard Krebs solution used in the study. 

 

2.2 Compounds 

The compounds were purchased from Sigma-Aldrich (Saint-louis, MO), Cayman-Chemicals (Ann 

Arbor, MI) and (Merck Sharp & Dohme, White House Station, NJ) as well as one lot of Ang-II which 

was generously donated by Alomone Inc. (Jerusalem, Israel). All compounds were dissolved 

according to manufacturer’s instructions, made into stock solutions and frozen for later use. The 

volume of each dose never exceeded 100 microliters (µl), representing 1% or less of the total volume 

of the chamber so as to minimize any putative effects on PSS osmolarity. Ang-II, [Val5]-Ang-II, DIZE, 

Ang (1-7) and Dorzolamide were applied in 100µl doses but U-46619 was applied in 10µl doses. 

Ang-II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) Sigma-Aldrich and Alomone: were dissolved in 

double distilled water as stock solution of 10x10-5 M in 1ml pipettes. Experimental doses were made at 

the same time and frozen at -20ºC in concentrations from 10-6 – 10-7 M ready for use when needed.  

Ang-II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) Cayman-chemicals: was dissolved in PSS as stock 

solution of 10x10-5 M in 1ml pipettes. Experimental doses were made at the same time and frozen at -

20ºC in concentrations from 10-6 – 10-7 M ready for use when needed.  
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 [Val5]-Angiotensin II (Asp-Arg-Val-Tyr-Val-His-Pro-Phe): a Ang-II receptor type 1 agonist 

(Sigma-Aldrich), was dissolved in double distilled water as stock solution of 10x10-5 M in 1ml pipettes. 

Experimental doses were made at the same time and frozen at -20ºC in concentrations from 10-6 – 10-

7 M ready for use when needed. Lot#SLBH1916V. 

U-46619: (9,11-dideoxy-9α,11α-methanoepoxy prostaglandin F2α) is an analog of the 

endoperoxide prostaglandin H2 that acts as a thromboxane A2 receptor agonist, exhibiting similar 

effects as thromboxane A2 (Cayman chemicals). 5mg were dissolved in 50 microliters of DMSO which 

was then diluted with double distilled water creating a stock solution of 10x10-5 M in 1ml pipettes. 

Experimental doses were made, frozen and stored at -20ºC in concentrations from 10-6 – 10-8 M ready 

for use when needed. 

DIZE (Diminazene aceturate): an ACE-2 activator (Sigma-Aldrich) was dissolved in double 

distilled water as stock solution of 10x10-3 M in 1ml pipettes. Experimental doses were made at the 

same time and frozen at -20ºC in concentrations from 10-4 – 10-6 M ready for use when needed. 

Ang (1-7) (Asp-Arg-Val-Tyr-Ile-His-Pro) Sigma-Aldrich: was dissolved in double distilled water 

as stock solution of 10x10-5 M in 1ml pipettes. Experimental doses were made at the same time and 

frozen at -20ºC in concentrations from 10-6 – 10-7 M ready for use when needed. 

Ang (1-7) (Asp-Arg-Val-Tyr-Ile-His-Pro) Cayman-chemicals: was dissolved in PSS as stock 

solution of 10x10-5 M in 1ml pipettes. Experimental doses were made at the same time and frozen at -

20ºC in concentrations from 10-6 – 10-7 M ready for use when needed.  

Dorzolamide: a Carbonic anhydrase inhibitor used as a vasodilatory control (Merck Sharp & 

Dohme), was dissolved in double distilled water as stock solution of 10x10-3 M in 1ml pipettes. The 

doses were frozen and stored at -20ºC ready for use when needed. The experimental doses used 

were 10-3 M. 

Lot. 1 #071M5066V Sigma 

Lot. 2 #SLBH6287V Sigma 

Lot. 3 #SLBK4550V Sigma 

Lot. 4 #GPA100GP011 Alomone 

Lot. 5 #SLBK9087V Sigma 

Lot. 6 #0465354-3 Cayman 

Table 3. A list of the different Ang-II lots used in the study, from Sigma, Alomone and Cayman 
chemicals. 

2.3 Dual Wire Myograph 410a 

The Small Vessel Wire Myograph technology makes it possible to measure the isometric effects of 

hormones, agonists, antagonists and other chemical compounds on arterial diameters. In this study a 

Dual Wire Myograph 410a was used, made by Danish Myo Technology (DMT, Aarhus, Denmark). The 

myograph chamber has a volume of little over 10 ml and can reach and maintain a constant 

temperature of 37ºC. Within the chamber are two sets of jaws, with one jaw connected to a 
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micrometer screw, used to adjust vessel wall tension by adjusting the internal circumference. The 

other jaw is connected to a force transducer which detects minute changes in wall diameter with 

sensitivity of 0.01 mN (DMT, 2014). The signal from the force transducer was led to an amplifier, from 

which the signal is fed into a Powerlab unit (ADInstruments, Australia), which converted the analog 

signal from the amplifier into a digital form. The digital data was then sent to a computer where it was 

displayed and recorded using labchart 7 (Labchart, ADinstruments, Australia) physiological recording 

software. During the normalization stage (explained later), some input was fed manually into a 

normalization extension (DMT, Aarhus, Denmark) for Labchart 7. 

2.3.1 Tissue preparation 

Freshly slaughtered porcine or bovine eyes were obtained from local abattoirs (Stjörnugrís, B. 

Jenssen and Sláturfélag Suðurlands). The eyes were removed as soon as possible after the animal 

had been put down. The pigs were anesthetized with either electricity or CO2 and put down by 

exsanguination, but the cows were put down by an air piston. Only one eye was obtained from each 

animal. The eyes were placed in a 4ºC, oxygenated PSS and transported to the laboratory as quickly 

as possible (within 30 min for the porcine eyes and 50min for the bovine eyes). Dissection was 

performed in 4ºC oxygenated PSS, starting with the removal of the external orbital muscles and the 

remainder of the optic nerve. The eye was then bisected at the equator with a razor blade and the 

anterior segment removed. The vitreous was then removed from the posterior segment and replaced 

with 4ºC oxygenated PSS. The posterior segment containing the optic disk was then placed under a 

stereoscope. The arteries were identified on the basis of their smaller diameter compared to the 

adjacent venule. A straight arteriolar segment would then be selected as close to the optic disk as 

possible and approximately 2mm long segment dissected with retinal tissue extending approximately 

1mm on either side of the vessel. The importance of the quality of the samples cannot be stressed 

enough. It was very important that the samples could react normally to the ligands or drugs being 

introduced. Therefore it was pivotal to perform as many measurements as possible within the 8 hour 

time window after the samples had been gathered (DMT, 2014). At around 6 hours after the samples 

had been acquired, residue would start to form in the chamber and the contractile responds would 

diminish. Experiments were therefore only conducted for 8 hours at most in each session, usually 

allowing for 1-2 vessels to be tested each time. 

2.3.2 Mounting Procedure 

Only one arterial segment was ever used from each eye. A tungsten wire (of 25 µm in diameter for 

porcine- and 40 µm for bovine arteries) was threaded through the vascular lumen of the vessel, under 

a stereo microscope (Nikon SMZ-2T, Japan). The vessel was then transferred over to the myograph 

chamber, which contained 10ml of oxygenated (95% O2, 5% CO2) PSS at 4ºC and pH 7.4. The 

tungsten wire with the vessel was then attached to the force transducer, and another tungsten wire 

threaded through the vascular lumen, alongside the first wire and attached to the micrometer. 

Subsequently the chamber was heated to 37ºC while being oxygenated (95% O2, 5% CO2) allowing 

the vessel to equilibrate for approximately 30 min before normalization. 
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Figure 8. An illustration showing an artery mounted in a wire myograph (Mulvany & Aalkjaer, 1990). 
Two wires are threaded through the lumen with one fastened to the micrometer allowing for 
the vessel to be stretched to its optimal wall tension and the second wire fastened to the 
force transducer allowing for accurate recording of minute changes in tension generated by 
the vascular wall.  

2.3.3 Length measurement 

Prior to normalization the length of the vascular segment being tested must be known in order to 

make correct adjustments. For this purpose a new highly accurate method was developed by the 

researcher. This method is more accurate then ones used in prior studies that either use a calibrated 

eyepiece to determine the length (Bevan & Osher, 1972; Mulvany & Halpern, 1977) or skip this step 

altogether, only guessing at the approximate length of the vascular segment (Hessellund, Aalkjaer, & 

Bek, 2006a, 2006b; Hessellund, Jeppesen, Aalkjaer, & Bek, 2003; Holmgaard et al., 2008; Misfeldt, 

Aalkjaer, Simonsen, & Bel, 2010). A high resolution digital camera was mounted on top of the 

stereoscope, enabling photographing and video recording of the vascular segments in the chamber. 

All pictures were taken at same magnification (x63) at 1280x960 resolution. 

 

Figure 9. The formula used to calculate the mean pixels length of the 2mm long ruler, measured at 
three different lengths to maximize accuracy.  

The standardization using the camera was done by placing a precise 2mm ruler at the same height 

as the vascular segments would be at under the stereoscope. Four pictures of the ruler were taken 

(A,B,C,D) and the three different lengths measured in pixels, up to 40 times total. The purpose was to 

create a mean of the number of pixels representing 0.5mm, 1mm and 2mm with 1Pixcel = 

0.0032591476mm. This allowed for a quick and easy way to very accurately measure the length of the 

arterial segments which was then entered into the Normalization extension.  
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Figure 10. Standardized length measurement. Left: an image of the ruler used for standardizing the 
pixel/mm measurement, right: a mounted artery being measured before normalization. In this 
case (bovine retinal artery with no perivascular tissue) the length was 573.07pixsels in length 
(573.07 Pixels ∗ 0.0032591476mm/Pixel = 1.87mm).  

2.3.4 Normalization 

Normalization is an important step in wire myograph studies to ensure comparable measurements. 

It is achieved by stretching each arterial segment to a standardized level of passive tension before 

measurements can begin (Hessellund et al., 2003). A vessel is considered “normalized” when the 

diameter of the vessel has been stretched to the point where it is able to produce its maximum 

response. The reason is that an active response of a vessel is partially dependent on the extent of the 

tissues stretch. Small arteries produce their maximum contractile response in a wire myograph when 

their diameter is at 90% (IC1) of the vessel when relaxed and with a stretched internal circumference 

equivalent to a transmural pressure of 100mmHg (IC100) (Mulvany & Aalkjaer, 1990; Mulvany & 

Halpern, 1977). Previous studies using this model demonstrated that the maximum contractility for 

porcine retinal arteries was achieved with the passive stretch at 93.5% ∗ 70mmHg (IC1 ∗IC100) 

(Hessellund et al., 2006a, 2006b; Hessellund et al., 2003). The internal circumference of a vessel is 

calculated from the measured distance between the wires and the known diameter of the mounting 

wires (25µm for porcine arteries and 40µm for bovine arteries). 

 

Figure 11. Magnification of an arterial segment mounted on the wires. The internal circumference of a 
vessel (IC) is calculated with the following equation: IC = 2 * (D + d) + O. Circumference (O), 
diameter (d) and the distance between (D) (Hessellund et al., 2003). 

After a vessel had been mounted and photographed the DMT normalization extension for Labchart 

7 was used to determine how much a vessel needed to be stretched so that it would be normalized. 

The target pressure had been preset to 70mmHg and IC1 at 0.935 for porcine vessels and 100mmHg 
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with IC1 at 0.9 for bovine vessels. Next the accurate vessel length and wire diameter were entered into 

the program and a baseline determined. The relaxed vessel was then stretched stepwise in usually 

four to five equally distributed steps, and the corresponding internal circumferences determined 

(representing between approximately 0 and 70-100mmHg). This diameter-tension relationship was 

fitted to an exponential curve and a straight line with the intersection point between this curve and the 

straight line based on the Laplace equation (wall tension = transmural pressure * radius) was 

calculated by the program. Using the built-in micrometer screw, the jaws of the myograph were then 

adjusted to 93.5% (for porcine vessels) or 90% (for bovine vessels) of the interception point for 

maximum response (Hessellund et al., 2006a, 2006b; Hessellund et al., 2003; Mulvany & Aalkjaer, 

1990). 

 
Figure 12. Normalization of a porcine vessel 1.70mm in length, with the target pressure of 70mmHg 

(9.33kPa). The interception point represents IC100 (internal circumference of 350µm in this 
case). X0 marks the starting point where the wires are almost touching each other (no 
tension) and X1 marks the micrometer setting where the vessels internal circumference 
would be at IC1 or 328µm (representing 0.935 ∗ 70mmHg). 

2.4 Experimental Protocol 

After normalization, the vessels were allowed to equilibrate for 5 – 10min. Varying combinations of 

the different vasoconstrictors and vasodilators were used. The protocol was based on a simple 

principle, starting with a short baseline (Stage 1), followed by a vasoconstrictor added (Stage 2; Ang-

II, [Val5]-Ang-II, KCl or U-46619) whose effect was the prerequisite for testing the vasodilators. The 

vessel tension was then allowed to reach its peak and then the potential vasodilator was tested (Stage 

3; Ang (1-7), DIZE or Dorzolamide). If the artery responded in a healthy way (surpassing the cut-offs) 

the chamber was rinsed 3 times (Stage 4) and a new combination of compounds tested (back to stage 

1). 
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Figure 13. Illustration of the experimental protocol, with the line representing wall tension. After 
normalization a porcine vessel started with an internal circumference equal to a transmural 
pressure of 0.935 ∗ 70mmHg as represented by the baseline. A vasoconstrictor was then 
added and the vessels wall tension allowed to reach its peak or plateau. Then the vasoactive 
properties of the potential vasodilator could be tested. 

 

Stage: 

1. Baseline: A baseline recording was performed for every vessel to act as a reference, usually 

lasting for approximately 1-2 min. 

2. Vasoconstriction: 

a. Ang-II (10-5 – 8) (or [Val5]-Ang-II, 10-6) was tested first (n=70). If the response exceeded 

the cut off limit of 0.20 mN/mm then the response was allowed to reach its peak and 

then the experiment proceeded to stage 3.a. If Ang-II (or [Val5]-Ang-II) had no effect, 

the experiment proceeded to stage 2.b. 

b. U-46619 (10-6) was sometimes used alone or if Ang-II (or [Val5]-Ang-II) had no effect 

(n=20). If the vessel response did not exceeded 0.25 mN/mm then the vessel was 

considered to have been damaged during the mounting procedure and discarded. If 

the response exceeded 0.25 mN/mm then the response was allowed to reach its peak 

and the experiment proceeded to either stage 3.a or 3.c. 

3. Vasodilation: 

a. Ang (1-7) (10-6): If stages 2.a or 2.b had produced contraction, then Ang (1-7) was 

added in an attempt to cause vasodilation (n=13). If there was no vasodilation then 

the experiment proceeded to the next stage (3.b). Ang (1-7) was never added as a 

follow up to either DIZE or Dorzolamide. 

b. DIZE (10-6): If stages 2.a or 2.b had been successful in producing contraction, then 

DIZE was added at this stage in an attempt to cause vasodilation (n=9). This step 

would almost always follow stage 3.a. (n=8) or as a standalone stage (n=1). If no 

vasodilation was produced then the experiment proceeded to the next stage. 

c. Dorzolamide (10-3): If stage 2.b had been successful and neither Ang (1-7) nor DIZE 

had any effect, then Dorzolamide was added to the chamber (n=7). Dorzolamide was 

also added as a standalone vasodilator (n=5). 

4. Rinse: If an experiment had been successful, where the vessel had produced a response 

exceeding the cut-off for either Ang-II or U-46619 then the chamber was rinsed 3 times with 

oxygenated PSS at 37ºC and allowed to equilibrate for up to 15 min. Then an experiment was 
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sometimes conducted in a different combination or repeated by returning to stage 1 (Note that 

only one test on one eye represents n=1 in the results). 

2.5 Data Acquisition and Analysis  

The contractile response was recorded using A.D Instruments Powerlab Data Acquisition System. 

The response was displayed in mN and recorded in real time during the experiment. The raw data was 

stored in Labchart 7 files (ADInstruments, Australia), and was then imported to Microsoft Excel 

(Microsoft, U.S.A) and Statistical package for the Social Sciences (IBM SPSS, U.S.A) for further 

analysis. Figures were made using SigmaPlot 11 (SYSTAT, U.S.A) from imported raw data. Baseline 

measurements were made before the relevant drugs or hormones were applied to the chamber.  

During statistical analysis the Student’s paired t-test was used, comparing the contractile response 

before and after a ligand or drug was added to the chamber. Results were presented graphically and 

shown as mean ± SEM (standard error of mean) and p <0.05 was considered significant.  

Vasodilation was also presented as a percentage of the total contraction produced by the 

vasoconstrictor. 

2.6 Immunohistochemistry 

For immunofluorescence studies, retinal vascular segments (2-12mm in length) were fixed with 

3.7% phosphate-buffered paraformaldehyde and then washed three times with phosphate buffered 

saline solution (PBS; pH 7.4). The sections were then incubated with immunofluorescence blocking 

solution (IMF) (PBS, containing 0.1% Triton X-100, 0.15 M NaCl 5 mM EDTA, 20 mM HEPES, pH 7.5) 

containing 10% goat serum for 10 min, followed by two IMF washes. The samples were then 

incubated overnight at 4 °C in 200 µl of IMF buffer with primary antibodies against:  

- Rabbit polyclonal anti-AT1 1:50 (sc-1173, Santa Cruz Biotechnology, Dallas, TX) 

- Rabbit polyclonal anti-MAS 1:500 (bs-5925R, Nordic Biosite, Täby, Sweden).  

To determine their location in the vascular segments, the samples were stained with primary 

antibodies to mark smooth muscle, astrocytes and endothelium in the retinal vessel tissue, 

respectively: 

- Mouse monoclonal anti-α smooth muscle actin (SMA) 1:100 (A2547, Sigma, Saint-louis, MO) 

- Mouse monoclonal anti-glial fibrillary acidic protein (GFAP) 1:1000 (14-9892, eBioscience, 

San Diego, CA) 

- Mouse monoclonal anti-CD-31 endothelial cell marker 1:40 (M0823 ,Dako Cytomation, Oslo, 

Norway) 

The next day, the samples were washed with PBS three times and the vessels incubated with 

secondary antibodies in 500 µl of IMF buffer for 30min at room temperature, covered with foil. 

- Goat anti-rabbit polyclonal Alexa Fluor 647 1:1000 (A-21244, Life technologies, Carlsbad, CA) 

for AT1 and MAS 
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- Goat anti-mouse polyclonal Alexa Fluor 488 1:1000 (A-11001, Life technologies, Carlsbad, 

CA) for SMA, GFAP and CD-31 

Along with 4’6-diamidino-2-phenylindole (DAPI) 1:2500 (D9542, Sigma, Saint-louis, MO). The 

samples were then washed with PBS four times prior to examination. Immunofluorescent signals were 

viewed using an inverted Olympus IX83 confocal laser scanning microscope (Olympus, Tokyo, Japan) 

with an oil immersion lens (×10 - 60). The specificity of the immunostaining was evaluated by the 

omission of the primary antibodies. Images were analysed and different fluorescent layers combined 

using Fluoview FV1000 ver. 3.1 (Olympus, Tokyo, Japan). 

2.7 Paraffin embedded immunofluorescence 

Porcine retinal arteries (2mm in length) were isolated and fixed with 3.7 % phosphate-buffered 

paraformaldehyde and embedded into paraffin. Paraffin sections were then sliced using a microtome, 

placed on a slide and the slides placed in a holding rack. The rack of slides was then de-paraffinised 

in: - Xylene I, Xylene II, Ethanol I and Ethanol II. 

For 5 min at a time (both Xylene and ethanol were at 100%). The sections were allowed to dry for 2 

min in between Xylene II and Ethanol I. The rack was then placed in citrate buffer pH 6.0 and heated 

in the microwave for 15 min, in order to reach at least 65°C. The slides were then allowed to reach 

room temperature and placed in distilled water. The slides were then drained and a circle drawn 

around the samples with a hydrophobic pen. The demarcated sections were then incubated with a 

blocking solution containing 10% bovine fetal serum in IMF for 30 min, at room temperature. The 

samples were then incubated overnight at 4 °C in 100 µl of IMF buffer with primary antibodies against: 

- Rabbit polyclonal anti-AT1 1:100 (sc-1173, Santa Cruz Biotechnology, Dallas, TX) 

- Rabbit polyclonal anti-MAS 1:100 (bs-5925R, Nordic Biosite, Täby, Sweden) 

- Mouse monoclonal IgG2a anti-α smooth muscle actin (SMA) 1:100 (A2547, Sigma, Saint-

louis, MO). 

The next day, the samples were washed with PBS four times and the vessels incubated with 

secondary antibodies in 250 µl of IMF buffer for 1.5 hours at room temperature, covered with foil. 

- Goat anti-rabbit polyclonal Alexa Fluor 488 1:1000 (A-11008, Life technologies, Carlsbad, CA) 

for AT1 and MAS 

- Goat anti-mouse monoclonal IgG2a Alexa Fluor 546 1:1000 (A-21133, Life technologies, 

Carlsbad, CA) for SMA 

Along with 4’6-diamidino-2-phenylindole (DAPI) 1:2500 (D9542, Sigma, Saint-louis, MO). The 

slides were then washed four times, drained and dried off, and mounted prior to examination. 

Immunofluorescent signals were viewed using an inverted Olympus IX83 confocal laser scanning 

microscope (Olympus, Tokyo, Japan) with an oil immersion lens (×60). The specificity of the 

immunostaining was evaluated by the omission of the primary antibodies. Images were analysed and 

different fluorescent layers combined using Fluoview FV1000 ver. 3.1 (Olympus, Tokyo, Japan). 
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3 Results 

3.1 Confocal Results 

A total of N=30 porcine retinal arteries were tested for AT1 and MAS immunoreactivity, in whole 

sections (n=28) at both 2mm (n=26) and 12mm (n=2) along with paraffin embedded samples (n=2) 

(two arteries tested four times). The AT1 receptor was identified in all the samples tested (n=16), as 

was the MAS receptor (n=16). In accordance with previous studies, AT1 and MAS were found to co-

localize in the same vascular layers.  

3.1.1 AT1 and MAS in whole retinal sections 
Both AT1 and MAS were always located in and between the smooth muscle- and astrocyte layers 

(Tunica media) (n=26), and on a few occasions both AT1 (n=3) and MAS (n=2) were highly expressed 

on the luminal side of the smooth muscle layer (Tunica intima), with AT1 (n=3) and MAS (n=2) located 

in the endothelium.  

 

Figure 14. Angiotensin-II type one receptor (AT1)immunoreactivity (green) in porcine retinal arteries 
and neuroretina (n=12). Top row: AT1 alone, SMA alone and both AT1 and SMA merged 
along with DAPI. Objective lens magnification at 30x. AT1 was always located in and outside 
the smooth muscle layer (n=6). Bottom row: AT1 alone, GFAP alone and both AT1 and 
GFAP merged along with DAPI. Objective lens magnification at 30x. AT1 was always located 
within the astrocyte layer (n=6). SMA = Smooth muscle actin (red), GFAP = Astrocyte 
marker (red), DAPI = nuclear staining (blue).  
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Figure 15. Ang (1-7) main receptor; MAS immunoreactivity (green) in porcine retinal arteries and 
neuroretina (n=13). Top row: MAS alone, SMA alone and both MAS and SMA merged along 
with DAPI. Objective lens magnification at 60x. MAS was always located in and outside the 
smooth muscle layer (n=7). Bottom row: MAS alone, GFAP alone and both MAS and GFAP 
merged along with DAPI. Objective lens magnification at 30x. MAS was always located 
within the astrocyte layer (n=6). SMA = Smooth muscle actin (red), GFAP = Astrocyte 
marker (red), DAPI = nuclear staining (blue).  
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3.1.2 AT1 and MAS in the endothelium 

In several instances, both MAS (n=2) and AT1 (n=3) were found within the smooth muscle layer of 

the 2mm long sections. 

 

 

 
 

 

 

 

 

 

Figure 16. Confocal micrographs showing AT1 and MAS in the endothelium Left: The red arrow 
shows AT1 outside the smooth muscle layer, while the white arrows indicate AT1 (green) 
localization inside the smooth muscle layer (red) of a porcine retinal vessel (n=3). Objective 
lens magnification at 30x. Right: The white arrows indicate MAS (green) localization inside 
the smooth muscle layer (red) in a porcine retinal vessel (n=2). Objective lens magnification 
at 10x. 

 

Only one experiment was conducted using the endothelium marker CD-31. The reason being that 

AT1 and MAS were originally mainly suspected of being located in the smooth muscle layer. 

 

 

 

 

 

 

 

 

 

Figure 17. Confocal micrograph showing AT1 in the endothelium. The white arrows indicate AT1 
(green) labelling in the endothelium as stained by CD-31 (red) (n=1) in a porcine retinal 
vessel. Objective lens magnification at 30x. 
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3.1.3 AT1 and MAS along whole retinal arteries 

The distribution of both AT1 (n=14) and MAS (n=14) varied between the whole section samples. 

This was confirmed when whole retinal arteries were examined from the optic disk to the retinal 

periphery (n=2) approximately 1.2cm in length. The variability was however not quantifiable using 

these images. Both AT1 (n=1) and MAS (n=1) seemed to be more concentrated nearer to the optic 

disk, steadily decreasing the closer it got to the retinal periphery. 

 

Figure 18. Confocal micrograph of a whole porcine retinal artery from the optic disk (right) to the 
retinal periphery (left), along with adjacent retinal tissue. This sample was stained AT1 
(green), GFAP (red) and DAPI (blue), showing greatest immunoreactivity of both AT1 and 
GFAP in the artery closer to the optic nerve head (right) with decreased immunoreactivity 
closer to the periphery (left). This image is a montage of multiple smaller images, all 
acquired with an objective lens magnification at 10x. 

 

 

Figure 19. Confocal micrograph of a whole porcine retinal artery from the optic disk (left) to the retinal 
periphery (right), along with adjacent retinal tissue. This sample was stained MAS (green), 
GFAP (red) and DAPI (blue), showing irregular but in general greater immunoreactivity of 
both MAS and GFAP in the artery closer to the optic nerve head (left) with decreased 
immunoreactivity closer to the periphery (right). A dark shadow can be observed at one end 
due to the slightly irregular shape of the segment when the image was taken. This image is a 
montage of multiple smaller images acquired with an objective lens magnification at 10x. 
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3.1.4 Negative Controls 

The negative control results showed that porcine retinal arteries do not autofluoresce (n=6) and 

that the secondary antibodies Alexa Fluor 647 and Alexa Fluor 488 did not significantly bind to 

anything other than the primary antibodies (n=6). Therefore none of the negative controls were 

significantly fluorescent (N=12). Differential interference contrast (DIC) was used to show the layout of 

the arteries. The negative controls were taken under the same conditions as the experimental images. 

 

 

 

 

 

 

 

 

 

Figure 20. Confocal micrographs obtained in control experiments to test if the vessels would 
autofluoresce. Objective lens magnification at 20x. Auto: No primary- and no secondary 
antibodies (n=6). Auto, DIC: DIC of the same artery, showing the outlines of the vessel.  

 

 

 

 

 

 

 

 

 

Figure 21. Confocal micrographs obtained in control experiments to test if the secondary antibodies 
were binding to something other than the primary antibodies, so the vessels were stained 
with secondary antibodies only and not with primary antibodies. Objective lens magnification 
at 20x. Sec: Secondary antibodies only (n=6). Sec, DIC: DIC of the same artery, showing the 
outlines of the vessel. 
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3.1.5 Paraffin embedded immunofluorescence 

Porcine retinal vessels were embedded in paraffin in order to identify the exact location of both AT1 

and MAS in the porcine retinal vasculature (n=2). Both samples were divided into two series, resulting 

in four slides tested (2xAT1+SMA and 2xMAS+SMA), all of whom displayed the clearly defined 

structures of the vasculature. Both AT1 (n=2) and MAS (n=2) were located on the smooth muscle cells 

and endothelium (n=2). 

 

 

Figure 22. Angiotensin-II type one receptor (AT1) immunoreactivity in porcine retinal arteries (n=2), 
using paraffin embedded sections. Top row: AT1 alone, SMA alone and both AT1 and SMA 
merged along with DAPI. The yellow colour indicates perfect co-localization of AT1 and 
SMA. Bottom row: A zoomed in close-up (3.4x) of the same vessel. AT1 alone, SMA alone 
and both AT1 and SMA merged along with DAPI. Red arrows: indicate AT1 and smooth 
muscle cell co-localization. White arrows: point to AT1 localization distinctly outside the 
smooth muscle layer, in the endothelium. Both series had the objective lens magnification at 
60x. AT1 = Angiotensin-II type one receptor (green), SMA = Smooth muscle actin (red) and 
DAPI = nuclear staining (blue).  
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Figure 23. Ang (1-7) main receptor; MAS immunoreactivity in porcine retinal arteries (n=2), using 
paraffin embedded sections. Top row: MAS alone, SMA alone and both MAS and SMA 
merged along with DAPI. The yellow colour indicates perfect co-localization of MAS and 
SMA. Bottom row: A zoomed in close-up (3.4x) of the same vessel. MAS alone, SMA alone 
and both MAS and SMA merged along with DAPI. Red arrows: indicate where AT1 and 
smooth muscle cells co-localize. White arrows: indicate where AT1 is localized distinctly 
outside the smooth muscle layer, in the endothelium. Both series had the objective lens 
magnification at 60x. MAS = Ang (1-7) main receptor (green), SMA = Smooth muscle actin 
(red) and DAPI = nuclear staining (blue).  
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3.2 Myograph results 

In this study a total of N=73 organ bath experiments were conducted.  

A total of N=33 porcine retinal arteries were tested and most of these experiments were conducted 

in Iceland (n=31) after the experimental set-up had been moved there, along with n=2 performed in 

Denmark. Ang-II was tested on all of the porcine arteries, but only produced an effect on wall tension 

9% of the time (n=3). KCl was initially used as a control (n=7) (data not shown), but proved to be very 

unreliable as a vasoconstrictor in the porcine model. Adrenalin was also tried as a control 

vasoconstrictor but could not exceed the cut-off limit at 10mN/mm (n=2). U-46619 on the other hand 

proved to be a potent and reliable control (n=20) and was therefore used throughout most of the 

porcine experiments. Since Ang-II induced vasoconstriction turned out be to be elusive, bovine retinal 

arteries (n=37) were tested for comparison, along with rat (N=1) and mouse (N=2) uterus. 

3.2.1 Bovine results 
Ang-II lot. 1 was tested on bovine retinal arteries (n=30), but most of them were excluded (n=17) 

since they did not meet the cut-off limit for Ang-II (10mN). Ang-II lot. 1 (n=13) at concentrations from 

10-5M - 10-7M and were found to have a significant effect. Ang-II lot. 1 at 10-5M produced 0.54 mN 

(n=1), Ang-II lot. 1 at 10-6 M produced 0.49 ± 0.13 mN p=0.012 (n=7) and Ang-II lot. 1 at 10-7M 

produced 0.32 ± 0.06 mN p=0.005 (n=5). 

 

Figure 24. The results of Ang-II lot. 1 tested at 10-5M - 10-7M on bovine retinal arteries. These results 
are shown as mean with standard error bars. The length is not stated since during these 
initial experiments, no length measurement nor normalization were performed. 
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Ang-II lot. 2 at 10-7 – 10-5M (n=7) had no effect on the bovine retinal arteries (N=7). KCl at 0.15M 

was used as a control in all the experiments, to induce vasoconstriction by depolarization of vascular 

smooth muscle cells, and produced a mean vascular response of 0.19 ± 0.03 mN/mm, p=0.001 (n=7). 

Additionally adrenalin 10-4M was tested as a control vasoconstrictor (n=1) producing a mean response 

of 0.41mN/mm. U-46619 10-6M was also used as a control in the last two experiments producing a 

mean response of 1.06 ± 0.05 mN/mm, p=0.03 (n=2). All of these latter experiments met the criteria, 

so none were excluded from the results presented here. 

 

 

Figure 25. Continuous recording of wall tension in a bovine retinal artery. The figure shows that Ang-II 
lot. 2 at 10-7M fails to have any effect, whereas application of KCl 0.15M as control results in 
vasoconstriction (18.11.2014). Ang-II was added to the chamber at the time indicated by the 
left vertical arrow, and KCl at the time indicated by the right arrow. 
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3.2.2 Porcine Ang-II 
Out of the 33 porcine retinal arteries tested, 30 vessels showed no response to Ang-II or the AT1-

agonist. Ang-II lot. 2 had no effect (n=10), neither when tested in Iceland (n=8) nor in a different set-up 

in Denmark (n=2). Lot. 3 (n=5), lot. 4 (n=5) and lot. 5 (n=5) were equally unsuccessful when tested on 

porcine retinal vessels. Ang-II lot. 6 failed to work 80% of the time (n=10), only producing 

vasoconstriction on n=2 occasions. Lot. 6 at 10-6M never produced an effect (n=6), with 10-7M working 

once (n=2) and 10-5M working once (n=6). The AT1-agonist also failed to produce vasoconstriction in 

any of the porcine retinal arteries tested (n=6).  

 

Figure 26. Continuous recording of wall tension in a porcine retinal artery. The figure shows that Ang-
II 10-6M lot. 4 from Alomone had no effect, whereas the control U-46619 at 10-6M induced a 
vasoconstriction as expected, demonstrating that the artery was healthy and viable 
(20.03.2015). Ang-II was added to the chamber at the time indicated by the left vertical 
arrow, and U-46619 at the time indicated by the right arrow. 
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Only n=3 out of N=33 porcine retinal arteries responded to Ang-II. Ang-II lot. 1 produced 

vasoconstriction only once in a porcine vessel, at 10-12 - 6M, resulting in a cumulative response curve 

for Ang-II lot. 1.  

 

Figure 27. Ang-II lot. 1 cumulative dose response curve in a porcine retinal artery (n=1) (4.2.2014). 
The doses added to the chamber started with the lowest concentration at 10-12M and ending 
with 10-6M. The chamber was rinsed 3 times between each dose and the vessel allowed to 
reach a steady tone before next dose was added. The numbers indicate wall tension after 
each dose had been added to the chamber 

 

Ang-II lot. 6 from Cayman chemicals was the only other lot that was found to have any effect on 

porcine retinal arteries, besides the initial lot. 1 experiments, but only did so on two occasions. In one 

of the two experiments, Ang-II lot. 6 at 10-5M produced vasoconstriction, reaching 0.48mN/mm (n=1), 

vastly surpassing the 10mN/mm cut-off. In the other experiment, Ang-II lot. 6 at 10-7M produced a 

contraction of 0.66mN/mm (n=1), surpassing the cut-off even further than the other experiments, at a 

lower concentration. Both of these arteries had one thing in common which was that both of them 

showed signs of vasomotion, which was not present in any of the other arteries (n=31). 

 

 

 

 

 



  

53 

3.2.3 Rat and Mouse uterus 
To see whether there was something inherently abnormal with the Ang-II being used in this study it 

was decided to test its physiological effect on a tissue other than either bovine or porcine retinal 

arteries. Ang-II lot. 2 at 10-6M and lot.4 at 10-7M and 10-6M produced strong contractions when tested 

on mouse- (n=2) and rat uterus (n=1) (lot. 2). In all instances (N=3) Ang-II produced a fast effect 

involving contraction, followed by active spontaneous, rhythmic contractile activity. U-46619 at 10-6M 

and KCl at 0.15M were used as controls in both of the mouse experiments, both of whom produced 

potent contractions and in the case of U-46619, was followed by regular rhythmic contractile activity. 

 

Figure 28. Continuous force transducer recording of a mouse uterus. One end of the uterus was 
fastened to an anchor while the other was fastened to the force transducer, allowing for 
contractile changes in the uterus to be recorded. In this figure, Ang-II Lot. 4 at 10-6M was 
tested on mouse uterus, initially producing a potent contraction followed by regular rhythmic 
contractile activity (19.3.2015). Length is not stated since no standardized length 
measurement exists. Ang-II was added to the chamber at the time indicated by the vertical 
arrow. 
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3.2.4 Ang (1-7) and DIZE 
Ang (1-7) had no effect when precontracted with U-46619 10-6M. Ang (1-7) from Sigma at 10-6M 

(n=7) or even at 10-5M (n=1) had no effect. Ang (1-7) from Cayman at 10-6M (n=6) had no effect either.  

DIZE 10-6M was tested N=9 times, but like Ang (1-7) had no effect when precontracted with U-

46619 10-6M (n=8). 

In one of the two cases in which Ang-II lot. 6 at 10-5M produced vasoconstriction, Ang (1-7) at 10-

6M and 10-5M (Sigma) had no effect. It was then followed by dorzolamide at 10-3M which completely 

countered the vasoconstriction. In the other experiments where Ang-II lot. 6 at 10-7M produced 

contraction, Ang (1-7) at 10-6M (Cayman) had no effect either. When DIZE 10-6M was added however 

it completely reversed the effect of Ang-II. What characterized that particular vessel was that it showed 

signs of minor vasomotion, which might be a prerequisite for Ang-II having an effect on wall tension in 

porcine retinal arteries. 

 

Figure 29. Continuous recording of wall tension in a porcine retinal artery. The figure shows Ang-II lot. 
6 at 10-7M (Cayman) induced vasoconstriction in the vessel. Ang (1-7) at 10-6M (Cayman) 
had no effect, but when DIZE at 10-6M (Sigma) was added it completely reversed the effects 
of Ang-II (18.09.2015). Ang-II was added to the chamber at the time indicated by the left 
vertical arrow, Ang (1-7) was added at the time indicated by the middle arrow and DIZE was 
added at the time indicated by the right arrow. 

 

 

 

 



  

55 

3.2.5 U-46619 
U-46619 is a potent reliable vasoconstrictor that was tested N=22 times, on both bovine- (n=2) and 

porcine retinal arteries (n=20) which were conducted in both Iceland (n=18) and Denmark (n=2). Only 

3 were excluded since they did not react at all to the vasoconstrictor, and were therefore considered 

dead, whereas all the other arteries reacted normally. The healthy porcine retinal arteries tested in 

Iceland produced a mean contraction of 0.73 ± 0.06 mN/mm, p=0.00 (n=15) at 10-6M. U-46619 10-7M 

was also tested once, resulting in 1.03mN/mm.  

In Denmark U-46619 at 10-6M produced 0.17 ± 0.07 mN/mm p>0.05 (n=2). Both segments were 

approximately 2mm in length and were mounted and normalized in Ca2+ free PSS. 

 

 

Figure 30. Continuous recording of wall tension in a porcine retinal artery. The figure shows an 
example of a very potent U-46619 10-7M induced vasoconstriction in a porcine retinal artery 
(18.09.2015). U-46619 was added to the chamber at the time indicated by the vertical arrow. 
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3.2.6 Dorzolamide 
Dorzolamide at 10-3M produced a potent vasodilation every time it was tested on precontracted 

porcine retinal arteries (N=8). When precontracted with U-46619 at 10-6M (n=7), Dorzolamide 10-3M 

produced a mean vasodilation of 70%, (0.38 ± 0.07 mN/mm, p=0.002).  

In one of the two experiments when Ang-II was able to produce vasoconstriction in a porcine 

vessel, Dorzolamide at 10-3M was capable of reversing its effect. When precontracted with Ang-II at 

10-5M (Lot. 6 from Cayman), Dorzolamide at 10-3M was able to completely abolish the effect of Ang-II 

a 100% (0.48 mN/mm). 

 

 

Figure 31. Continuous recording of wall tension in a porcine retinal artery. The figure shows that U-
46619 10-6M induced vasoconstriction was completely reversed by dorzolamide 10-3M in a 
porcine retinal vessel (14.10.2015). U-46619 was added to the chamber at the time indicated 
by the left vertical arrow, and dorzolamide at the time indicated by the right arrow. 
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4 Discussion 

4.1 Confocal imaging 
This is the first time that the presence of MAS and AT1 receptors has been identified in porcine 

retinal arteries (Giese & Speth, 2014; Marin Garcia & Marin-Castano, 2014; Wilkinson-Berka et al., 

2012). Previous studies had strongly indicated that the AT1 was present in porcine retinal arteries 

(Kulkarni et al., 2002) but AT1 was not specifically identified.  

4.1.1 AT1 in the 2mm sections 

In the present study, Ang-II’s main receptor, AT1 was found in all the porcine retinal vessels that 

were tested (n=16). AT1 was found in both the smooth muscle layer (n=6), adjacent astrocytes (n=6) 

and endothelium (n=4). The purpose of the AT1 receptors in the endothelium and smooth muscle cells 

is most likely to produce vasoconstriction when activated by Ang-II. This would explain the 

vasoconstriction seen in porcine retinal arteries by Ang-II, in a previous study (Kulkarni et al., 2002). 

Previous studies had located AT1 in the retinal blood vessels and astrocytes in rats (Downie et al., 

2009; Sarlos & Wilkinson-Berka, 2005), mice (Fuchtbauer et al., 2011; Kurihara et al., 2006; Nagai et 

al., 2005) and humans (Senanayake et al., 2007), with AT1 predominantly found in smooth muscle 

cells and to a lesser extent in the endothelium (Burnier, 2001; Higuchi et al., 2007; Hikichi et al., 2001; 

Pueyo & Michel, 1997; Sarlos & Wilkinson-Berka, 2005). That is in complete agreement with the data 

gathered in this study. There has been however a slight discrepancy between studies on the 

distribution of AT1 in the retinal vasculatures, making this part of the study highly relevant. It was 

generally believed that if AT1 would be found in the porcine retinal vasculature, it would most likely be 

found in the smooth muscle layer or endothelium. That is why the first whole vessel section was 

stained with CD-31 and later SMA. But since AT1 localized seemingly always on the outer side of the 

tunica media it was deemed necessary to stain the adjacent tissue next to it which is why GFAP was 

tested as well. The endothelium is a thin monolayer, thus making it difficult to see in such big samples. 

It was therefore decided to stain the paraffin samples with CD-31. Later that turned out to be 

unnecessary, since AT1 was clearly visible in the endothelium (Combined+DAPI, figure 22).  

AT1 was not only located in the endothelium of the arteries but also in the arterioles branching off 

from the arteries, sometimes in high concentration (figure 16. left). This may indicate that the increase 

in blood pressure due to Ang-II induced vasoconstriction might not be because the arteries 

themselves are contracting, but rather that the smaller arteriole contract, creating bottlenecks, thereby 

resulting in overall increase in blood pressure. 

4.1.2 MAS in the 2mm sections 
In the present study the Ang (1-7) main receptor, MAS was identified in the porcine retina and 

retinal arteries for the first time (Giese & Speth, 2014). MAS has only recently been identified in the 

human retina (Vaajanen et al., 2015) and not that long ago in the mouse retina, where MAS was also 

identified in the mouse retinal vasculature (Prasad et al., 2014). MAS was found to be present in all 

the porcine retinal vessels tested (n=16). MAS was located in the smooth muscle layer (n=7) and the 
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adjacent astrocyte layer (n=6). Previous studies have also noted that MAS and AT1 co-localize on the 

same cells in the retina (Prasad et al., 2014). The findings of this study confirm that the same is true in 

the porcine retinal vasculature. MAS was in several instances (n=2) found within the smooth muscle 

layer of the vessels most likely in the endothelium. In some instances MAS was highly concentrated in 

the endothelium of arterioles (figure 16, right) like AT1 (figure 16, left). Perhaps for the opposite 

reason as was speculated about AT1, in this area, MAS could relieve a bottleneck, increasing blood 

flow to the capillaries by dilating the arteriole.  

Additionally our data also demonstrates that the porcine model is well suited for further research 

looking into the RAS and its relationship with ocular diseases. 

4.1.3 AT1 and MAS along whole retinal arteries 
As seen in figure 18, the distribution of AT1 (green) was not even along the retinal arteries. This 

could be one of the reasons for the variability of the vascular response when mounted in a myograph, 

which seems all the more likely since Ang-II has been shown to produce more potent contractions in 

the proximal part than in the distal part of isolated porcine basilar arteries (Miyamoto et al., 2006).  

MAS was located along the whole length of the retinal arteries (figure 19) and in the adjacent 

neuroretinal tissue. The distribution of MAS (green) was uneven along the retinal arteries, with greater 

fluorescence nearer the optic disk and decreased fluorescence at the periphery. This is however not 

immediately noticeable in figure 19 due to the shadow at one end, but was observed in the zoomed in 

images at higher magnification. AT1 and MAS do therefore not only co-localize, but also seem to have 

similar kind of distribution pattern. The fact that MAS is highly expressed in both the retina and retinal 

vasculature means that MAS most likely plays an important role in the function of these vessels and 

the retina itself. Its purpose in the retina is unclear and beyond the scope of this study, but its purpose 

in the smooth muscle layer seems very likely to be to control retinal vessel diameter by dilation, when 

activated by Ang (1-7). 

The number and density of astrocytes (red) was also noticeably greater nearer the optic disk than 

at the retinal periphery in both images (figures 18 and 19). Since the number of ganglion cells is 

greater nearer the optic nerve head as compared to the retinal periphery, it should not come as a 

great surprise that there would be more glial cells such as astrocytes to support them. 

4.1.4 Negative Controls 
To ensure that the confocal images obtained were not the result of autofluoresence or that the 

secondary antibodies were not attaching to something other than the primary antibodies, negative 

control experiments were performed. The results showed that porcine retinal arteries do not 

autofluoresce (n=6) and that the secondary antibodies Alexa Fluor 647 and Alexa Fluor 488 did not 

significantly bind to anything other than the primary antibodies (n=6). Therefore none of the negative 

controls were significantly fluorescent (N=12). Differential interference contrast (DIC) was used to 

show the layout of the arteries. The negative control images were acquired under the same conditions 

as the experimental images. The negative control experiments confirmed that the set-up and protocols 

were working as intended.  
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4.1.5 Paraffin embedded samples 
The immunofluorescence of the paraffin embedded samples confirmed the location of both AT1 

and MAS in the smooth muscle layer (n=2) as well as in the endothelium (n=2). These samples 

allowed for a more detailed cross-sectional view of the porcine retinal arteries, which was not available 

using the whole section method.  

Due to time restraints, there was no possibility to perform more paraffin experiments nor to perform 

paraffin control experiments. The whole section control experiments showed that the secondary 

antibodies 488 and 647 were very specific to the primary antibodies and the porcine retinal arteries did 

not autofluoresce. In the paraffin cross section experiments the secondary antibodies were not the 

same as in the whole section experiments, with Alexa Fluor 488 being used instead of 647 to detect 

AT1 and MAS, and 546 instead of 488 to detect the smooth muscle layer. But since it had been 

established that 488 was very specific to the primary antibodies and because the smooth muscle layer 

was so clearly defined by Alexa Fluor 546, it was not considered crucial to perform another set of 

control experiments.  

4.1.6 Immunofluorescence summary 
It does perhaps not come as a great surprise that AT1 and MAS co-localize in the same cells, even 

though their activation has the opposite effects. Other parts of the RAS that oppose each other, like 

ACE-1 and ACE-2 for example are known to co-localize in porcine eyes as well (Luhtala et al., 2009). 

In the retina, both AT1 and MAS seem to co-localize in astrocytes and the retinal vasculature in mice 

and other species (Fuchtbauer et al., 2011; Kurihara et al., 2006; Nagai et al., 2005; Prasad et al., 

2014; Vaajanen et al., 2015), as well as the porcine retina, as has been established in this study. It 

remains to be seen if that holds true as well in the human retinal vasculature, which would be the 

logical next step in this project. 

It appears that AT1 and MAS are an important part of the RAS and their colocalization in the 

porcine retinal vasculature hints at an integral interplay within the RAS. The only difference between 

Ang-II and Ang (1-7) is just one amino acid, which can be cleaved by ACE-2 which is also located in 

both human- (Senanayake et al., 2007) and porcine retinas (Luhtala et al., 2009). That makes either 

activating ACE-2 to transform Ang-II into Ang (1-7) by a drug like DIZE, or the simple use of an Ang 

(1-7) analog an intriguing prospect for future treatments of ocular diseases like glaucoma, AMD and 

DR. Whereby MAS activation would be used as a way to increase blood flow to supply sufficient 

oxygen and nutrients to the diseased retina. 

 

4.2 The wire myography 

4.2.1 Bovine results 
The majority, or 65% of the bovine retinal arteries did not respond to Ang-II. The initial Ang-II lot. 1 

experiments at 10-6M and 10-7M produced statistically significant vasoconstriction, whereas Ang-II lot. 

2 never induced vascular contraction (n=7) even though they were tested up to 5 times on a single 

artery. Old Sigma lot. 1 doses (n=2) that had previously worked were tested as well and were found to 
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have no effect either. It was therefore considered that something might be wrong with the setup. But 

since the KCl control always worked, that seemed unlikely. That then led to the conclusion that there 

might be something in the way that the bovine were slaughtered that might explain the reason for the 

non-responsiveness to Ang-II (an issue addressed later). KCl was used as a control, but did not seem 

to be as reliable as would have been preferred. If the vascular tone was low it worked well, but if the 

tone was high then in some instances KCl would produce vasodilation. The decision was therefore 

made to switch over to U-46619 as a control vasoconstrictor, and it was used in the last two 

experiments along with KCl. U-46619 turned out to be a much better choice to be used as a control, 

since both are ligands known for producing vasoconstriction in arteries, whereas KCl is a salt that 

affects vascular tone by changing the membrane potential of smooth muscle cells (depolarization). 

4.2.2 The porcine results 
The main reason for switching from bovine eyes to porcine eyes was that the latter are more similar 

to that of humans, making it easier to argue that the results gained from using porcine eyes would be 

more likely to apply to what could been seen in human eyes. The increased difficulty of using porcine 

retinal arteries over bovine retina arteries is mainly for two reasons. The first one being that a thinner 

tungsten wire at 25nm in width was needed instead of the 40nm one used during the bovine 

experiments. These thinner wires are more prone to bending and break easily. The other problem 

being that porcine retinal arteries are almost half the width of the bovine retinal arteries (explaining the 

need for thinner wires), making them harder to thread. 

4.2.2.1 Ang-II 
Only 3 out of the 33 porcine retinal arteries reacted to Ang-II, which was surprising since a previous 

study had claimed that porcine retinal arteries could be contracted by Ang-II (Kulkarni et al., 2002). It 

has also been shown that Ang-II is similarly capable of inducing contraction in other parts of the 

porcine vasculature (Scotland et al., 1999). The Ang-II used in the study was synthetic human Ang-II, 

which is identical to that of porcine Ang-II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) (de Gasparo et al., 2000). 

Out of the three porcine retinal arteries that did react to Ang-II, they reacted only to lot. 1 (n=1) and lot. 

6 (n=2). Lot. 1 was the oldest one, originally prepared and frozen in 2012. The reason it was not tested 

more often, was that it was simply used up. 

None of the other lots from Sigma and Alomone (lot. 2 – 5) along with the AT1-agonist had any 

effect. The different lot numbers show in which order they had been purchased or given, starting with 

lot.1 to lot. 6 respectively. After trying lot. 3 with no effect, the decision was made to contact Sigma 

directly to inquire about the non-reactivity of the ligand. The answer came back that other groups had 

had the same complaint, so the company decided to send a free dose (lot. 5) to test, but that had no 

effect either. 

What characterized both the Ang-II lot. 6 experiments that produced contraction, was that both of 

them showed signs of vasomotion, which was not present in any of the other porcine arteries (n=31) 

and was therefore very seldom seen. It was speculated that vasomotion could potentially have been a 

prerequisite for Ang-II working in those porcine retinal arteries. Attempts were therefore made to 
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initiate vasomotion in those arteries, using oxytocin (n=4), which is known to produce regular rhythmic 

contractile activity in rat and mouse uterus, but that proved unsuccessful (data not shown). 

The reason that the cut off limit for Ang-II was set to 20mN/mm instead of 25mN/mm as with U-

46619, was because Ang-II did not seem to be as potent of a constrictor as U-46619. The cut-off limit 

set for U-46619 was adopted from the Danish group who have a lot of experience working with U-

46619 on porcine retinal arteries. 

4.2.2.2 Ang-II cumulative response curve 
Ang-II at 10-7M seems to produce maximum response in porcine vessels (Miyamoto et al., 2006) 

including the porcine retinal arteries (Kulkarni et al., 2002). The data in this study supports this, where 

one of the three porcine retinal arteries that responded to Ang-II was tested at concentrations from 10-

12 - 10-6M. This data resulted in a cumulative dose response curve which demonstrated among other 

things that Ang-II at 10-12M had almost no effect whereas 10-7M produced maximum effect. Ang-II 10-

7M resulted in wall tension of 0.23mN/mm, surpassing the cut off limit at 0.20mN/mm. The chamber 

was rinsed 3 times between every addition of Ang-II in order to test the effects of each dose. The 

problem with that method is that rinsing the chamber puts great strain on the artery mounted. Not only 

because the flow of liquid within the chamber could harm the vessel, but also because the last step of 

the last rinse was to empty the chamber completely before new PSS was added to the chamber. That 

means that for a second or two the vessel hangs suspended on the wires, resulting in untold damage. 

That means that after each rinsing session, the vessel becomes a bit more damaged than before. 

Another method that could have been used would be to steadily increase the concentration of Ang-II 

without rinsing in-between. The problem with that method however is that unlike U-46619, Ang-II effect 

are only temporary, making it unclear exactly how much constriction would be produced by the Ang-II 

doses after the first one. 

The obvious problem with the current study is that since only 9% of the porcine retinal arteries 

responded to Ang-II, it was not possible to repeat the cumulative response experiment, therefore only 

one is presented. The reason being that is was considered more vital to test the effects of Ang (1-7) 

and DIZE on the other two vessels that were precontracted with Ang-II. The vessel shown in the 

cumulative response curve was the first porcine retinal artery ever tested in this study, so Ang (1-7) 

and DIZE had not arrived at the time and were therefore not tested. 

4.2.3 Why was Ang-II so unreliable? 
Ang-II proved to be extremely unreliable in the current set-up, despite being published to be 

effective in similar settings (Kulkarni et al., 2002). The effects of Ang-II on retinal vessels had however 

been earlier proposed to be unreliable (Kulkarni et al., 1999). A number of reasons were assessed as 

possible causes for this unreliability. 

It was first speculated that something had gone wrong during the preparation and dilution of Ang-II, 

in some way damaging the compound. All the Ang-II lots (1-6) from all three manufacturers (Sigma, 

Alomone and Cayman) were prepared and dissolved according to manufactures instructions. Ang-II lot 

1-5 from Sigma and Alomone were dissolved in nano-pure water resulting in a stock solutions of 10-4 

M, which were then diluted with PSS and frozen, all done in the span a just 1-2 hours. Ang-II lot 6 from 
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Cayman was dissolved in PSS in a stock solutions of 10-4 M, diluted and frozen in the span of just 1-2 

hours. But since only lot. 1 (n=1) and lot. 6 (n=2) worked on porcine retinal arteries, that seemed 

unlikely. Especially after the rat and mouse-uterus experiments where lot. 2 (n=1) and lot 4 (n=2) 

worked flawlessly.  

When Sigma was contacted regarding this problem, they stated that other research groups had 

also reported their Ang-II as not working properly. Lot. 5 from sigma was therefore sent as a gift from 

the company and tested, but did not work either (n=5). This was the principle reason that Ang-II was 

ordered from Alomone and Cayman, but oddly enough they turned out to be equally ineffective. 

Other factors were tested, such as making the PSS the same day as it was used, in case 

precipitation could be causing the vessel to function abnormally (although precipitation had not been 

observed), but that turned out not to have any effect. 

One of the possibilities considered, was that there could be genetic differences in porcine and 

bovine animals between different parts of the country, although that seemed very unlikely. The 

reasoning being that Sigma lot. 1 doses that had previously worked on bovine retinal arteries but had 

no effect when tested on bovine retinal arteries in the latter phases (n=2). The only way to test this 

theory would have been to pack the whole set-up, take it back to its initial location and set everything 

up again. One of the arguments against this transfer would be the cost of moving the set-up and the 

fact that porcine animals were only slaughtered once per week at B. Jensen. 

Another reason considered that seemed more likely was that the slaughtering methods used by the 

different abattoirs could somehow be affecting the physiology of the tissue in a way that could make it 

less responsive to Ang-II. The initial reason being that the first porcine retinal artery tested worked 

very well, whereas almost none of the others showed any response at all. It was later discovered that 

at B. Jensen, the animals were knocked out by electricity and then killed by exsanguination, whereas 

in both Denmark and the other abattoirs the porcine animals were knocked out by CO2 before being 

exsanguinated. It was therefore hypothesized that the CO2 could somehow be adversely affecting the 

tissue in a way the damaged the retinal arteries, making it less responsive compared to the ones who 

had been knocked out by electricity. 

 Bovine Porcine 

B. Jensen Air piston Electricity + exsanguination 

Sláturfélag Suðurlands Air piston X 

Stjörnugrís X CO2 + exsanguination 

Århus X CO2 + exsanguination 

Figure 32. Different slaughtering methods used by different abattoirs. It was suspected that CO2 was 
damaging the retinal vessels, reducing their responsiveness to Ang-II. 

 

This led the researcher to contact Sláturfélag Suðurlands, in order to acquire bovine samples in an 

attempt to repeat the initial bovine experiments, knowing that at Sláturfélag Suðurlands the animals 

were put to death by the use of an air piston. It was considered extremely unlikely that the air piston 
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could adversely affect the bovine retinal vasculature and B. Jensen had used the same method. It 

therefore came as a great surprise that none of the bovine retinal arteries that had been acquired from 

Sláturfélag Suðurlands showed any response to Ang-II, but KCl and especially U-46619 worked very 

well, showing that the samples were healthy. 

It is also entirely possible that the higher Ang-II response rate seen in the initial bovine experiments 

could have been due to the previous method used at the time. The trauma caused by the outdated 

operation, first by gradually cutting into the tissue, and secondly by removing the whole retina and 

placing it on a silicone covered plate, could have affected the tissue in a way that led it to respond 

differently.  

A clear conclusion was never reached, but a number possibilities were able to be excluded. 

Communications with other researchers in the field confirmed the failure of Ang-II as a vasoconstrictor 

of porcine retinal arteries in a separate set-up in Japan. This brings into question the results from an 

earlier paper (Kulkarni et al., 2002), since neither this study nor the another group have been able to 

replicate them. 

4.2.4 Rat and Mouse uterus 
The mouse/rat uterus experiments were only intended to test if something had gone wrong with the 

preparation or dilution of Ang-II or if the compound was somehow corrupt. Since lot. 1 had previously 

worked and because there were so few doses left, it was not tested. There was only a limited number 

of available uteri to test, but it was considered necessary to test lots from not just Sigma (lot.2) but 

also from Alomone (lot. 4), because Sigma had previously stated that researchers had been 

complaining about Ang-II not working correctly. 

All of the uterus experiments worked without any complications (n=3), with both rat- (n=1) and 

mouse uterus (n=2) reacting to Ang-II. In all of the experiments, Ang-II produced a potent initially 

contraction followed by regular rhythmic contractile activity (see figure. 28). That demonstrated that 

the Ang-II had been correctly prepared and diluted, so there had to be another reason for Ang-II not 

working on the porcine retinal arteries. A standardizing length measurement for rat and mouse uterus 

does not exists at the University of Iceland, which is the reason that the wall tension in figure 28 is 

presented as mN instead of mN/mm. 

4.2.5 Ang (1-7) and DIZE 
Ang (1-7) was never able to produce vasodilation when precontracted with U-46619 (n=14). It 

didn’t matter if it was Ang (1-7) from Sigma (n=8) or Cayman (n=6). It seems that in order for Ang (1-7) 

to produce vasodilation a vessel needs to be precontracted with Ang-II. The fact that Ang (1-7) had no 

effect when precontracted with U-46619, is in accordance with a previous study on porcine coronary 

arteries where Ang (1-7) had no effect by itself when precontracted with U-46619, unless the vessels 

had been pretreated with bradykinin (Gorelik et al., 1998). The same applies to human mammary 

arteries, that were also mounted in a wire myograph, where Ang (1-7) had almost no effect when the 

vessels were precontracted with phenylephrine (a selective α₁-adrenergic receptor agonist), but when 

precontracted with Ang-II produced significant vasodilation (Mendonca et al., 2014).  
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Ang (1-7) therefore only seems to produce vasodilation when associated with mechanisms related 

to the RAS. It would have been interesting to pretreat the porcine retinal vessels in this study with 

bradykinin, to see if Ang (1-7) would have worked then, but that would have been beyond the scope of 

this study, since the aim was always to precontract the vessels with Ang-II. A later study has disputed 

this claim however, saying that it does not work (Raffai et al., 2014). 

DIZE never had any effect when precontracted with U-46619 (n=8). The only time that DIZE had 

any effect was when it had be precontracted with Ang-II lot. 6 (figure 29). In that experiment Ang-II lot. 

6 at 10-7M produced vasoconstriction that was characterized by vasomotion. When Ang (1-7) at 10-6M 

was added it had no effect however. It was only when DIZE at 10-6M was added that a potent 

vasodilation was observed, reversing the initial contraction produced by Ang-II down to baseline. The 

reason that Ang (1-7) could not by itself reverse the contraction by Ang-II, could have been because 

the vasoconstriction produced by Ang-II was more powerful than the dilation which Ang (1-7) could 

produce. It was only once DIZE was added, activating ACE-2 transforming the vasoconstrictive Ang-II 

into the vasodilating Ang (1-7) that the increased volume of Ang (1-7) could produce its effects against 

the decreased volume of Ang-II.  

4.2.6 U-46619 and Dorzolamide 
U-46619 and Dorzolamide had initially been considered to be used as controls, with U-46619 as a 

control for Ang-II and Dorzolamide as a control for Ang (1-7) and DIZE. But when Ang-II failed to 

produce vasoconstriction, this led U-46619 to be used as a substitute.  

U-46619 is a potent and reliable vasodilator that produced prominent contraction in all the healthy 

porcine vessels (n=17) and all the bovine vessels (n=2) that were tested. All of whom were statistically 

significant. The bovine- and porcine U-46619 experiments conducted in Iceland, resulted in a high 

mean contraction with very low SEM, to the same degree if not better than that seen by other authors 

(Hessellund et al., 2006b; Hessellund et al., 2003; Kehler, Holmgaard, Hessellund, Aalkjaer, & Bek, 

2007).  

KCl was originally used as the main control in the porcine experiments, but proved to be more 

unreliable than when used in the bovine experiments. This may have occurred because the bovine 

vessels were bigger, containing more smooth muscle cells, making them easier to work with. KCl 

produces vasoconstriction by changes to the cells membrane potential, which in hindsight is probably 

not the best control when testing a ligand. This became obvious when in some of the porcine tests, 

when the vessels tone was high and KCl was added to the chamber, it resulted in vasodilation. 

Therefore the decision was made to switch from KCl to U-46619 as a control.  

Dorzolamide produced a potent vasodilation every time it was tested on porcine retinal arteries, 

both when precontracted with U-46619 (n=7) and Ang-II (n=1).  

There were initial doubts as in how to dissolve the drugs, but the decision was made to dissolve it 

in double distilled water since that has previously been published in papers (Kehler et al., 2007). The 

experimental doses used were 10-3 M. The reason for such high experimental concentration is 

because prior studies have shown that around 10-3M is the effective concentration of Dorzolamide 
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producing its maximum effect (El-Galaly, Aalkjaer, Kringelholt, Misfeldt, & Bek, 2014; Josefsson et al., 

2004; Kehler et al., 2007; Torring, Aalkjaer, & Bek, 2014). 

U-46619 and Dorzolamide confirmed that the set-up and protocols were working as they were 

intended to. 

4.2.7 Additional considerations 
4.2.7.1 Ca2+ in PSS 

Some papers use Ca2+ free PSS during mounting and normalization (Bek & Holmgaard, 2012; 

Hessellund et al., 2006a, 2006b; Hessellund et al., 2003). The purpose is to ensure a passive tone 

during those procedures and to prevent a myogenic stretch response during normalization. 

In the current study it was found that mounting and normalizing in Ca2+ free PSS led the vessels to 

produce an inferior response during experiments, compared to when the vessels were mounted and 

normalized in PSS containing Ca2+. It was therefore decided to use the latter method. That however 

led to a slight difference in starting/baseline tone.  

This decision was later reinforced when the mean of the porcine U-46619 experiments (using PSS 

containing Ca2+) turned out to be 0,73 ± 0,06 mN/mm (n=15), compared to the mean of the porcine U-

46619 experiments conducted in Denmark (using Ca2+ free PSS) at 0,17 ± 0,07 mN/mm (n=2). 

Demonstrating that the right choice had been made and that the protocol was working.  

4.2.7.2 Perivascular tissue 
Several experiments had previously been conducted where arteries were tested with and without 

perivascular tissue (data not shown). They showed that the bovine vessel reacted less if adjacent 

retinal tissue had been removed, leading to the belief that the trauma of tearing off the 2*2mm retinal 

patch damaged the vessel. When the perivascular tissue was removed, it left the arteries without a 

support structure which in some cases altered the form of the artery where the vessel would shrivel 

up, sort of like a loose sock around the wires. That would lead to an inaccurate length measurement 

which would then affect the normalization leading to the artery to be under stretched. That would also 

mean that the tension produced by the artery when stimulated would not be even along the wire, due 

to the folds in the shrivelled artery. It was therefore decided to leave the perivascular tissue attached 

to the vessels during the experiments.  

There is a chance that the perivascular tissue might release some secondary messengers that 

could affect the arteries themselves, as has been suggested by some authors (El-Galaly et al., 2014; 

Kudryavtseva, Aalkjaer, & Bek, 2015). The confocal images demonstrated that both AT1 and the MAS 

were not only located in the retinal arteries, but also in the retina itself. However in vivo one is not 

present without the other. 

4.2.7.3 The new length measurement technique 
During the span of this study, a new length measurement technique was developed which was 

validated through extensive measurements of the pixel count representing an accurate 2mm ruler 

(over 40 measurements of 4 images at 3 different lengths). This technique is much more accurate 

than conventional eyepiece rulers, which are also more subjective since the researcher needs to count 
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the lines of the eyepiece that span the length of the sample and determine where the sample begins 

and ends. With the new technique described in this study, a high resolution photograph is taken which 

clearly defines opposite ends of the sample, allowing for a very accurate measurement.  

In the previous myograph method, an accurate length measurement was not performed. The artery 

would then be stretched to a pre-determined wall tension (usually the same every time) and the 

experiment would begin (Josefsson et al., 2004). The problem with this method (as it was tested by 

the researcher), was that if a short vessel (down to 1.2mm) would be mounted and stretched as much 

as a long vessel (perhaps 1.95mm), it could be observed that the short vessels would sometimes be 

on the verge of being torn apart, even going so far as to bending the wires holding the vessel in place. 

On the other hand, if a vessel was close to 2mm long it would be noticeably less stretched than 

shorter vessels, when stretched to the same tension.  

The new length measurement technique overcomes these problems and with normalization, allows 

for a standardized level of passive wall tension before the measurements begin, allowing for reduced 

variability in the measurements, ensuring more comparable results. 

4.2.7.4 Normalization 
The normalization step is a relatively reliable method of stretching vascular segments to a point 

where they are able to produce their maximum response (Hessellund et al., 2003; Mulvany & Aalkjaer, 

1990; Mulvany & Halpern, 1977). The normalization extension for Labchart was not always correct in 

estimating the optimal stretch for the arteries. In a few instances the program would recommend that 

the artery would be over stretched to the point of being torn or in a few instances it would recommend 

under stretching the arteries, leading to a diminished response than it should have been. One of the 

reasons for this discrepancy could be that the vessels wall thickness varied. The effects of this would 

most likely be that a vessel with thin walls for example would stretch more and provide less resistance 

to the wires when stretched, as opposed to a vessel with thicker walls, where a less stretch would be 

needed to produce the same wall tension. Another potential reason for this discrepancy could be that 

the pre-contracted internal circumference varied between samples. This could be observed after the 

first wire had been mounted under the stereoscope. The accurate length measurement however 

helped to a certain degree the likelihood of arteries being over or under stretched.  
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Conclusions 

AT1 and MAS were detected in all the porcine retinal arteries tested, using immunofluorescence of 

whole- and paraffin embedded sections. AT1 and MAS were found to co-localize in the same layers of 

the retinal vasculature, in the endothelium, smooth muscle layer and astrocytes, which is in an 

accordance with previous studies in other species and tissues. 

Ang-II only produced vasoconstriction in 9% of the porcine retinal arteries tested. Ang (1-7) and 

DIZE never produced vasodilation in porcine retinal arteries when precontracted with U-46619. Ang 

(1-7) only produced vasodilation when precontracted with Ang-II, which is in accordance with previous 

studies, and after DIZE had activated ACE-2 transformation of Ang-II into Ang (1-7). 

U-46619 functioned every time the tissues tested were healthy, resulting in prominent 

vasoconstriction in both porcine- and bovine retinal arteries. Dorzolamide produced vasodilation every 

time a vessel was precontracted with U-46619. In one of the instances when Ang-II produced 

vasoconstriction, then dorzolamide was able to reverse the effect by 100%. Both the U-46619 and 

dorzolamide experiments demonstrate that the recording set-up was working correctly.  

Ang-II was tested in rat- and mouse uterus to determine if there was something wrong with the 

ligand or its preparation, but all of them worked as expected.  

This is the first time that both main receptor types for Ang-II and Ang (1-7) have been directly 

identified in the porcine retinal vasculature. But since Ang-II almost never produced vasoconstriction, 

their purpose remains unclear. This might mean that the complexity of this system is greater than 

previously thought. The activation of the RAS vasoprotective axis therefore remains an intriguing 

prospect for future studies, with this study taking us one step closer to discovering its potential. 
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