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Abstract

Glaucoma is an ocular neurodegenerative disease generally associated to sus-
tained elevated intraocular pressure (IOP). Lowering IOP is the only suitable therapeutic
strategy for glaucoma but current treatments do not target the root cause of elevated IOP:
increased aqueous humour outflow resistance.

The mechanisms involved in outflow resistance generation are not fully under-
stood. It is thought that resistance is generated at the vicinity of the juxtacanalicular
connective tissue, the inner wall of Schlemm’s canal (SC) and its basement membrane.
We hypothesise that the continuity of SC endothelium, and especially its pores, are key
regulators of outflow resistance. To test this hypothesis, we assessed the role of physiolo-
gical processes known to be relevant for pore formation by measuring changes in outflow
facility (C) using the newly developed iPerfusion system.

First, we showed that vascular endothelial growth factor (VEGF) is involved in C
regulation and that steroid-treated mice have altered VEGF signaling, potentially con-
tributing to outflow dysfunction and ocular hypertension. Second, we demonstrated that
down regulation of plasmalemmal vesicle-associated protein results in reduced C, prob-
ably because of impaired ability to form intracellular pores. Third, we proved that the
inhibition of tight junction related proteins results in increased C and lower IOP. Addition-
ally, we also examined the effects of anesthetics on IOP and we propose a new protocol
to measure IOP by rebound tonometry.

Altogether, these studies support the idea that the inner wall of SC plays a crucial
regulatory role in aqueous humour outflow resistance. Therefore, targeting SC endothe-
lium and more precisely the mechanisms of pore formation may provide a new therapeutic
approach for ocular hypertension.
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Introduction and background
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1.1 Introduction

Glaucoma is a neurodegenerative ocular disease characterised by optic nerve

damage that, if left untreated, can lead to irreversible blindness. Sustained elevation

in intraocular pressure (IOP) is the principal risk factor for glaucoma and the only feature

that can be treated since optic nerve damage is irreversible [172]. Clinically, there is a need

for better and early detection of glaucoma in order to reduce IOP before the optic nerve

is damaged. Furthermore, more effective treatments are also need. These treatments

should target the root cause of elevation in IOP, increased outflow resistance and, ideally,

overcome the unknown cause leading to increased outflow resistance [70]. To achieve this

objective, it is still necessary to gain an understanding on how outflow resistance and IOP

are regulated. IOP is defined by the rate of production of aqueous humour (AH) and the

resistance opposed to its drainage by the tissues of the outflow pathway [276]. It is known

that the elevation in IOP observed in glaucoma is due to an increase in resistance to AH

outflow [117]. However, the exact factors causing the increase in outflow resistance still

remain unknown.

The AH exits the eye at the iridocorneal angle, in the anterior chamber, mostly

through the conventional outflow pathway. The conventional outflow pathway consist of

the trabecular meshwork (TM), juxtacanalicular connective tissue (JCT), Schlemm’s canal

(SC) and post-trabecular pathway. AH percolates through the filter-like tissue of the TM

and JCT into SC, where it flows circumferentially until it drains to blood circulation via the

post-trabecular pathway [141]. The exact component of the outflow pathway that confers

resistance to AH outflow are not clear, but it is though to be in the vicinity of JCT, inner wall

of SC and its basement membrane [148,210,277]. The physical proximity of these three com-

ponents make it difficult to discern which one is responsible for the increased resistance

observed in glaucoma. Nevertheless, evidence seem to indicate that SC endothelium

plays an important role. The inner wall of SC is a continuous endothelium containing

tight junctions (TJs) and micron-sized pores [95], pore formation seems to be impaired in

glaucomatous eyes, which may contribute to their increased resistance [151,211]. However,

the mechanism of pore formation are not fully understood.

Two types of pores are found in the inner wall endothelium of SC: paracellular
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(B-pores) and intracellular pores (I-pores) [91]. The nature of each type of pore appears to

be different. While B-pores may form from disassembly of cellular junctions, I-pores may

form from pre-existing ”mini-pores” similar to the fenestra found in other vascular tissues.

Theoretically, the modulation of pore formation should modify the hydraulic conductance

of SC endothelium and affect outflow resistance [210].

Vascular endothelial growth factor (VEGF) is an important cytokine known to

enhance hydraulic conductivity in endothelial linings [28] by promoting the formation of

both paracellular [110] and intracellular spaces [233]. VEGF receptors (VEGFR) are ex-

pressed by SC cells [16,220,242], VEGF is found in the AH [69,288] and TM cells can produce

VEGF [104]. These evidence lead to think that VEGF may play a role regulating outflow

resistance.

1.2 Background

1.2.1 Glaucoma

Glaucoma is a group of chronic neurodegenerative diseases characterised by

visual field loss because of damage of the optic nerve head. Glaucoma is asymptomatic

at early stages until the disease is very advanced and vision loss already affects the

patient’s normal life, for this reason, it is still under diagnosed. Optic nerve damage

can be prevented but once the retinal ganglion cells in the optic nerve head are dead

vision loss is irreversible. Therefore, an early diagnosis of the disease is crucial. The

National Health Service estimates that around 500,000 people suffer from it in the United

Kingdom (2015), while it is thought to affect 60 million people worldwide [227], being the

second leading cause of blindness after cataracts [231].

Different forms of glaucoma are classified according to the anatomy of the irido-

corneal angle. Glaucoma is defined as open-angle if the angle is normally open and the

AH can access the outflow pathways whereas it is defined as closed-angle if the outflow

pathway is physically blocked because the angle is abnormally closed. Both open and

closed angle can then be divided between primary or secondary depending on the origin
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of the problem, it is secondary when glaucoma is caused by another existing pathology,

this is the case of neovascular glaucoma, pigmentary glaucoma and exfoliation glauc-

oma, among others [172]. Glaucomas are characterised by elevated IOP. However, in a

few cases, the optic nerve is found to be damaged without IOP elevation, this form of

the disease is known as normal-tension glaucoma. Nevertheless, all these forms have in

common that biomechanical insult lead to apoptosis of the retinal ganglion cells (RGC) at

the lamina cribrosa resulting in ”cupping” of the optic nerve head [172].

Primary open angle glaucoma (POAG) is the most common form of glaucoma.

POAG is a multifactorial disease where elevated IOP is the primarily risk factor and the

only treatable feature, in fact, reduction of IOP has been shown to improve visual field [281].

POAG is characterised by a sustained and gradual IOP elevation. Elevated IOP is a con-

sequence of increased AH outflow resistance [117]. Although studies have reported that

the pore density in SC is reduced in both human glaucomatous eyes [146,150] and cultured

SC cells from patients suffering glaucoma [211] the underlying reasons for impaired pore

formation in glaucoma and the link to increased outflow resistance are not fully under-

stood. Nevertheless, current research indicated that cellular stiffness is a key factor [211].

Current treatments aiming to reduce IOP include reduction of AH production and

promotion of alternative drainage routes either by pharmacological or surgical means [70].

The most effective drugs are prostaglandins analogues (commercially known as latano-

prost, bimatoprost or travaprost, to mention a few), these compounds are known to en-

hance both the uveoscleral and the trabecular pathways [306]. Other medications reduce

AH production, these are β blockers (timolol, betaxolol or carteolol), α-2 selective α ag-

onists (apraclonidine or brimonidine) and carbonic anhydrase inhibitors (brinzolamide or

acetazolamide diamox). Moreover, IOP can be lowered surgically, using laser therapies,

or implanting drainage devices [70].

1.2.2 Anatomy of the Eye

The eye is a complex organ that enables sight. For vision to occur, light has to

cross a number of transparent tissues and fluids through the eye and reach the retina at

the back. There, the photoreceptors convert light into electric signals that are transmitted
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to the brain through the optic nerve [164]. For this function to succeed, the shape and the

correct function of every individual part of the eye is essential.

Figure 1.1: Representation of the human eye. Schematic representation of a cross-section of the human
eye. Reproduced with permission from ”eye, human: horizontal section”. Encyclopædia Britannica Online.
20 Oct. 2015.

As can bee seen from Figure.1.1, the outer part of the eye is composed of the

sclera and the cornea. The sclera is the opaque white shell that forms the majority of

the eye ball, while the cornea is the transparent frontal part that allows light into the

eye. The place where the cornea and the sclera converge is known as the limbus. The

space between the cornea and the iris is defined as the anterior chamber (AC). The AC

is filled with AH that nourishes the anterior tissues and pressurises the eye. Between

the iris and the lens there is the posterior chamber, delimited at the edges by the ciliary

body. Behind the iris, there is the lens, responsible for focusing the light. Posteriorly,

there is the vitreous, a transparent gel that occupies almost 80% of the eye, although

it is not strictly necessary for vision, it contributes to maintain the shape of the eye by,

for example, keeping the retina attached to the choroid. The choroid is a vascular layer

that supplies oxygen and nutrients to the retina. The retina is a complex multi-layered

structure, including the photoreceptors (cones and rods) responsible for sensing the light

by transforming light into electrical signals. The fovea (or macula lutea) is a particular area

5

http://www.britannica.com/science/human-eye/images-videos/Horizontal-section-of-the-eye/3421


of the retina populated exclusively with cones where accurate vision takes place. From

the retina emerges the optic nerve, which carries electric pulses to the visual centers in

the brain. Because in mammals the nerve fibers are located before the photoreceptors,

there are no photoreceptors in the optic nerve head, where the fibers converge to exit

the eye ball, for this reason, the optic nerve head is considered a blind spot. The optic

nerve head consists mostly of axons from RGC, which transduce the electric signals to

the brain [160,164,219].

The eye receives supply of nutrients and oxygen from the ophthalmic artery, which

branches into the retinal and the uveal vascular system. The retinal vascular system

supplies the inner retina through the central retinal artery. The uveal vascular system

can be divided between the anterior uveal circulation, which nourishes the iris and ciliary

body, and the posterior uveal circulation, which supplies the choroid and, hence, the outer

retina [92,164].

1.2.3 Outflow pathways

There is a constant circulation of AH in the anterior segment of the eye. Its func-

tion is to provide nutrients and oxygen to the tissues forming the AC as well as clear out

residues and cell waste. Moreover, it is also responsible for keeping the eye pressurised

at around 15 mmHg (physiological IOP, 15 ± 2.6 mmHg [92]), essential for maintaining the

curvature of the cornea, thus preserving the refractive properties of the eye. AH is pro-

duced by the non-pigmented epithelium of the ciliary process in the posterior chamber [63],

it flows between the iris and the lens and enters the AC through the pupil. There, it exits

the eye at the iridocorneal angle (where the iris and inner part of the cornea meet) either

through the trabecular or the uveoscleral pathway to the episcleral vein (See Figure.1.2).

The outflow pathways are described in more detail below.

Trabecular outflow pathway

The trabecular outflow pathway (also known as the conventional pathway) drains

most of the AH from the anterior chamber [92,112,152]. To leave the eye, the AH crosses the
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Figure 1.2: Representation of the AH circulation and the outflow pathways. Schematic representation
of the AH circulation in the anterior segment, being produced by the ciliary precesses and drained in the
iridocorneal angle. The insert represents the iridocorneal angle at greater detail, differentiating the trabecular
pathway from the uveoscleral and showing the main structures involved in each one. Reproduced with
permission from Llobet et al. (2003) [178].

sieve-like tissue that is the trabecular meshwork (TM) as bulk flow and it flows through

the inner wall of Schlemm’s canal (SC) to enter its lumen where AH circulates circum-

ferentially. The AH is then drained through the collector channels into blood circulation

(post-trabecular pathway). This drainage route is considered pressure dependent since

the outflow rate increases in response to elevated IOP. As it is described in detail in the

section ”Resistance generation” (1.2.6), the resistance to outflow conferred by these tis-

sues define IOP.

Trabecular Meshwork

The TM is the tissue that connects the anterior chamber with the inner wall of SC

and extends between the stroma of the iris, ciliary body, sclera spur and the Schwalbe’s

line at the interior edge of the cornea. The TM has a depth of 100 - 200 µm and three

layers can be differentiated: the inner one is the uveal meshwork, the central one is

the cornoescleral meshwork and the outer one, which is in contact with SC, is the

juxtacanicular connective tissue (JCT, or cribriform meshwork) [114,275]. The spacings

between these structures become narrower as they approach the SC, this allows filtering

7



of the AH and avoid that impurities (e. g. cell debris or pigment granulates from the

iris) clog further tissues that have smaller spaces for AH to flow. The TM has phagocytic

properties [53] and it is considered to be a ”self-cleaning” filter.

The uveal and cornoescleral meshwork are made of lamellae positioned perpen-

dicularly to the flow (see Figure.1.3). These lamellae, composed by collagen, elastin

and proteoglycans, are covered with a continuos layer of vascular-derived TM cells,

which have a continuous basement membrane rich in collagen type IV, laminin and

fibronectin [178,275,312]. The JCT is slightly different in terms of cells and extracellular mat-

rix (ECM) arrangements. JCT cells do not grow on lamellae, are more tight and cells are

embedded in an ECM of collagen type IV, laminin, fibronectin, proteoglycans and glyc-

osaminoglycans (GAGs) [114,210], this, makes the JCT a more irregular connective tissue

with narrower spaces for AH to flow than the layers below. The JCT and the inner wall

of SC are connected through tangentially arranged elastic fibers (cribriform plexus) [237].

The connection between the JCT and SC is believed to be key for outflow resistance

generation [243,275].

TM 
SS 

SC 

Figure 1.3: The trabecular outflow pathway. Scanning electron micrograph of a cross-section of human
trabecular outflow tissues. Arrow: inner wall of SC; SS: scleral spur; SC: Schlemm’s canal lumen; TM;
trabecular meshwork. Reproduced with permission from Ethier et al. (2002) [95].

Schlemm’s canal

SC is a vessel made of a monolayer of endothelial cells that encircles the eye
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at the limbus. SC has two well differentiated parts: the inner wall and the outer wall.

The inner wall is in contact with the JCT and at the opposite side there it the outer wall.

Collector channels emerge from the outer wall. SC receives the AH filtered through the

TM driven by pressure gradient. Once AH is in the lumen of the canal, it circulates

circumferentially until it drains through the collector channels and aqueous vein.

As can be seen from Figure.1.4, the distinctive forces that the inner and outer wall

are subjected to, give them a very different appearance. The inner wall experiences the

bulk of AH crossing it in a basal-to-apical direction, the pressure drop associated with it

and shear stress from the circumferential flow [93]. Such forces increase with elevated IOP

because the SC collapses narrowing the lumen, which results in increased circumferen-

tial flow and shear stress. The outer wall doses not have to undergo such stress since

AH leaves SC through collector channels and it does not have to cross the endothelium.

A
H

 F
lo

w

Circumferential Flow
SC

Figure 1.4: Transmission electron micrograph of Schlemm’s canal. Cross section of the JCT and
SC. AH flows from the anterior chamber in a basal-to-apical direction crossing the JCT and inner wall of
SC, because of the pressure drop SC cells deform forming giant vacuoles (GV). In the lumen of SC, AH
circulates circumferentially. The outer wall of SC exhibits a flat appearance. SC: Schlemm’s canal lumen; n:
cell nuclei; ∗: meshwork pores; JCT: juxtacanicular connective tissue. Adapted with permission from Pedrigi
et al. (2011) [216].
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Uveoscleral outflow pathway

The uveoscleral outflow pathway (also known as the unconventional pathway)

is thought to contribute less to outflow drainage than the trabecular pathway, despite

the fact that there is not an agreement on the percentage of AH exiting the eye trough

this route [11,154,286]. Because of the pressure drop between the anterior chamber and

the suprachoroidal spaces (≈ 3.5 mmHg) [215] AH is driven through the fibers of the cili-

ary muscle in the iris root into the suprachoroidal spaces where it is reabsorbed by the

sclera [11,201]. The uveoscleral pathway is considered to be pressure independent, since

the flow through it does not change significantly with changes in IOP [37].

1.2.4 The inner wall of Schlemm’s canal

The inner wall of SC is made of vascular-derived endothelial cells sitting on a

discontinuous basement membrane [115]. SC cells in the inner wall allow AH to flow in

a basal-to-apical direction while maintaining the blood-aqueous barrier [45]. Flow cross-

ing SC pushes the endothelial cells away from their basement membrane forming ex-

tracellular outpouchings known as giant vacuoles (GVs), giving the inner wall a peculiar

undulated appearance (Figure.1.4).

A special characteristic of SC endothelium is that it has both blood and lymph-

atics endothelial features [159,228]. For example, SC cells express all vascular endothelial

growth factor receptors (VEGFR): VEGFR-1, -2 and -3 [16,220,242]. VEGFR-1 and -2 are

blood vascular markers while VEGFR-3 is a lymphatic marker. In addition, other vascular

markers expressed by SC cells are CD31 [47], PECAM-1 and VE-Cadherin [123] (blood)

and PROX-1 [16] (lymphatic).

It is known that SC endothelium expresses plasmalemma vesicle-associated pro-

tein (PLVAP or PV1) [126]. PLVAP is the structural protein forming the diaphragm that

bridges some fenestra [142,266]. Moreover, it is necessary and sufficient for fenestra form-

ation and its expression correlates with increased permeability [308].
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Pores in the inner wall of SC

The inner wall is a continuous endothelium forming TJs and containing micron-

sized transendothelial pores where the AH flows through [148]. Two types of pores are

found in SC, pores that form in between cells (known as paracellular pores, border pores

or B-pores) and pores that cross the entire cell (known as transcellular pores, intracel-

lular pores or I-pores) [84,91,136,251] (see Figure.1.5). About 70% of pores in human eyes

are I-pores [91] although B-pores seem to provide the predominant flow pathway [47]. I- and

B-pores also seem to be regulated independently [47,94] and their dimensions are slightly

different, I-pores have a diameter of 0.9 µm whereas B-pores are larger with a diameter

of 1.6 µm on average [91,95].

Figure 1.5: Pores in the inner wall of SC. Scanning electron micrograph of the inner wall of SC from
a human eye showing both B- and I-pores. Arrow heads show cell borders. Scale bars represent 1µm.
Reproduced with permission from Braakman et al. (2014) [46].

Pores in the inner wall of SC are very difficult to study. It is known that pore

densities can be affected by fixation conditions and post-mortem times when observed in

situ [91,150,251]. Moreover, SC is not very porous (0.07%) [91,151] and pores are not distrib-

uted uniformly, which complicates its visualization. Nevertheless, several studies report

the importance of pores on outflow resistance regulation. Mostly, because the number of

pores is reduced in glaucoma [150,151,211] and their distribution correlates with active areas

of flow [47]. However, the mechanisms of pore formation and why pore density is reduce

in glaucomatous eyes, is still under investigation.

The hypothesis, however, is that pores form from pre-existing ”mini-pores” due to

tension generated by AH flow, this theory was first proposed by Anders Bill in 1972 [40].

Apart from the micron-sized pores, smaller openings are found in the inner wall of SC:

apertures in between TJs (Figure.1.6a) and fenestrae-like structures containing a dia-

phragm (Figure.1.6b) [36,126,275]. Flow crossing the inner wall causes tension that stretch
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SC cells which may rupture these initial structures, in fact, pores are more often found in

GVs, where the cell is deformed putting more strain on it. In line with this, it has been

shown that SC cells in culture form more pores under stretching conditions [46]. It appears

that cell stiffness is also key to pore formation, stiffer SC cells (like those from glaucomat-

ous eyes) form less pores [211], which can explain the reduced pore density observed in

glaucoma.

a) b) 

Original	magnifica,on:	x45,792	

Figure 1.6: TJs and fenestrae in the inner wall of SC. a) Transmission electron microscopy of the inner wall
of SC showing TJ (arrows). b) Transmission electron microscopy of the inner wall of SC showing a fenestra-
like opening containing a diaphragm (arrow). Reproduced with permission from Bhatt et al. (1995) [36] and
Herrnberger et al. (2012) [126].

1.2.5 Aqueous humour dynamics

The AH is in constant circulation and its dynamics can be defined by the principle

of mass conservation, such that at steady state the rate of AH production (Qp) equals the

rate of AH drainage. As has been described previously, the AH drainage is divided into

two routes: the conventional (Qc) and the unconventional (Qu) pathways, therefore,

Qp = Qc +Qu (1.1)

Taking into account the pressure dependency of the conventional (trabecular)

pathway, influenced by IOP, conventional outflow resistance (Rc) and the downstream

episcleral venous pressure (EV P ), the relationship is defined by the modified Goldmann’s
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equation [52]:

Qp =
(IOP − EV P )

Rc
+Qu (1.2)

The Goldmann’s equation can also be expressed as a function of conventional

outflow facility (C), which is the inverse of the conventional outflow resistance (C = 1/Rc):

Qp = (IOP − EV P ) × C +Qu (1.3)

If this equation is rearranged to be a function of IOP it leads to:

IOP =
(Qp −Qu)

C
+ EV P (1.4)

These relationships are physiologically accurate if Qc is pressure dependent and

Qu is pressure independent for a given IOP and the eye is at steady state.

1.2.6 Outflow resistance generation

As can be deduced from Equation.1.4 IOP depends on C or, which leads to the

same, if resistance of the conventional outflow pathway increases so does IOP. This

mathematical relationship has also been proven empirically [9,117,146,148]. Early in 1951,

Grant [117] observed that elevated IOP measured in glaucoma patients was due to an

increased outflow resistance and no, for instance, to an increase in AH production. Al-

though these measurements were carried out before the uveoscleral pathway was dis-

covered, one may consider that it does not contribute to the overall resistance generation

because the magnitude of fluid leaving the eye through this route is insignificant in the

healthy eye [201]. Despite these observations, what regulates AH outflow resistance is still

not fully understood.

As it has been described previously (1.2.3), the trabecular pathway is made of

three layers of TM, SC and the post-trabecular pathway, therefore, all theses elements
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could contribute to outflow resistance generation. Here, they will be analysed individually.

The components of the conventional pathways that are considered not to con-

tribute to resistance generation are the two first layers of the TM (the uveal and the

cornoescleral meshwork) [118,188], the lumen of SC, even if it is collapsed at high IOP [149],

and the post-trabecular pathway. The resistance generated by these structures is neg-

lected because the space that the AH has to flow through them is sufficiently big to not

confer any resistance [148,210]. However, the implication of the post-trabecular pathway

is not clear since Grant (1963) [118] still measured a 25% of resistance after a trabeculo-

tomy1. Then, there is only the JCT and the inner wall of SC left to generate resistance.

Several studies confirmed that the the bulk of resistance is found in the vicinity of JCT

and inner wall of SC, but their physical proximity makes it very difficult to discern the im-

plication of each tissue. Moreover, these studies also demonstrated that the abnormal

high resistance detect in glaucoma occurs within this area [117,118,258].

The JCT forms gaps smaller than the previous layers (micron-sized) and it is not

thought to be compact enough to generate much resistance. Even so, the ECM is so

rich that it hinders the flow of AH. Important elements of the ECM are GAGs, which have

been associated with outflow resistance generation [48,210]. However, studies carried out

in different species are not conclusive neither regarding its visualization nor to the effect

that its inhibition has in facility. Thus, JCT cannot represent the totality of resistance

generation but it seems that GAGs in its ECM contribute to it.

The inner wall of SC has a discontinuous basement membrane, which leads to

think that, on its own, it should not oppose significant resistance to AH outflow [210]. How-

ever, mice treated with systemic dexamethasone (DEX) develop an enlarged basement

membrane of SC, which could contribute to the rise in outflow resistance that these mice

exhibit after DEX treatment [207].

The endothelial cells of the SC’s inner wall form a continuous endothelium with

pores of around 1 µm in diameter at a pore density that may range between 600 and 2500

pores/mm2 depending on the study [10,40,47,151,251]. While these variations in pore density

1Surgical removal of the TM and inner wall of SC.
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make it challenging to estimate the resistance attributable to the inner wall, hydrodynamic

models assessed that it would contribute to a 5-10% [10,40,89,198,272]. Nevertheless, John-

son et al. (2002) [150] detected lower pore density in glaucomatous eye as well as an in-

creased resistance, which suggests that pores might contribute to resistance generation.

Other studies showed that when the integrity of the inner wall is compromised by perfus-

ing eyes with chelating agents (EDTA, EGTA) or proteolytic enzymes (α-chymotrypsin)

outflow resistance decreases significantly [120].

The individual analysis of each component of the trabecular outflow pathway leads

to a paradox as the addition in series of each one is much smaller than the total resistance

measured experimentally [210]. For this reason, a synergic model of outflow resistance

generation based on the funneling model was proposed. The funneling model, first

theorised by Johnson and colleagues (1992) [153], states that the interaction between the

JCT and pores in the inner wall of SC determine the resistance of the outflow pathway.

The rationale is that the AH is forced to flow through small pores when it comes from a

wider area in the TM, as it happens with fluid passing through a funnel (See Figure.1.7).

Mathematically, this models ends up being a function dependent on pore density, their

diameter and the depth of JCT. Applying this model, Johnson et al. predicted a 30-fold

increment in resistance compared to the addition of each individual resistance [153]. Fur-

ther revision of this model taking into account the impact of giant vacuoles (where pores

are more frequently found) reduced the original ”funneling” effect by half [210]. According

to this model, although pore density itself only accounts for about 10% of the generation

of resistance, a change in pore density would have a huge impact on outflow resistance.

Figure 1.7: Funneling model. Schematic representation of the funneling model. Reproduced with permis-
sion from Overby et al. (2002) [209]
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An additional factor that can contribute to outflow resistance generation is seg-

mental outflow. Perfusion of eyes with tracers show that outflow is not uniformly distrib-

uted along the outflow pathway [47,59,74,180] but there are areas of active flow and other

where apparently there is no flow going through. It is not clear how this discontinuity

contributes to resistance modulation but it has been shown that when drugs that increase

facility (like Y-27632) are perfused with tracers, the tracer distribution is more uniform [180].

In addition, Braakman et al. (2015) [47] recently reported that active flow areas strongly

correlate with the presence of B-pores.

Altogether, empirical data suggests that resistance to AH outflow is generated

within the JCT, the inner wall of SC and its basement membrane but its proximity and

interconnection makes it hard to discern the role played by each component. Everything

leads to think, however, that the ECM of JCT, discontinuity of SC’s basement membrane,

pores in the inner wall of SC and specially the connection between them are extremely

important. It is necessary, then, a strong physical connection, both at tissue and cellular

level, between the elements in the outflow pathway to maintain their integrity, specially

because they are subject to high pressures and flows [148,210].

1.2.7 Mouse model for aqueous humour dynamics

In the past decades, the use of mice as animal model for human diseases has

grown exponentially. The main reasons for this increment are that they are cost-effective,

easy to handle and their tissues can be used within very short postmortem times. Moreover,

their relatively short life spam allows the comparison between generations. But mostly

because of the facility to manipulate its genome to the researcher’s needs.

Despite the small size of the mouse eyes, which makes them technically demand-

ing to work with, they are a useful tool to study the eye [189]. In glaucoma, most of the

studies focus on optic nerve damage and less research has been done on the anterior

segment because the abnormal increase in AH outflow resistance characteristic of glauc-

oma is not observed in mice. Nevertheless, because of great anatomic similarities with

the human eye and the easy accessibility to fresh tissues, the use of mouse eyes to un-

derstand normal AH dynamics is growing in comparison to monkey, porcine, bovine and
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even human eyes that have been traditionally used.

Anatomy and aqueous humour dynamics of the mouse eye

Mouse eyes are anatomically similar to human eyes, although the lens is much

bigger and rounded in mice, occupying 75% of the intraocular space [253]. Obviously,

dimensions are substantially smaller. The axial length of an adult mouse eye is about 3.3

mm, the anterior chamber has a depth of round 0.45 mm [246] and the AH volume is about

6 µl [6]. A structural difference between the human and mouse is that the ciliary body in

humans is located posterior to the TM while it covers the TM in mice [278]. Nevertheless,

similarly to human and non-human primate eyes, the TM and SC is tethered to the ciliary

muscle by a tendinous elastic net [206]. The TM of mice is similar to the human since it

has a distinctive lamellae, although narrower. Mice also have a mature and continuos

SC than encircles the eyes containing giant vacuoles and pores [253,254,278,293]. The post-

trabecular pathway is simpler in mice, which has direct link between SC and superficial

limbal vasculature through aqueous vessels [293]. In mice, like humans, AH is produced

in the ciliary body and enters the AC through the pupil to be drained through both the

trabecular and uveoscleral pathway. Furthermore, both mice and humans have similar

IOP.

AH dynamics is studied through perfusion experiments. Based on the modified

Goldmann’s equation (Equation.1.3), we can calculate C knowing both flow (Q) and pres-

sure (P ), which are measurable parameters. Different research groups use different tech-

niques to acquire Q and P data at multiple pressure steps, then, C is defined as the slope

of the linear regression betweenQ and P . In enucleated eyes, one can assume that there

is no production of AH and there is no EV P , while for experiments in vivo it is necessary

to estimate these parameters in order to discern the perfusion flow from Qp and the influ-

ence of EV P . Because of the small size of the mouse eye, the little AH volume and low

AH flow rates, the study of AH dynamics is technically more demanding than in humans.

For comparison, on ex vivo perfusion experiments, the flow rate measured at 8 mmHg

on human eyes is about 1.7 µl/min [118], while it is around 0.05 µl/min in mice [249], hence

very precise instruments and techniques are required to assess AH dynamics in mice.
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Several studies have estimated the facility of the outflow pathway in mice both in vivo

and ex vivo with diverse results [6,174,191,249]. Experiments in vivo [6,56,71,191,317] reported C

values between 5 and 18 nl/mim/mmHg whereas ex vivo [42,44,60,174,206,235,249,261] ranged

from 6 to 30 nl/min/mmHg.

The contribution of the unconventional pathway in respect to the conventional is

controversial as well, in in vivo studies, Millar et al. (2011) [191] reported that only 18% of

the outflow occurs through the trabecular pathway while Aihara et al. (2003) [6] measured

an 80%. Traditionally, on enucleated eyes, Qu was defined as the intercept of Q vs. P

linear regression obtained from perfusions data; however, since recently Sherwood et

al. (2016) [249] measured no pressure independent outflow on enucleated mouse eyes

and explained the presence of an intercept as an artefact due to the non-linearity of

the Q - P relationship, previous data should be treated cautiously. In this work, where

66 enucleated eyes from C57BL/6 mice were perfused, we reported that C is a log-

normally distributed parameter with a geometric mean of 6.15 nl/min/mmHg and 95% of

the eyes laying in a range between 2.5 and 15.1 nl/min/mmHg. It is noteworthy that these

parameters can be very variable within individuals and that different mice strains have

different characteristics [44].

Another important fact that resembles mice to human eyes in the lack of ”washout”.

Washout is an increase in facility observed after long term perfusions which has been

reported to happen in bovine [209], monkey [21,161], and porcine [313] eyes but it does not

happen in mouse eyes [174] as it does not occurs in perfused human eyes [87]. However,

perfused mouse eyes do experience a phenomenon known as ”anterior chamber deep-

ening” [43,199], which occurs when perfusions are done into the AC and the pressure in the

AC exceeds the pressure in the posterior chamber, this, pushes the iris and TM causing

an artificial increase in outflow facility.

For simplicity, most of the studies performed are done ex vivo on enucleated eyes.

However, as mentioned before, this neglects AH secretion and EV P . The only way

to account for these parameters is doing the perfusions in vivo, which is an invasive

technique that requires the anesthesia or sedation of the mouse. Therefore, it is crucial

to investigate the effects that anesthetics have in the AH dynamics. It has been reported
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that anesthetics reduce IOP [54,56,58,66,73,79,119,144,145,195,302] and that α-2 adrenoreceptor

agonist compounds (e. g. xylazine) reduce AH production [61,111,186,286]. However, the in

vivo studies present in the literature do not seem to take into consideration the effects of

anesthesia or, at least, do not give details about it.

Pharmacological response

As mentioned before mice had been used to study normal AH dynamics. Seen

the similarities between both species, mouse eyes are now used to test drugs that could

either have clinical impact by increasing outflow facility thus lowering IOP or that would

help gaining and understanding on resistance regulation and dysfunctions in glaucoma.

Mice have been proven to be a good model for drug testing as well since, in most

cases, they respond to drugs in a similar fashion than human eyes. Boussommier et

al. (2012) [42] tested the effect of sphingosine-1-phosphate (S1P) and the prostanoid EP4

3,7-dithia prostaglandin E1 (PGE1) which increase and reduce outflow facility in human

eyes respectively, and found out that mouse eyes respond similarly and through the same

mechanisms. However, it does not seem to happen the same with the IOP lowering drug

Latanoprost. Even though it decreases outflow resistance in both human and mice, it

does it through different mechanisms, while the target for Latanoprost is the unconven-

tional outflow in humans, it affects the conventional in mice, probably because the ciliary

muscle is less mature in murine eyes [191].

Glucocorticoid-induced ocular hypertension mouse model

Several techniques are used to induce ocular hypertension (OHT) such as photo-

coagulation of the limbus using argon lasers [7], injection of hypertonic saline into the epis-

cleral veins [299] or genetic modification that lead to elevated IOP, for instance mutations in

the α1 subunits of collagen type I [8] and Tyr437His mutation in myocilin [318]. These tech-

niques are used to study the effect of OHT in the optic nerve but are not useful for outflow

studies because they damage or alter the outflow pathway. A model that resembles to

POAG has been developed by treating mice with glucocorticoids (GCs).
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Like most humans, mice develop elevated IOP after systemic treatment with GCs

such as DEX [207,304,319]. Interestingly, increased IOP is associated with an increase in

conventional outflow resistance [207]. Moreover, mouse eyes treated with DEX have hall-

marks that resemble to those observed in glaucomatous eyes. For instance, the TM

presents plaque-like sheath deposits and the basement membrane of SC is more con-

tinuous [208], which may contribute to the increase in outflow resistance. Moreover, mice

treated with topical DEX also experience optic nerve damage [319]. The glucocorticoid-

induced OHT mouse model provides a potent platform to study several aspects of POAG

despite the fact that it is not know if the cause of OHT is the same.

1.2.8 Vascular Endothelial Growth Factor physiology

Vascular endothelial growth factor (VEGF, or formerly known as vascular per-

meability factor, VPF) is a soluble protein that was independently described first by Sen-

ger et al. in 1983 [248] and then by Connolly et al. in 1989 [67]. It was later in 1989 when

Keck et al. [162] and Leung et al. [175] conclude independently that VPF and VEGF were

the same molecule, which has multiple functions, and published its sequence. Since

then, we known that VEGF is a cytokine that acts on endothelial cells (both vascular and

lymphatics) expressing VEGFRs inducing signaling cascades that lead to cell prolifera-

tion, migration and permeability necessary for angiogenesis. Furthermore, now it is also

known that VEGF functions are broader than ”vascular” functions and it has been repor-

ted that VEGF confer neuroprotection [113] and prevents apoptosis of photoreceptors and

Müller cells [240]. In this section, VEGF physiology and its known role in the eye will be

described since a very important part of this thesis focuses on the role of VEGF and

VEGFRs on hydraulic conductance of SC and outflow resistance regulation.

General VEGF physiology

Vascular Endothelial Growth Factors

In mammals, the VEGF family includes five structurally related members, each of

which is encoded by a different gene: VEGF-A, -B, -C, -D and placental growth factor
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(PlGF), these forms differ on their ability to bind the diverse VEGFRs. VEGF-A is the

most common and most studied form, so it is usually, and hereafter, referred to as simply

VEGF [205,218].

VEGF is a glycoprotein that forms dimers of about 40 kDa. There are currently

17 defined isoforms of VEGF [15,292] produced by differential mRNA exon splicing from

a gene of eight exons [284]. Each isoform is defined by the number of amino acids, in

this way, the most abundant isoform is made of 165 amino acids and it is known as

VEGF165 (the full name is VEGF-A165a). Other important forms are VEGF121, VEGF189

and VEGF206 (mouse forms are one amino acid shorter than human forms) [98]. Common

exons in these forms include exons 1 to 5 and 8, responsible for signaling, dimerization

and VEGFR-1 and -2 activation. Splicing of exons 6 and 7 characterises each isoform

by their ability to bind different co-receptors [27]. There is a second group of isoforms that

lack exon 8 and are known to be inactive forms of VEGF. These forms have the same

number of amino acids than active forms and they are known as ”b” forms, for example,

VEGF165b. In this case, VEGF165a and VEGF165b are identical except for 6 amino acids

in the Ct sequence. VEGF165b was discovered by Bates et al. in 2002 [28] and after

that, VEGF121b [230], VEGF146b [221] and VEGF189b [194] have been described. These ”b”

isoforms bind VEGFRs with the same affinity than their corresponding ”a” form but can

not fully activate them [217].

VEGF is a soluble cytokine expressed by almost all type of cells under hypoxia or

stress conditions and during tissue remodeling that acts through VEGFR-1 and -2. The

main role of VEGF is to promote angiogenesis in order to provide oxygen and nutrients

to tissues that require them. In a healthy environment, this is the case of wound healing

and woman reproductive cycle and in pathology it is expressed, for instance, by tumors

that need to be nourished [128] or retinal pigmented epithelial (RPE) cells when blood sup-

ply is compromised by the presence of accumulated drusen [218]. VEGF can affect in an

autocrine or paracrine manner, all depending on the solubility of the isoform, which de-

pends on the affinity to heparin. Isoforms with high affinity to heparin (containing exon 7)

are more easily bind to the ECM of the cell that synthesises them and are less soluble

(VEGF189 and VEGF206), while forms with less heparin affinity can easily reach further

endothelial cells (VEGF165 and VEGF121) [273]. VEGF165 is a basic heparin-binding pro-
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tein that it is secreted but a portion of it can stay bond to the ECM. Moreover, VEGF can

also be secreted in vesicles [280].

Because SC has some lymphatics features it is interesting to talk about VEGF

forms that are ligands for VEGFR-3 (VEGF-C and VEGF-D)(see Figure.1.8), that, as

it is described later, is characteristic of lymphatic endothelial cells. More precisely, we

will focus on VEGF-D (also known as c-fos-induced growth factor) because of its role in

prostaglandins metabolism [158]. Endogenous VEGF-D experiences a series of proteolytic

processing, it is secreted as full-length dimer containing a central VEGF homology do-

main (VHD), which has the receptor binding sites, surrounded by Nt and Ct propeptides

(∼ 53 kDa). Protease cleavage of the Ct propeptide leads to a partially processed form

of VEGF-D and further Nt proteolysis results in the homodimeric mature form (∼ 22 kDa).

Depending on the availability of proteases the amount of each form of VEGF-D may vary

and, with it, the effect that they exert on the endothelial cells that they target. While the

full-length unprocessed VEGF-D can bind VEGFR-3 but has very low affinity for VEGFR-2

and the partially processed form binds VEGFR-2 and -3 and neuropilin-1 and -2, mature

VEGF-D activates VEGFR-2, -3 and the heteroreceptor VEGFR-2/VEGFR-3 [2,4]. The

role of VEGF-D is wider then VEGF-A since it can affect both vascular and lymphatic

endothelial cells leading to angiogenesis and lymphangiogenesis [232].

VEGF receptors and co-receptors

There are three main VEGFRs: VEGFR-1 (or fms-like tyrosine kinase, Flt-1),

VEGFR-2 (or kinase insert domain-containing receptor, KDR, in humans and fetal liver

kinase-1, Flk-1, in mice) and VEGFR-3 (or Flk-4). VEGFRs belong to the receptor tyr-

osine kinase superfamily with similar macrostructure, they have an extracellular portion

with seven immunoglobulin (Ig)-like domains (∼ 750 amino acids), a single-span trans-

membrane fragment, a split tyrosine kinase domain connected through a 70 amino acids

kinase insert and a Ct tail. However, VEGFR-3 has a disulfide bridge instead of the 5th

Ig-like domain [185,205,218]. A schematic representation can be seen in Figure.1.8. VEGFR-

1 [137] and -2 [81] can be alternatively spliced as soluble receptors, the exact role of these

forms are not fully elucidated but since they are direct antagonists of the full active re-

ceptor because they sequester VEGF, they are thought to control VEGFR function.
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VEGFRs can be activated by more than one form of VEGF and a form of VEGF

can activate more than one receptor, although with different affinities, giving to these in-

teractions a divers and complex bioactivity. VEGFR-1 is activated by VEGF-A, -B and

PlGF, VEGFR-2 by VEGF-A, -C, -D and -E and VEGFR-3 by VEGF-C and -D (Fig-

ure.1.8) [169,205,218]. Receptor dimerization (forming either homodimers or heterodimers)

is necessary for autophosphorylation to occur, which will trigger signal transduction. The

actual mechanisms that lead to endothelial permeability will be described in the next

section.

Figure 1.8: VEGFs and VEGFRs interactions. Schematic representation of VEGFRs (left) and VEGF co-
receptors (right) structure expressed by endothelial cells and the VEGF family members that can activate
them. Reproduced with permission from Penn et al. (2008) [218]

Apart from the VEGFRs mentioned above, VEGF can also interact with Neuropil-

ins (NRP), a 120-130 kDa non-tyrosine kinase receptors with an inactive cytosolic do-

main that are necessary for VEGFR activation. NRP1 is a co-receptor for VEGFR-1

and -2 whereas NRP2 is a co-receptor for VEGFR-3 [169,205,218]. NRP-1 interacts with

axon 7 of VEGF165a forming a ternary complex where VEGF bridges VEGFR-1/2 and

NRP1 [169], the lack of exon 7 in VEGF165b impedes this interaction and the receptor is

not activated [217]. In fact, it has been already shown that inhibition of NRP results in a

suppression of VEGF165a-mediated mitogenesis [204] and permeability activity [33].

Integrins are transmembrane proteins responsible for binding the cell to the ECM

of the neighboring cell, it has been shown that integrins interact with VEGFRs as well.
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The main role seems to be to enhance phosphorylation and prolong the receptor activity.

For instance, they are essential for transmitting signaling cascades responsible for cell mi-

gration and proliferation through VEGFR-2 [169]. Moreover, integrins can induce VEGFR-3

autophosphorylation in a VEGF-C/D independent manner [107] and interact with NRP in a

VEGF dependent manner [169].

Interestingly, VEGFRs can also be activated by flow and shear stress without

the presence of VEGF, although this process requires interaction with PECAM-1 (CD31)

and Ve-Cadherin. Within this interactions, VEGFR-2 and PECAM-1 activate Src and

PI(3)K signaling pathways respectively and Ve-Cadherin acts as an adaptor, where the

transmembrane domain of both Ve-Cadherin and VEGFR-2 directly bind [68]. Without

this protein complex, endothelial cells are insensitive to flow and, for example, they do

not align with the direction of the flow [290]. In addition, it has recently been shown that

VEGFR-3 form similar complexes and it can also behave as a mechanosensor [17,68].

Role of VEGF in hydraulic conductance

Although VEGF was first described as a permeability factor because of its ability

to increase dye extravasation into the skin of guinea pigs [248], it is now known that its

range of action is broader. It is involved in all aspects of angiogenesis: cell proliferation,

migration and endothelial permeability. To date, VEGF has been shown to affect every

signaling cascade in endothelial cells in vitro [316]. For this thesis, however, it is of great

interest to understand how VEGF mediates endothelial hydraulic conductance.

The effects of VEGF on endothelial permeability (Ps) and hydraulic conductivity

(Lp) have been studied in both intact vessels [22,25,103,311] and cultured endothelial cells

monolayers [130,173,303]. Because of the difficulty to generate cell monolayers comparable

to in vivo conditions in terms of endothelial tightness and expression of tight and adher-

ent junctions it is more appropriate to perform these type of studies at tissue or organ

level. Extensive studies have been carried out by Bates and colleagues [22,23,25,26,28,225]

assessing the effects and mechanisms of action of VEGF in mesenteric microvessels of

the frog. Their main fundings were that these vessels had an acute response (in about 1

minute) to continuous perfusion with 1nM VEGF with about 7-fold increase in Lp followed
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by a drop returning to basal levels in 90 seconds, they also pointed out that a third of

the vessels tested were non-responsive. In addition, it was reported that after a short

exposure to VEGF, the vessels had an increased chronic Lp for up to 48 hours, which

correlates in magnitude with the initial acute response. This chronic effect was found to

be attenuated by perfusions with the nitric oxide synthase (NOS) inhibitor L-NAME, thus,

it was suggested that VEGF may be acting through nitric oxide (NO).

At endothelium level, it is though that VEGF induction of hydraulic conductance is

executed through the promotion of both intracellular openings and paracellular spaces [23].

It is important to bare in mind that this ultrastructural changes occur in different time

frames and that the difference between studies performed in vitro and those done in vivo

makes it very difficult to discern what is responsible for the acute and fast response and

what is involved in the chronic effect of VEGF. It has been seen in vivo that after a few

seconds of the addition of VEGF, there is formation of vacuolar organelles that connect

the luminal with the abluminal sides of endothelial cells [97]. Moreover, transcellular gaps

are also observed, mostly in a short distance of cell junctions [190]. At longer times (30

mins to 24 hours), it has been also shown that VEGF induces fenestration in vivo [233,234]

and in vitro [90,142,244], most likely through up-regulation of PLVAP [57,135,167,270,307,309],

even though there is a study claiming that PLVAP is down-regulated by VEGF [131]. Re-

garding cell-cell contacts, VEGF is believed to modulated adherent junctions as well as

TJs. In vitro studies have shown that within 60 mins of exposure to VEGF, there is a reduc-

tion of junctional proteins like ZO-1, occludin and VE-cadherin [14,110,163]. Apart from the

interactions between VEGFR-2 and VE-cadherin described before, it is also known that

VEGF promote the internalization [110] and phosphorylation [75] of Ve-cadherin, the most

prominent adherent junction. In addition, VEGF might modulate tight junction through

ZO-1 phosphorylation, which has been shown to occur in rat retinas within 15 minutes

and up to 45 minutes [14].

The signaling cascades involved in endothelial permeability are thought to be me-

diated through VEGFR-2 [23,129,305], which gets phosphorylated after 2 minutes of addition

of VEGF [300]. Signaling cascades leading into permeability have been studied in vitro and

are well defined and happen to be diverse and complex [64,82,169,185,205,316]. A brief explan-

ation of the main pathways and molecules involved will be given here. Once VEGFR-2
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dimerises it gets autophosphorylated, for endothelial permeability, it is required phos-

phorylation of Tyrosines (Y) Y951 and Y1175 that activate Src, which triggers the PI3K

pathway [169]. Upon production of PIP3, two main effectors come to the fore: nitric oxide

(NO) and Ras-related C3 botulinum toxin substrate 1 (Rac1) [157]. NO is a product of NOS

mediated through the Akt/PKB pathway, which is calcium dependent. The effects of NO

in endothelial permeability are well known [80,105,298], although it can be stimulated and

produced by other stimuli apart from VEGF, it seems clear that inhibition of NOS blunts

considerably the effects of VEGF [26,35,311]. Rac1 is responsible for cytoskeleton reorgan-

ization, essential for almost every aspect of cell dynamics. For instance, Rac activation is

required for internalization of VE-cadherin [110] and VEGF-mediated fenestration [88].

VEGF in the eye

In an adult mammal, VEGFs are mostly involved in maintenance of the vascu-

lature and in the eye, as an avascular organ with a blood barrier, has a very localised

role to the choroid in the retina. Nevertheless, VEGF is also involved in maintaining the

homeostasis of endothelial linings in the AC. In this section, the current knowledge of the

role of VEGF in the eye will be described. Most of the literature available is relate to its

role in the retinal vasculature, which will be summarised because of the implications that

anti-VEGF therapies may have in IOP.

VEGF in the anterior segment

As it has been mentioned before, the anterior segment of the eye has no blood

supply to nourish its inner tissues and has AH instead. Nevertheless, there are en-

dothelial linings in this part of the eye that express VEGFRs and VEGF is a component

of the AH. As can be seen from Table.1.1, there are some discrepancies in the reported

VEGF concentrations in the AH, although, it seems to be to the magnitude of hundreds

of pg/mL. One needs to be cautious when assessing these values for several reasons,

first, there are technical reasons, most of these studies performed ELISAs to determine

the VEGF concentration and the antibodies used may induce variability. Moreover, since

samples are taken in clinical studies the sample sizes are generally small. A second

problem is the experimental design itself, the antibodies used to carry out these experi-
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ments recognise common sequences between isoforms, therefore, they can not discern

between them, this is particularly a problem because of the known differences between

VEGF165a and VEGF165b, which have opposite effects and their balance could be key for

the development of certain diseases.

Table 1.1: VEGF concentrations (mean ± SD, pg/mL) in human aqueous humour reported in the literature
for different pathologies, patients with cataracts are considered as controls. POAG: primary open-angle
glaucoma, ACG: angle-closured glaucoma, NVG: neovascular glaucoma, XFG: exfoliative glaucoma, AMD:
age related macular degeneration, PDR: proliferative diabetic retinopathy. * denotes that a statistical
significant change is reported compared to cataracts.

Cataracts POAG ACG NVG XFG AMD PDR Reference

257 ± 47 726 ± 204* – 29267 ± 7350* – – – Tripathi et al. (1998) [288]

102.7 ± 29.7 140.4 ± 51.0* 142.8 ± 40.2* – 158.6 ± 58.9* – – Hu et al. (2002) [139]

108.7 ± 72.3 – – – – 668.9 ± 340.4* – Tong et al. (2006) [285]

146 ± 40 – – – – – 326 ± 125* Sawada et al. (2007) [245]

81.8 ± 43.7 – – – – 66.8 ± 35.1 – Roh et al. (2009) [236]

533.1 ± 242.1 431.8 ± 197.2 – – 722.9 ± 534.8 – – Takai et al. (2012) [274]

22.6 ± 16.1 – – – – – 146.2 ± 38.7* Costagliola et al. (2013) [69]

14.4 ± 8.5 – – – – 383 ± 155.5* 740.1 ± 267.7* Hsu et al. (2014) [138]

233 ± 98 – – 3698 ± 2105* – – – Wang et al. (2015) [301]

Certain endothelial linings in the anterior segment are VEGF dependent, for in-

stance, the fenestrated capillaries of the ciliary processes, where VEGF is necessary for

AH formation. Ford et al. (2012) [101] showed that VEGFR-2 is expressed in the ciliary

body by the capillary endothelium and non-pigmented epithelium and VEGF is expressed

by the adjacent pigmented epithelium. The role of VEGF in the ciliary body is to maintain

the fenestrations of its capillaries, therefore, VEGF inhibition resulted in a reduction of

both fenestrae and IOP, which the authors linked with an impaired AH formation.

In the outflow pathway, it has been described in a previous section that SC en-

dothelial cells also express VEGFRs (1.2.4), previous studies by Sano et al. (2012) [242]

reported that inhibition of either or both VEGFR-1 and VEGFR-2 resulted in buphthalmia2

and elevated IOP. Moreover, it is also known that TM cells are capable to produce VEGF

in culture and that its expression is enhanced by transforming growth factor β [104].

Abnormally high VEGF concentrations in the AH [288,301] (Table.1.1) are related

with neovascular glaucoma, characterised by vessels growing in the surface of the iris

and into the anterior chamber, this, can change the structure of the iridocorneal angle

2Buphthalmia is an enlargement of the eyeball because of increased IOP, it is associated with congenital
glaucoma.

27



closing it and difficulting outflow. Moreover, blood leaking from these vessels interfere

with vision and block the outflow pathway resulting in a further increased IOP [252].

VEGF in the posterior segment

Cells in the retina are nourished with oxygen and nutrients provided by the choroid,

cells in the RPE form the ocular blood barrier and transfer these nutrients to the cells in

the inner layers of the retina, like photoreceptors. Furthermore, RPEs also act on the

opposite direction and clear waste products outside of the eye. Endothelial cells from

the choroid express VEGFRs and RPE cells express VEGF in order to communicate with

each other and keep this system in a healthy balance [102,239,241]. However, due to aging

or metabolic diseases such as diabetes, drusen can accumulate in the Bruch’s mem-

brane (between the RPE and the choroid) and interfere with nutrients and oxygen supply

to the RPE. In response to hypoxia, RPE over express VEGF and choriocapilaries grow

uncontrolled into the retina. Therefore, the 3D structure of the retina is damaged and,

eventually, the ocular blood barrier disrupted. Hence, malfunction of the communication

between RPE cells and choroid endothelial cells leads to neovascular retinopathies such

as exudative (or wet) age related macular degeneration and diabetic retinopathy [193,218].

As happens with glaucoma, retinal damage is irreversible. The only therapeutical op-

tion for these pathologies is to stop the progression of the disease by blocking VEGF. The

most used treatments nowadays include intravitreal injections of antibodies (or fragments)

against VEGF (bevacizumab and ranibizumab) [203] or drugs mimicking VEGF binding do-

mains of VEGFRs (aflibercept) [122].

The administration of anti-VEGF therapies is growing and are very effective for

retinal neovascularization. However, 3-11% of patients receiving repeated anti-VEGF

injections suffer from sustained elevated IOP [5,18,62,116,132,184,247,255]. The reasons for this

side effect are not clear, some studies postulate that impurities in the drug manufacture or

protein agregates reach and block the outflow pathway [177], but studies showing reduced

VEGF levels in the AH after intravitreal injection of anti-VEGF agents [69,202,236,245,301]

suggest that these drugs may affect normal VEGF physiology within the outflow pathway.
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1.3 Motivation of Thesis

This thesis is motivated for the need to find better treatments for glaucoma, cur-

rent ones do not target the root of the problem (increased outflow resistance through the

trabecular pathway) but they target either alternative outflow routes or inhibit AH produc-

tion instead. The main hypothesis of this thesis is that the continuity of SC endothelium

plays a key role in conventional outflow resistance regulation, thus targeting com-

ponents that maintain the continuity of the inner wall will modulate outflow facility.

The principal objectives of this thesis are: (1) to determine the role of VEGF on

AH outflow regulation in both normotensive and GC-induced hypertensive mice and (2) to

assess the influence of PLVAP and TJs related proteins inhibition on outflow facility and

IOP. In order to achieve these goals, four specific aims were formulated, each of which is

addressed in a separate chapter of this thesis.

1.4 Specific Aims

Specific Aim 1: Determine the role of VEGF and VEGFRs on aqueous humour out-

flow regulation in normotensive mice. VEGF is well known to induce hydraulic con-

ductance and permeability on endothelia. However, its role in outflow resistance reg-

ulation is unknown. We hypothesise that SC endothelium maintains its high hydraulic

conductivity via VEGF signaling, which influences outflow. Therefore, we aim to under-

stand the endogenous role of VEGF on the outflow pathway. Moreover, we also aim to

identify signaling molecules involved in VEGF signaling. To achieve this, mouse eyes are

perfused with different forms of VEGF, VEGFR inhibitors as well as Rac1 and endothelial

NOS inhibitors.

Specific Aim 2: Determine the role of VEGF on aqueous humour outflow regulation

in ocular hypertensive mice. A GC induced OHT mouse model is used to test the ability

of VEGF to reduce outflow facility in mice with elevated IOP. With this purpose, mice are

treated systemically with DEX for 4 weeks to induce OHT, the eyes are then perfused

with different forms of VEGF to assess the effect on outflow facility.
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Specific Aim 3: Assess the influence of PLVAP on outflow facility and IOP. PLVAP

is known to be necessary for fenestra formation. We hypothesise that fenestrae are

the precursors of I-pores, hence, reduced fenestration should result in impaired pore

formation and reduced outflow facility. To test that, the outflow facility of PLVAP depleted

mice is compared with their wild type littermates. Moreover, the role of the cytoskeleton

is tested by perfusing eyes from both types of mice with latrunculin B, an actin disrupting

drug.

Specific Aim 4: Assess the influence of TJs related proteins inhibition on outflow

facility and IOP. B-pores form between neighboring SC cells. It is hypothesised that

inhibiting TJs related proteins, the SC endothelium would become more permeable and

outflow resistance would be reduced. To assess this, ZO-1 and tricellulin siRNA are

injected into mouse eyes and outflow facility and IOP are measured 48 hours after.

Altogether, this thesis aims to assess the implication of SC endothelium on out-

flow resistance regulation by (1) targeting components of the inner wall of SC known to

be important for pore formation and by (2) studying the role of VEGF, a cytokine known to

regulate hydraulic conductivity and permeability of endothelia. This would be valuable in-

formation to gain an understanding on how outflow resistance is regulated and contribute

to design better treatments for glaucoma.
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Chapter 2

The Role of Vascular Endothelial

Growth Factor in Murine

Conventional Outflow Physiology
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2.1 Introduction

Intravitreal anti-vascular endothelial growth factor (anti-VEGF) therapy, including

bevacizumab, ranibizumab and aflibercept, are used to treat a number of retinal vascu-

lar disorders including neovascular age-related macular degeneration (NVAMD), diabetic

macular edema, and retinal vein occlusion [122,203,238]. Injection of anti-VEGF into the eye

is associated with a transient elevation of intraocular pressure (IOP) that is directly pro-

portional to the injected volume, which typically resolves within 30-60 minutes [5,18,62,165].

However, a number of observational studies have reported sustained IOP elevation, or

ocular hypertension (OHT), lasting several months or longer in 3-11% of patients re-

ceiving repeated anti-VEGF injections [116,132,133,155,177,179,184,247,255,315]. OHT is a major

causative risk factor for glaucoma, a potentially blinding neurodegenerative disease that

is caused by loss of retinal ganglion cells and damage to the optic nerve head. Vision

loss in glaucoma is irreversible but further loss of vision can be prevented by reducing

IOP [281]. With over 2 million intraocular injections of anti-VEGF administered annually

in the United States alone [19], there is growing risk for secondary glaucoma in tens of

thousands of patients who are already experiencing vision loss from retinal disease.

The mechanism for ocular hypertension following intravitreal anti-VEGF is un-

known. Proposed mechanisms include obstruction of the aqueous humour outflow path-

way by protein aggregates or foreign particles [177] or damage to the outflow pathway

by local inflammation [155], mechanical trauma [256] or toxicity following repeated injec-

tions [155]. The aqueous humour outflow pathway includes the trabecular meshwork (TM),

Schlemm’s canal (SC) and downstream intrascleral vessels. This pathway is respons-

ible for the bulk of aqueous humour drainage from the eye [39]. Decreased aqueous hu-

mour outflow facility (the mathematical inverse of outflow resistance) by a yet unidentified

mechanism causes ocular hypertension in open-angle glaucoma [117].

Outflow facility is partly regulated by the inner wall endothelium of SC [181,183,210], a

continuous cellular monolayer that provides the only functional barrier between aqueous

humour and peripheral blood [45]. Aqueous humour crosses SC endothelium by flowing

through micron-sized pores [47,91,141], and a reduction in pore density contributes to de-

creased outflow facility in glaucoma [10,151,211]. SC endothelium exhibits characteristics
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of both vascular and lymphatic endothelia [16,159,166,228], and uniquely expresses all three

VEGF receptor (VEGFR), including VEGFR-1 and 2 expressed by vascular endothelia

and VEGFR-3 typical of lymphatic endothelia. VEGF-A (or simply VEGF) is a potent reg-

ulator of endothelial permeability [27,34,90,156,233] by inducing the formation of pore-like fen-

estrae [90,244] and focal disassembly of intercellular junctions [110,197]. Pigment-epithelium

derived factor (PEDF), which functionally antagonises VEGF, decreases outflow facility

in mice [235], and VEGF has been proposed as a potential regulator of outflow [104], but

the effects of VEGF on conventional outflow facility have not been examined. We hypo-

thesise that VEGF participates in the local, homeostatic regulation of aqueous humour

outflow facility such that blockade of VEGF signaling leads to outflow dysregulation, which

puts patients receiving anti-VEGF therapy at increased risk for ocular hypertension and

secondary glaucoma.

2.2 Materials and Methods

2.2.1 Reagents

The following antibodies and reagents were used for immunostaining: formalde-

hyde (TAAB, #F017, UK), OCT (Bright instruments, Bright Cryo-m-Bed, UK), Dulbecco’s

Phosphate Buffered Saline (PBS, Gibco, Life Technologies, UK), normal horse serum

(Stratech Scientific Limited, #008-000-121-JIR, UK), ProLong Diamond Antifade Mount-

ant (Life technologies, #P36961, UK), rat anti-mouse CD31 antibody (1:100, BD bios-

ciences, #550274, UK), goat anti-mouse VEGF164 polyclonal antibody (15 µg/ml, R&D

systems, #AF-493-NA, UK), anti-rat Alexa Fluor 594 (1:500, Life Technologies, #A-21213,

UK) and anti-goat Alexa Fluor 488 (1:400, Life Technologies, #A-11055, UK).

The following reagents were used for ex vivo mouse eye perfusions: mouse

Vegf164a1 (Sigma Aldrich, #V4512, UK), human VEGF165b (abcam, #ab104953, UK),

Ki8751 (Selleckchem, #S1363, Germany), SU5416 (Sigma Aldrich, #S8442, UK), L-

1Sigma Aldrich names this mouse isoform as Vegf165a although they provided the sequence and we
could verify that is 164 amino acids long and matches with the mouse sequence.
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NAME (Cayman Chemicals, #80210, US), mouse Vegf-D (R&D Systems, #469-VD-025/CF,

UK) and EHT1864 (Tocris, #3872, UK).

2.2.2 Immunostaining

To image the outflow system the whole eye was fixed in 4% formaldehyde in PBS

for 2 hours immediately after enucleation and stored in 0.1% formaldehyde in PBS at

4°C until needed. The eye was dissected as follows: the ocular muscles were removed

and the eye cut equatorially using a surgical carbon steel blade (Swann-Morton, n°15,

UK). The posterior segment and the lens were discarded, while the anterior segment

was cleaned until free from uveal tissues being very careful not to damage the iris. When

the anterior segment was isolated, it was submerged in a solution of 30% sucrose in PBS

until it lost buoyancy (30 min approximately). The sample was then embedded in 1:1

OCT-30% sucrose solution and stored overnight at -80°C. Cryosections (8 µm) were cut

and placed on micro-slides super-frost plus ground (VWR, # J1800AMNZ, UK) let air dry

for 30 minutes and stored at -20°C until stained.

Samples were defrosted for 1 hour at room temperature, permeabilised and blocked

with 10% horse serum in 1% Triton-X solution for 30 min at room temperature. Both

primary antibodies (CD31 + VEGF) were added to the blocking solution and incubated

for 2 hours at 37°C followed by 3 washes of 5 min in PBS. Both secondary antibodies

were also diluted in blocking solution, incubated for 30 min at 37°C and washed 3 times

for 5 minutes in PBS. Samples were mounted on the glass microscope slide, embedded

in anti-fade mountant and kept overnight at 4°C to dry. Next day, they were imaged using

a confocal microscope (Leica SP5) at 20x magnification.

2.2.3 Animal Husbandry

All animals were treated in compliance with the ARVO statement for the Use of

Animals in Ophthalmologic and Vision Research under UK Home Office Project Licence

70/7306.
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All mice were male C57BL/6 (Charles River Laboratories, UK) used between 9

and 13 weeks of age. Mice were kept in individually ventilated cages, fed ad libitum and

maintained at 21°C with 12 hours light/dark cycle.

2.2.4 Ex vivo mouse eye perfusion

Ex vivo mouse eye perfusions were done using the iPerfusion sytem according

to Sherwood et al. (2016) [249]. Briefly, the eye was affixed to a support platform using

cyanoacrylate glue (Loctite, UK) and submerged in a bath of PBS thermo regulated at

35°C. The anterior chamber was precisely cannulated with a 33-gauge needle (Nano-

fil, WPI, US) using a XYZ micro-manipulator (World Precision Instruments, USA). The

eye was pressurised at 8mmHg for a 45 min acclimatization period and to allow for the

drug to reach the outflow pathway. The eye was then perfused at 9 discrete pressure (P)

steps between 4.5 and 21 mmHg2 using an adjustable height reservoir controlled by a

computerised linear actuator (L35; Nanotec, Germany). A wet-wet differential pressure

transducer (PX409, Omegadyne, US) and flow sensor (SLG64-0075, Sensirion, Switzer-

land) were used to measure IOP and the flow rate (Q) into the eye at each pressure step

in a custom system controlled using LabVIEW (National Instruments, US). The experi-

mental set up and an example of the flow and pressure traces recorded can be seen in

Figure.2.1.

The duration of each pressure step was determined by an stability criterion con-

trolled by the iPerfusion software. When Q(t)/P (t) did not change by more than 0.1

nl/min/mmHg/min over a period of a minute, Q and P data were considered to be stable,

if stability was maintained for 6 minutes, the reservoir automatically rose to apply the next

pressure step. The last 4 minutes of stable data were averaged to determine the Q and

P for a given pressure step, this way, we ensured that the measured C changed by less

than 0.4 nl/min/mmHg over the averaged period.

The perfusate for control eyes was Dulbecco’s PBS including divalent cations +

5.5 mM glucose (referred to as ”DBG”) plus DMSO when it was the drug carrier. For

2Pressure steps applied: 4.5, 6, 7.5, 9, 10.5, 12, 15, 18 and 21 mmHg.
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a) b)

Figure 2.1: iPerfusion system set up and perfusion tracing. a) Schematic representation of the iPer-
fusion system done by Dr. Joseph M. Sherwood. b) Typical raw data from a control eye. The green trace
represents the pressure and the blue the flow rate.

treated eyes, the drug was perfused dissolved in DBG. The perfusate was filtered (0.22

µm, #28145-477, VWR international, UK) prior to use and was backfilled through the

needle.

Due to the development of the iPerfusion system, sets of perfusions correspond-

ing to Vegf164a (all concentrations), VEGF165b and SU5416 were done using only one

perfusion system. For theses sets of experiments, one eye was perfused first (random-

izing whether it was control or treated) and the other one was perfused afterwards. The

second eye awaited perfusion for a maximum of 4 hours after enucleation stored in PBS

at 4°C. All other perfusions were done using 2 perfusion systems in parallel, so both eyes

were perfused simultaneously between 10 and 30 minutes after enucleation.

2.2.5 Outflow facility analysis for ex vivo perfusions and statistics

Outflow facility is determined and analysed according to Sherwood et al. (2016) [249].

In summary, for each pressure step, the last four minutes of stable Q and P data are av-

eraged and plotted. The data is then fitted to a model that assumes that there is no

unconventional outflow in enucleated eyes3 (Qu = 0) and that Q vs. P data are not linear,

3Based on empirical data showing that there is no flow at P = 0 mmHg [249].
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a) b)

Figure 2.2: Q vs. P and C vs. P representative plot. a) Q vs. P representative plot of the averaged data
from each pressure step applying a power law fitting and forcing a 0 intercept for a pair of eyes. Points are
the measured data and error bars de 95% confidence intervals. Shaded regions are de 95% confidence
bounds in the fitting. Blue data corresponds to the control eye perfused with DBG and red the contralateral
eye perfused with 500 ng/ml Vegf164a. b) C vs. P representative plot for the same data showed in panel a.
Points are the measured data (C = Q/P ) and error bars de 95% confidence intervals. Shaded regions are
de 95% confidence bounds in the fitting.

thus a power law fitting forced to a 0-0 intercept is applied according to:

Q(P ) = Cr

(
P

Pr

)β
P (2.1)

Where Pr is the reference pressure (8 mmHg) at which Cr is the facility for a

given eye and β defines de non-linearity of the data. A representative Q vs. P plot can

be seen in Figure.2.2a. That Q vs. P data are not linear implies that C changes at each

pressure step (Figure.2.2b), hence Cr is defined at 8 mmHg. In order to apply this model,

a minimum of 4 pressure steps are required.

We reported that facility is not a normally distributed variable but it is lognormally

distributed [249]. Therefore, the statistical treatment and how the data is reported has to

be done accordingly. To analyse the effect of a drug, only paired data was used. Briefly,

we calculate the average difference between the treated eye and its contralateral control

and report the change in facility as:

% (D
∗ ×/ MED∗

,95(s
∗2
tre))
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where % is the percentage change calculated as (D
∗ − 1) × 100, D∗ is the pro-

portional change, MED∗
,95 is the margin of error given by the half-width of the 95%

confidence interval on the estimate of D∗ and s∗2tre is the treatment variability represented

as the range of the 95% of the treatment. Note that because we are not working with

normally distributed data, D∗ and the MED∗
,95 need to be reported as ×/ instead of the

± used with normally distributed data.

Statistical significance was determined by a weighted t-test in MATLAB (Math-

works, US), where data points with higher uncertainties in the measurement contribute

less to the weighted average. Full details are described in Sherwood et al. (2016) [249].

2.3 Results

2.3.1 Endogenous VEGF Signaling within the Conventional Outflow Path-

way.

To determine whether VEGF is present endogenously within TM tissues, we im-

munolabeled VEGF164 in the conventional outflow pathway of mice. Mice are a valuable

model for aqueous humour outflow because, like primates, mice have a continuous SC

and lamellated TM [206,254], and mice mimic the pharmacological response to several com-

pounds that affect aqueous humour outflow facility in primates [42,191]. VEGF164 was con-

centrated along the inner wall endothelium of SC, co-localizing with the vascular marker

CD31/PECAM-1 expressed by SC endothelium [123] (Figure.2.3). VEGF164 labeling was

also present along the epithelium of the ciliary processes [101], corneal epithelium [224] and

surrounding CD-31 positive vessels in the sclera. VEGF is therefore present endogen-

ously within the TM and along the inner wall where it may initiate signal transduction via

VEGF receptors that are expressed by SC endothelial cells.
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Figure 2.3: VEGF-A164 and CD31 staining in the mouse outflow pathway. Double immunostaining with
antibodies raised against Vegf164a (green) and CD31 (red). a) VEGF is expressed mostly in the epithelium
and was found in the ciliary body (CB), in the cornea (C) and very close to SC (*). b) CD31 was found in
endothelial tissues: SC, capillaries in the CB and collector channels (arrows). AC: anterior chamber, IW:
inner wall, OW: outer wall.

2.3.2 VEGF-A164a Modulates Outflow Facility.

To determine whether VEGF influences aqueous humour outflow, we measured

outflow facility in enucleated eyes from C57BL/6 mice (11-14 weeks) using the iPerfusion

system [249]. Perfusion with Vegf164a at 500 ng/ml increased C by 87% (1.87 ×/ 1.62

(2.82); p = 0.02; n = 8; Figure.2.4) relative to vehicle-treated contralateral eyes. A lower

concentration of Vegf164a at 100 ng/ml tended to increase C, but did not achieve statistical

significance (1.24 ×/ 1.59 (2.11); p = 0.29; n = 6; Figure.2.4). At a higher concentration

of 1 µg/ml, however, Vegf164a appeared to decrease C by 50% (0.5 ×/ 2.73 (3.13); p

= 0.11; n = 4; Figure.2.4). These data indicate that Vegf164a affects outflow facility in a

dose-dependent and potentially biphasic manner, with a maximal effect on outflow facility

at approximately 500 ng/ml.

2.3.3 Blockade of VEGFR-2 Decreases Outflow Facility.

To determine whether VEGF that is present endogenously within the TM influ-

ences outflow facility, we perfused enucleated mouse eyes with VEGFR antagonists. SC

endothelium uniquely expresses all 3 VEGFR isoforms (VEGFR-1, -2, -3) [16,220,242], but

VEGFR-2 is believed to mediate the effect of VEGF on vascular permeability [41,129,169].

In response to 3 µM SU5416, a moderately selective antagonist to VEGFR-2 with an IC50

39



Control pairs 100 ng/ml Vegf164a 500 ng/ml Vegf164a 1 µg/ml Vegf164a

Figure 2.4: Effect of Vegf164a on outflow facility. Modified violin plots showing the percentage change of
C between the control eye and its treated contralateral eye. Each data point corresponds to a pair of eyes,
the white central line is the geometric mean change in C and the dark area around it is the margin of error
around the mean. The blue coloured area shows the distribution of the data. The 1st panel shows pairs
of eyes were both eyes were perfused with DBG (n = 10). The 2nd panel shows perfusions with 100 ng/ml
VEGF164a (n = 6). The 3rd panel shows perfusions with 500 ng/ml Vegf164a (n = 8). The 4th panel shows
perfusions with 1 µg/ml Vegf164a (n = 4). The numbers denote the pair ID.

of 1 µM [100,143,283], C decreased by 27% but did not achieve statistical significance (0.73

×/ 1.57 (1.00); p = 0.096; n = 4, Figure.2.5). However, a similar magnitude of effect was

observed in response to 1 nM Ki8751, a highly selective antagonist to VEGFR-2 (IC50

= 0.9 nM) [171], which decreased C by 34% (0.66 ×/ 1.50 (1.75); p = 0.044; n = 6, Fig-

ure.2.5). As an alternative approach to inhibit endogenous VEGF signaling, we perfused

enucleated mouse eyes with VEGF165b, an alternative splice isoform of VEGF-A that

acts as a competitive inhibitor of VEGFR activity. VEGF165b lacks the neuropilin-binding

domain required for VEGF receptor activation, while retaining its ligand-binding domain

to VEGFR-1 and -2 [217,226,310]. Similar to Ki8751, 500 ng/ml VEGF165b decreased C by

44% (0.56 ×/ 1.65 (2.26); p = 0.029; n = 6, Figure.2.5) relative to vehicle-treated con-

tralateral eyes. These data demonstrate that blockade of VEGFR-2 decreases outflow

facility, presumably by inhibiting signaling from VEGF that is present endogenously within

the TM.
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1 nM Ki8751 3 µM SU5416 500 ng/ml VEGF165b

Figure 2.5: Effect of VEGFR inhibitors on outflow facility. Modified violin plots showing the percentage
change of C between the control eye and its treated contralateral eye. Each data point corresponds to a pair
of eyes, the white central line is the geometric mean change in C and the dark area around it is the margin
of error around the mean. The blue coloured area shows the distribution of the data. The 1st panel shows
perfusions with 1 nM Ki8751 (n = 6). The 2nd panel shows perfusions with 3 µM SU5416 (n = 4). The 3rd

panel shows perfusions with 500 ng/ml VEGF165b (n = 6). The numbers denote the pair ID.

2.3.4 Vegf-D Increases Facility through VEGFR-2.

In addition to VEGFR-1 and -2, SC endothelial cells express VEGFR-3 that is

found primarily in lymphatic endothelia [16,166]. Vegf-D is an endogenous ligand for VEGFR-

2 and -3 [2,3], and Vegf-D has been shown to reduce degradation of prostaglandins (PGs)

by inhibiting 15-hydroxyprostaglandin dehydrogenase (PGDH) [158]. As PGs are known

to regulate outflow [42,192], we examined whether Vegf-D and associated signaling via

VEGFR-3 may be exploited as a therapeutic target to modulate outflow facility. Perfu-

sion with 1 µg/ml Vegf-D increased C by 52% relative to vehicle-perfused contralateral

eyes (1.52 ×/ 1.27 (1.37); p = 0.004; n = 8), while 500 ng/ml Vegf-D had no detectible

effect on C (0.92 ×/ 1.59 (3.07); p = 0.70; n = 9; Figure.2.6). However, in the presence

of a highly selective antagonist to VEGFR-2 (1 nM Ki8751), the facility increase induced

by 1µg/ml Vegf-D was eliminated compared to the contralateral eye perfused with 1 nM

Ki8751 alone (-17%, 0.83 ×/ 1.55 (2.84); p = 0.35; n = 9, Figure.2.6). These data suggest

that while Vegf-D may be used to increase facility, the effect is mediated almost entirely

through VEGFR-2 such that agonism of VEGFR-3 is unlikely to significantly affect outflow

facility, at least over acute time periods.
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500 ng/ml Vegf-D 1 µg/ml Vegf-D 1 µg/ml Vegf-D 
+ 1 nM Ki8751

Figure 2.6: Effect of Vegf-D on outflow facility. Modified violin plots showing the percentage change of
C between the control eye and its treated contralateral eye. Each data point corresponds to a pair of eyes,
the white central line is the geometric mean change in C and the dark area around it is the margin of error
around the mean. The blue coloured area shows the distribution of the data. The 1st panel shows perfusions
with 500 ng/ml Vegf-D (n = 9). The 2nd panel shows perfusions with 1 µg/ml Vegf-D (n = 8). The 3rd panel
shows perfusions with 1 µg/ml Vegf-D in the presence of 1 nM Ki8751 (n = 9). The numbers denote the pair
ID.

2.3.5 The Facility-Increasing Effect of Vegf164a is mediated through both

NO and Rac1.

The downstream effects of VEGF on vascular permeability are mediated via two

separate pathways including nitric oxide synthase (eNOS) and Rac1 [105,121,134,185,197,205].

eNOS is expressed by SC cells and produces NO that increases outflow facility [60,83,127,260].

To determine whether the effect of VEGF on outflow facility is mediated through NO pro-

duction, we perfused enucleated mouse eyes with 500 ng/ml Vegf164a in the presence of

10 µM L-NAME, a non-selective inhibitor of all NOS isoforms. In the presence of L-NAME,

Vegf164a increased facility by approximately 36% but did not achieve statistical signific-

ance compared to contralateral eyes perfused with 10 µM L-NAME alone (1.36 ×/ 1.42

(1.87); p = 0.08; n = 7; Figure.2.7). In comparison to the 87% increase reported above,

L-NAME blunted the facility response to 500 ng/ml Vegf164a. This suggests that VEGF-

A partially mediates its effect on outflow facility through NO production, presumably via

eNOS.
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500 ng/ml Vegf164a 500 ng/ml Vegf164a
+ 10 µM L-NAME

500 ng/ml Vegf164a
+ 50 nM EHT1864

50 nM EHT 1864

Figure 2.7: Effect of inhibiting eNOS and Rac1 on outflow facility. Modified violin plots showing the per-
centage change of C between the control eye and its treated contralateral eye. Each data point corresponds
to a pair of eyes, the white central line is the geometric mean change in C and the dark area around it is the
margin of error around the mean. The blue coloured area shows the distribution of the data. The 1st panel
shows perfusions with 500 ng/ml Vegf164a, same data as in Figure.2.4 (n = 8). The 2nd panel shows perfu-
sions with 500 ng/ml Vegf164a in the presence of 10 µM L-NAME (n = 7). The 3rd panel shows perfusions
with 500 ng/ml Vegf164a in the presence of 50 nM EHT1864 (n = 6). The 4th panel shows perfusions with 50
nM EHT1864 (n = 8). The numbers denote the pair ID.

To determine whether the effects of VEGF-A are partially mediated via Rac1, we

perfused enucleated mouse eyes with or without 500 ng/ml Vegf164a in the presence of

the selective Rac1 inhibitor EHT1864 (IC50 = 40nM) [76]. Rac1 controls the assembly of

intercellular junctions that preserve the continuity of endothelial barriers and inhibition of

Rac1 decreases the permeability of vascular endothelia, but the role of Rac1 on outflow

facility has not been specifically investigated. Perfusion with 50 nM EHT1864 alone re-

duced C by approximately 30% relative to contralateral eyes perfused with vehicle, but

the effect did not achieve statistical significance (0.70 ×/ 1.50 (2.35); p = 0.07; n = 8;

Figure.2.7). When eyes were perfused with 500 ng/ml Vegf164a in the presence of 50

nM EHT1864, the facility increase was blunted to 20% and was not statistically different

from contralateral eyes perfused with EHT1864 alone (1.2 ×/ 1.80 (2.68); p = 0.46; n = 6;

Figure.2.7). These results suggest that the facility effect of Vegf164a is mediated through

both NO and Rac1, as inhibition of either pathway abrogates the facility increase caused

by Vegf164a.
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2.4 Discussion

In this study, we demonstrate in mice that VEGF modulates outflow facility in an

isoform-specific and dose-dependent manner. These studies support a mechanism by

which VEGF production within the TM acts as a physiological signal to modulate outflow

facility, presumably by acting on the hydraulic conductivity of SC endothelium.

VEGF signaling is mediated through any of the three VEGFRs: VEGFR-1 is

mostly expressed in the blood vasculature, VEGFR-3 is predominantly found in the lymph-

atic system and VEGFR-2 is expressed in both [99]. SC is unique because it expresses

all 3 receptors [16,220,242], such that it exhibits both blood and lymphatic vascular proper-

ties [166,213,228]. Furthermore, VEGF has been detected in human AH [69,139,288,301]. Such

data supports the idea that SC hydraulic conductance could be regulated in a similar

manner than other microvasculature [23].

In line with other studies [24,32,86,217,226,310], differential VEGF-A isoforms have ant-

agonistic effects; in this case, we showed that Vegf164a increased C whereas VEGF165b

decreased it. Hence, differential splicing of VEGF-A may be a key factor for outflow fa-

cility regulation. In the same way, when VEGFR-2 was inhibited, a very similar reduction

in C was measured compared to VEGF165b. Thus VEGF165b may act as a competitive

inhibitor and the signaling responsible for outflow regulation may be mediated through

VEGFR-2. This agrees with the work from Sano et al. (2012) [242], who reported buph-

thalmia and IOP elevation in VEGFR-1 and VEGFR-2 knock down mice. Consequently, it

seems that outflow resistance regulation changes in response to exogenous VEGF and

VEGFR inhibition in a similar manner than endothelial hydraulic resistance does, which

reinforces the idea that the inner wall of SC is crucial for outflow regulation.

The contribution of effectors downstream of VEGFRs to outflow regulation was

also explored. We observed that when NOS is inhibited by L-NAME the efficacy of VEGF

on outflow facility was reduced although not completely suppressed (from 90 to 30%),

supporting findings in other systems [60,127,260]. However, the role of Rac1 is more con-

troversial, since it seems to exert different effects depending on how it is activated. On

one hand, Rac1 has been described as a downstream effector of VEGFR triggering sig-
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naling cascades [88,105,121,134,185,197,205]. Several studies reported an increase in vascular

permeability after Rac1 activation [51,197,294,295], which is necessary for VEGF mediated

VE-Cadherin internalization [110] and fenestration induction [88]. On the other hand, if Rac1

gets activated through another source, for instance sphingosine-1-phosphate (S1P) [297],

it seems to tighten cell-cell junctions [78,108,250]. In fact, S1P is known to decrease out-

flow facility in human [262] and mouse [42] eyes. In this study, we measured a reduction

in C of 30% upon Rac1 inhibition (although significance was not achieved, p = 0.08), in

contrast with the work of Pattabiraman and colleagues [214] who reported a decrease in

transendothelial electrical resistance after Rac1 inhibition in a cell culture system. When

Vegf164a was perfused with the Rac1 inhibitor EHT1864, the effect of VEGF was reduced

from almost 90% to 20%. The fact that the effect of VEGF was blunt when blocking either

NOS or Rac1 suggests that both pathways are important for AH drainage.

The fact that SC cells express VEGFR-3 makes it a very appealing therapeutic

target for glaucoma because it would not disturb normal vascular function of the eye.

Unfortunately, there are no endogenous selective ligands for VEGFR-3 and both VEGF-

C and VEGF-D also bind VEGFR-2, hence, assessing the role of VEGFR-3 alone is

challenging. In this study, VEGF-D was chosen as a ligand to test because Karnezis and

colleagues reported that VEGF-D signaling inhibits PGDH, the enzyme responsible for

PGs degradation [158] resulting in higher availability of PGs. This is interesting because

some current treatments for glaucoma are based on PG analogues [192,306], therefore,

they are known to reduce IOP. However, in this study, we could not attribute the effect seen

when perfusing with Vegf-D to VEGFR-3. Even though Vegf-D significantly increased

facility, its effect was suppressed when VEGFR-2 was inhibited. This observation may

be due to the experimental time that is relatively short for an ex vivo perfusion (around 2

hours). Therefore, a different approach needs to be taken in order to exploit the possibility

of using VEGFR-3 as a target to reduce ocular hypertension.

In conclusion, we have confirmed that VEGF signaling pathways are integrally

involved in the regulation of the conventional aqueous outflow system. We have shown

that VEGF-A differential isoforms and VEGFRs inhibitor provoke significant bidirectional

changes in outflow facility. These changes in facility are consistent with previously de-

scribed effects of VEGF in endothelial cell permeability mediated through VEGFR-2,
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which reinforces the notion that permeability of SC is a key factor in conventional out-

flow regulation. Further work is needed to determine the specific morphological changes

induced by VEGF on SC, for example, if VEGF effect is mediated through enhancing fen-

estration or disassembling cell-cell junctions or both and which biochemical pathways are

involved. These results may help explain why some patients receiving chronic anti-VEGF

therapy develop sustained high IOP that can result in vision loss from glaucoma [1,184,289].

What is more, our collaborators Dr. R Rand Allingham and Dr. Joanne C Wen (Depart-

ment of Ophthalmology, Duke University) have data showing that patients receiving more

than 20 anti-VEGF injections have lower outflow facility (personal communication, data

not shown). This is clinically important since vision loss from glaucoma commonly causes

loss of peripheral vision, compounding the loss of central vision that is characteristically

caused by NVAMD and other retinal disorders that are treated in this manner. Therefore,

monitoring IOP and treating it where necessary is central in order to preserve what vision

may remain in these patients.
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Chapter 3

The role of VEGF on outflow facility

in mice with glucocorticoid-induced

ocular hypertension
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3.1 Introduction

Elevated intraocular pressure (IOP) is the principal risk factor for glaucoma. The

only way to prevent the damage of the optic nerve characteristic of glaucoma and pre-

serve vision is to lower IOP. The exact mechanisms that lead to an increased IOP are

not fully understood, but it is generally agreed that elevated IOP is due to an increased

aqueous humour (AH) outflow resistance (R) [117].

Many studies in recent years are using mice as a model to study AH dynamics.

Mice are a better model than other non-human primate models because, like humans,

they have a continuous Schlemm’s canal (SC) with ciliary muscle tendons that connect to

its inner wall and a laminated trabecular meshwork (TM) [168,206,254]. Furthermore, the AH

dynamics is also comparable since they have similar IOP and AH turn-over rate [6]. They

can be similarly used experimentally because they do not show ”washout” effect [174] (in-

crease in outflow facility due to perfusions) observed in all non-human species including

monkeys and respond similarly to pharmacological treatment [42,191]. Moreover, they are

easily accessible and can be genetically modified. However, even though different mice

strains present different IOP [44], mice do not naturally experience ocular hypertension

(OHT) associated with increased resistance in the outflow pathway tissues. Neverthe-

less, treating them with systemic glucocorticoids (GCs) (with dexamethasone (DEX), for

instance), it is possible to mimic some of the features characteristic of primary open-angle

glaucoma (POAG) [208].

The effects of GCs on outflow resistance have been extensively studied [65,208]. It

has been reported that patients with POAG have higher blood levels of GCs than healthy

individuals [187]. Furthermore, exogenous administration of GCs to treat inflammatory

pathologies leads to increased AH outflow resistance and elevation of IOP in an important

portion of patients without history of POAG and all of those suffering from glaucoma [208].

Moreover, morphological changes in the TM after DEX treatment have been shown in

both humans [147] and mice [207]. Therefore, administration of GCs to animal models has

been used to create a platform to study OHT associated to increased R [208].

The GC-induced mouse model for OHT was first described by Whitlock et al. in

48



2010 [304] and further characterization was done by Overby et al. [211] and Zode et al. [319]

in 2014. These studies showed that this model is characterised by: (1) IOP elevation,

(2) reduction of conventional outflow facility (C), (3) increased MYOC gene expression,

(4) presence of plaque-like sheath deposits in the TM and (5) more dense and continuos

basement membrane underlying the inner wall of SC. These studies also showed that

GC-induced OHT can be reversed pharmacologically.

The importance of having a good model of OHT relies on the fact that the final

objective of glaucoma research is to find better drugs to reduce IOP and treat the disease

more effectively. However, testing drug candidates in normotensive mice may not reflect

the response in OHT. For example, compensatory mechanisms that may act to avoid

ocular hypotension could alter the IOP response in normotensive individuals.

In the second chapter of this thesis (see Chapter.2) it has been described that

vascular endothelial growth factor (VEGF) may be involved in outflow resistance regula-

tion. In this chapter, we assessed the effect of VEGF in mice with GC-induced OHT. We

examined 3 different forms of VEGF, shown to have different effects on outflow facility, in

mice treated with 2 dosages of DEX.

3.2 Materials and Methods

3.2.1 Experimental design

DEX was delivered systemically by osmotic mini-pumps as described previously

by Overby et al. 2014 [211]: base line measurements of IOP and weight were carried out

24 hours before mini-pump implantation on the morning. The following day, mini-pumps

containing DEX were implanted. During the four weeks duration of the treatment, IOP

and weight were measured weekly. After this period of time mice were culled by cervical

dislocation and the eyes enucleated for ex vivo perfusions. For each mouse, one eye

was perfused with DBG (PBS including divalent cations and 5.5 mM glucose) and its

contralateral with VEGF simultaneously. 3 forms of VEGF were tested: 500 ng/ml Vegf-

A164a, 500 ng/ml VEGF-A165b and 1 µg/ml Vegf-D.
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Two cohorts of male C57BL/6 mice (Charles River Laboratories, UK) of 13 to 15

weeks old (at the time of mini-pump implantation) were used, each one treated with a dif-

ferent dose of DEX. The first cohort had a control group of 5 mice treated with Dulbecco’s

Phosphate Buffered Saline (PBS, Gibco, Life Technologies, UK) and 15 mice treated with

0.1 mg/kg/day DEX. Of these 15 mice, 9 mice were used to perfuse Vegf-A164a and 6

to perfuse VEGF-A165b. The second cohort had 20 mice treated with 2 mg/kg/day and

no control group. Of these mice, 2 were found dead before the end of the treatment, 1

was not included in the study because of malfunction of the mini-pump, 9 were used to

perfuse with Vegf-A164a and 7 were perfused with Vegf-D.

A very low concentration of DEX (0.1 mg/kg/day) was used for the first cohort

because of a miss-communication with the DEX provider (Sigma Aldrich). Therefore,

the experiments were repeated with a second cohort using the dose of DEX that is in

accordance with the literature (2 mg/kg/day).

All procedures on living mice were done in compliance with the ARVO Statement

for the Use of Animals in Ophthalmic and Vision Research under UK Home Office Project

License 70/7306, which includes a humane endpoint stating that any animal losing more

than 20% of its weight because of DEX treatment will be humane culled.

3.2.2 Animal husbandry and mini-pump implantation

Animals were brought into the animal facility one week prior surgery for an accli-

matization period. 5 mice where housed per cage in individually ventilated cages, they

had access to food and water ad libitum and were under 12 hours light cycle (7 am to 7

pm) at 21°C.

DEX (#D2915, Sigma Aldrich, UK) was dissolved in PBS (Gibco, Life Technolo-

gies, UK) at the required concentration, then, mini-pumps1 (Alzet, model 1004; DURECT

Corp., Cupertino, CA, USA) were weighted, filled with 100 µl of DEX and assembled in-

side a class two safety cabinet. Because within the cohort not all mice had exactly the

1Pumps deliver DEX at a constant flow rate of 0.11 µl/hr (Standard deviation = 0.01 µl/hr).
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same weight, the concentration of DEX loaded in the pump needed to be different for each

animal. Therefore, mice with ±1 gr. were put together and the correct amount of DEX

was delivered, within a group, the DEX dosage could change by 5%. DEX concentration

loaded into the pump was calculated using Alzet’s Drug Concentration Calculator [13].

Surgery was performed under general anesthesia induced by 5-minute exposure

to 3% to 4% isoflurane (Isocare, Animalcare Ltd., UK) and 1 l/min oxygen in an anesthetic

chamber. Then, the mouse was moved into a Bain coaxial circuit (Able Scientific, Perth,

Australia) with 3% to 4% isoflurane and 1 l/min oxygen and placed facing downwards.

At this point, the mouse was injected with 5 mg/kg enrofloxacin antimicrobial (Baytril;

Bayer Healthcare, Leverkusen, Germany) subcutaneously and 0.05 mg/kg intramuscular

buprenorphine (Vetergesic; Reckitt Benckiser Healthcare, Hull, UK). When the mouse did

not react to toe pinch, the shoulder blade area was shaved and disinfected with chlorhex-

idine alcohol (Krusse, Langeskov, Denmark). A 1 cm long cut was performed in between

the scapula and a subcutaneous pocket was created towards the ribs and lower limb us-

ing sterile blunt scissors. The mini-pump was placed in the pocket with the flow regulator

facing away from the incision. The wound was closed using surgical tissue adhesive (Tis-

sue Bond; 3M, St. Paul, MN, USA) and the mouse was then removed from the anesthesia

supply to be placed in a 28°C box to recover.

After surgery, mice were housed individually and healing of the wound was mon-

itored daily to ensure that it did not get infected or inflamed. Because with the DEX

treatment mice lose weight, every other day they were given access to a high-caloric

dietary supplement (Complan; H. J. Heinz Co., Ltd., Middlesex, UK). If any mouse lost

more than 20% of its weight, it was humanely culled and dropped from the study.

Once the mouse was culled, the pump was removed and the content was ex-

amined in order to confirm that DEX was delivered correctly. If a pump malfunctioned

and did not deliver DEX completely, the mouse was not included in the analysis.
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3.2.3 IOP measurement

IOP was measured using a commercial rebound tonometer (TonoLab; Icare, Fin-

land). Measurements were done between 9 am and 12 pm in the right eye with the mouse

under general anesthesia with isoflurane (3-4% + 1 l/min oxygen), mice were always as-

sessed in the same order in order to be measured at the same time of the day every week.

The animal was placed into the anesthetic chamber for exactly 3 minutes and then moved

on a soft clay mold supported on an adjustable laboratory jack stand using a Bain coaxial

circuit to maintain anesthesia. The TonoLab was held by a micro-manipulator supported

by a ring stand with the tip positioned approximately 2 mm from the central cornea along

the optical axis. IOP was defined following manufacturer’s instructions: the TonoLab per-

forms five rebound measurements and displays the IOP value on the screen, this process

was repeated three times and the values obtained were averaged. IOP measurements

were done the day before mini-pump implantation and every 7 days after surgery for 4

weeks.

3.2.4 Ex vivo mouse eye perfusion

After 4 weeks of DEX treatment, mice were culled by cervical dislocation and

the eyes were enucleated within 5 minutes after death and stored in PBS at room tem-

perature to await perfusion (around 15 minutes). Enucleated eyes were perfused using

the iPerfusion system as described in Sherwood et al. (2016) [249]2. Briefly, both eyes

were perfused simultaneously using two perfusion systems working in parallel. Each eye

was affixed on a platform using cyanoacrylate glue and submerge in PBS in a thermo-

regulated bath at 35°C. The eye was cannulated into the anterior chamber using a 33g

beveled needle (NanoFil, #NF33BV-2, World Precision Instruments, US) and pressurised

for 45 min at 8 mmHg using an adjustable hight reservoir. After the acclimatization period,

9 different pressure steps were applied (from 4.5 to 20 mmHg) by changing the hight of

the reservoir while pressure inside the eye and flow rate into the eye were measured

using a wet-wet differential pressure transducer (PX409, Omegadyne, US) and a flow

2More details already described in Section.2.2.4
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sensor (SLG64-0075, Sensirion, Switzerland) respectively. All perfusates were filtered

through a 0.22 µm filter (#28145-477, VWR international, UK) before use and backfilled

from the needle. One eye (control) was perfused with DBG (PBS + 5.5 mM glucose)

and its contralateral with the corresponding VEGF dissolved in DBG. VEGF forms used

were: Vegf-A164a (#V4512, Sigma Aldrich, UK), VEGF-A165b (#ab104953, abcam, UK)

and Vegf-D (#469-VD-025/CF, R&D Systems, UK).

To calculate C, the last 4 minutes of stable pressure and flow data of each pres-

sure step were averaged, plotted and a power law fitting forced to a 0 intercept was

applied. Cr was defined from the fitting according to Sherwood et al. (2016) [249] as:

Q(P ) = Cr

(
P

Pr

)β
P (3.1)

Where Q is the flow rate, P is the pressure, Cr is the reference facility, Pr is the

reference P (8mmHg) and β characterises the non-linearity of the flow-pressure relation-

ship.

3.2.5 Statistical analysis

Significance in IOP and weight was determined by t-test, a paired t-test was used

when comparing these variables for the same group of mice before and after treatment

and un-paired when comparing control vs. treated groups.

The effect of the drugs perfused was determined by the averaged percentage

difference between the treated eye and its contralateral control using paired analysis.

For the first cohort of mice, the difference in C between the DEX and the PBS treated

was determined calculating the percentage change of the average facility of each group

using unpaired analysis. Significant changes in C were determined by a weighted t-test

according to Sherwood et al. (2016) [249].

The C for a population is calculated as the weighted geometric mean of Cr. C, as
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lognormally distributed variable is reported as,

C
∗ ×/ MEC∗

,95(s
∗2
pop)

where C
∗ is the average C, MEC∗

,95 the margin of error given by the half-width of the

95% confidence interval on the estimate of C∗ and s∗2pop is an estimate of the range that

would encompass 95% of the facility values within the population.

The comparison of two populations is reported as,

% (D
∗ ×/ MED∗

,95(s
∗2
tre))

where % is the percentage change ((D∗−1)×100),D∗ is the proportional change,MED∗
,95

is the margin of error given by the half-width of the 95% confidence interval on the estim-

ate of C∗ and s∗2tre the range of the 95% of the treatment.

3.3 Results

3.3.1 Mice treated with 0.1 mg/kg/day DEX

Previous studies of GC-induced OHT used systemic DEX concentrations of about

3-4 mg/kg/day [211,304]. In this study, a much lower concentration of 0.1 mg/kg/day was

used for the first set of experiments (n = 15) and a small control group (n = 5) were

treated with PBS alone. IOP and weight changes were measured weekly and the effect of

Vegf164a and VEGF165b on outflow facility was assessed after 4 weeks of DEX treatment.

IOP and weight evolution during DEX treatment

IOP was measured by rebound tonometry the day before implantation of the mini-

pump and once a week after surgery, always at the same time of the day to avoid changes

due to circadian cycles [72,182].

There was no significant difference between the average IOP for the control and
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the treated group before surgery (Wk 0), being 10.9 ± 0.2 mmHg (mean ± SD, n = 5)

and 11.0 ± 0.8 mmHg (n = 15) respectively (p = 0.6).

At the end of the treatment (Wk4), IOP did not significantly change for the control

group, it was 10.1 ± 1.1 mmHg (p = 0.2), whereas, the treated group had an average IOP

of 13.3 ± 0.9 mmHg, as can be seen in Figure.3.1. Therefore, after 4 weeks there was a

significant difference of 2.3 mmHg between IOP before and after the treatment (p = 3 x

10-5). The difference between the control and the treated group was 3.2 mmHg (p = 7 x

10-6). The difference in the standard deviation between the measurement at Wk0 and all

the following weeks is because after mini-pump implantation, IOP was measured inside

a hood and the vibrations create noise in the measurement.
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Figure 3.1: IOP evolution during 0.1 mg/kg/day DEX treatment. Each data point is the averaged IOP for
the same group of mice measured weekly during DEX treatment, filled dots correspond to the treated group
(n = 15) and open dots to the control group (n = 5). Wk 0 corresponds to the base line measurement done
the day before mini-pump implantation. Error bars show SD. Wk: week

Apart from IOP, the weight of the mice was also monitored weekly. Due to the DEX

treatment mice loose weight and for that reason they were given access to a high-caloric

dietary supplement. If any mice lost more than 20% of its body mass it was humanely

culled. In this particular case, none of the mice had to be dropped from the study.

Before surgery (Wk0), there was no difference in weight between the control and

the treated group, 28.7 ± 1.5 gr and 29.1 ± 1.5 gr respectively (p = 0.6). At the end of the
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treatment (Wk4), the control group had an average weight of 31.2 ± 1.7 gr (+2.1 gr, p =

0.003) and the treated 27.2 ± 1.6 gr. (-1.5 gr, p = 0.001). As can be seen from Figure.3.2,

treated mice lost most of the weight during the first 2 weeks of the treatment.
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Figure 3.2: Weight evolution during 0.1 mg/kg/day DEX treatment. Each data point is the averaged weight
for the same group of mice measured weekly during DEX treatment, filled dots correspond to the treated
group (n = 15) and open dots to the control group (n = 5). Wk 0 correspond to the base line measurement
done the day before mini-pump implantation. Error bars show SD. Wk: week

Differences in facility between control and treated mice

C was measured for all eyes using the iPerfusion system [249]. For mice treated

with DEX, both eyes were perfused, one with DBG and the other one with the drug of

interest. For the control group, only one eye was perfused with DBG. All eyes perfused

with DBG were used to compare C between mice treated with DEX and those treated with

PBS. The average C for the control group was 6.77 ×/ 1.62 (2.68) nl/min/mmHg (n=5)

and it was 5.48 ×/ 1.48 (1.0) nl/min/mmHg (n=13) for the treated one, representing no

change in facility (0.96 ×/ 1.7 (2.68); p = 0.86) after 4 weeks treatment with 0.1 mg/kg/day

of systemic DEX (Figure.3.3). Even though a significant change in IOP was detected, it

did not seem to correlate with a change in C, very likely due to the small sample size of

the control group. If we focus on the treated group, all data points seem to accumulate at

the lower part of the plot.
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Figure 3.3: Facility values of eyes from controls and DEX treated mice. Each data point shows the
reference facility, with the error bars showing 95% confidence intervals in the measurament. Shaded regions
show the sample distributions fit to a lognormal distribution, with the geometric mean and two-sigma levels
shown by the light horizontal lines. Dark central bands show 95% confidence intervals on the mean values.
Numbers denote the eye ID.

Perfusions with Vegf164a and VEGF165b

Eyes from mice treated with DEX were used for ex vivo perfusions. For a given

mouse, both eyes were perfused: one with DBG (control) and the other one with VEGF

(500 mg/ml Vegf164a or 500 mg/ml VEGF165b in DBG). These compounds are two differ-

ent isoforms from VEGF-A with opposite effects on outflow facility, as it has been reported

in Chapter.2. Vegf164a is an active form that binds VEGFR-1 and -2 leading to a more

permeable endothelium [99], whereas VEGF165b binds the receptors with the same affinity

but does not successfully activate it, thus it acts as a competitor inhibitor [310].

In Chapter.2 we reported that Vegf164a increased C by almost 90%. In an attempt

to assess the suitability of VEGF to lower IOP in hypertensive mice, eyes from DEX

treated mice were perfused with 500 mg/ml Vegf164a, the same concentration used in

the study mentioned before. Surprisingly we measured that Vegf164a had no statistical

significant effect on these mice, although a reduction of 32% (0.68 ×/ 1.62 (1.9), n = 5, p

= 0.09, Figure.3.4) in C was detected.
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Figure 3.4: Eyes from 0.1 mg/kg/day DEX treated mice perfused with 500 mg/ml Vegf164a. Each data
point represents one pair of eyes, with the log-facility of the control eye in the X-axis and the treated in
the Y-axis. Filled ellipses indicate 95% confidence intervals in the measurement and outer ellipses indicate
additional uncertainty between contralateral eyes [249]. Red line shows average difference, with its confidence
intervals in grey. Numbers denote the pair ID.

500 mg/ml VEGF165b was perfused as well, and, it resulted in an increase in C of

104% (2.04 ×/ 1.81 (2.11), n = 4, p = 0.03, Figure.3.5) in comparison to the 44% reduction

reported previously in naı̈ve mice (Figure.3.5). Similar to Vegf164a, we measured the

opposite effect to what it was observed previously in naı̈ve mice.

3.3.2 Mice treated with 2 mg/kg/day DEX

A second cohort of mice was treated with a higher concentration of DEX. In this

occasion 2 mg/kg/day was delivered, similar to what was used in other studies [211,304].

The experimental design was exactly the same as described for the lower concentration

but in this occasion there was no control group since the concentration used was known

to be effective based on previous studies [207].
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Figure 3.5: Eyes from 0.1 mg/kg/day DEX treated mice perfused with 500 mg/ml VEGF165b. Each data
point represents one pair of eyes, with the log-facility of the control eye in the X-axis and the treated in
the Y-axis. Filled ellipses indicate 95% confidence intervals in the measurement and outer ellipses indicate
additional uncertainty between contralateral eyes [249]. Red line shows average difference, with its confidence
intervals in grey.

IOP and weight evolution during DEX treatment

IOP was measured the day before the mini-pump was implanted and once a week

during the treatment, in the same way as the previous cohort of mice. Due to the larger

sample size, perfusions required more than a week, for that reason, IOP was measured

again at week 5 on the remaining mice (n = 7) to ensure that IOP did not drop after

cessation of treatment at week 4.

Before the treatment (Wk0), the average IOP was 12.3 ± 2.5 mmHg (n = 20).

Four weeks after treatment the average IOP was 14.7 ± 3.0 mmHg (n = 18) a significant

increment of 2.4 mmHg (p = 0.01) in respect to the IOP before the mini-pump implanta-

tion. A week later, the 7 remaining mice had the same average IOP of 14.9 ± 2.5 mmHg

than the previous week (p = 0.87). As can be seen in Figure.3.6, in this occasion, there

was a peak in IOP at week 1, this may be due to adjustment to the high dose of DEX after
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surgery, after that, IOP dropped to the base line value and continued increasing until the

end of the treatment.
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Figure 3.6: IOP evolution during 2 mg/kg/day DEX treatment. Each data point is the averaged IOP from
all mice measured weekly during DEX treatment. Wk 0 correspond to the base line measurement done the
day before mini-pump implantation (n = 20). Wk 5 represents the mice (n = 7) that could not be perfused
during wk 4. Error bars show SD. Wk: week.

Regarding the weight, the average weight before implanting the mini-pumps was

27.4 ± 1.7 gr (n = 20), at week 4 it was 24.9 ± 2.2 gr (-2.5 gr, n = 18, p = 0.0005) and

the last group at week 5 gained some weight, 26.5 ± 2.6 gr (n = 7) (Figure.3.7), probably

because mini-pumps delivered all DEX by week 4 and mice were recovering from the

treatment.
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Figure 3.7: Weight evolution during 2 mg/kg/day DEX treatment. Each data point is the averaged weight
from all mice measured weekly during DEX treatment. Wk 0 correspond to the base line measurement done
the day before mini-pump implantation (n = 20). Wk 5 represents the mice (n = 7) that could not be perfused
during Wk 4. Error bars show SD. Wk: week.
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Due to the higher dosage of DEX, 2 mice were dropped from the study because

they were found dead. They were not humanly culled because they did not lose 20% of

their weight but when investigating the possible causes we found out that those mice lose

10% of their body weight within a single week. Consequently, in the future, we will include

this terminating point in the protocol. A third mouse was dropped from the study because

when the pump was removed from the mouse after the treatment, it still contained the

100µl of DEX it was filled with.

Perfusions with Vegf164a and Vegf-D

Eyes from mice treated with 2 mg/kg/day od DEX were perfused with 500 mg/ml

Vegf164a. Similarly to the low dose of DEX, Vegf164a did not change C, for the high dose

C decreased by 5% (0.95 ×/ 1.49 (1.27), n = 4, p = 0.70, Figure.3.8).

Figure 3.8: Eyes from 2 mg/kg/day DEX treated mice perfused with 500 mg/ml Vegf164a. Each data
point represents one pair of eyes, with the log-facility of the control eye in the X-axis and the treated in
the Y-axis. Filled ellipses indicate 95% confidence intervals in the measurement and outer ellipses indicate
additional uncertainty between contralateral eyes [249]. Red line shows average difference, with its confidence
intervals in grey.

The effect of 1 µg/ml Vegf-D was also tested. Vegf-D is a ligand for VEGFR-2 and

-3. It is known that SC has the unique characteristic to express all three VEGFRs [16,220],
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thus, it should be responsive to compounds associated to lymphatic vasculature as it is

Vegf-D. In Chapter.2 it was shown that 1 µg/ml Vegf-D was able to increase C, although

it is very likely to be mediated by VEGFR-2.

When eyes from DEX-treated mice were perfused with Vegf-D a non significant

effect of -14% (0.86 ×/ 1.42 (1.62), n = 6, p = 0.32, Figure.3.9) in C was measured. This

is, again, opposite of what we reported for naı̈ve mice, where we measure an increase in

C of 49%.

Figure 3.9: Eyes from 2 mg/kg/day DEX mice perfused with 1 µg/ml Vegf-D. Each data point represents
one pair of eyes, with the log-facility of the control eye in the X-axis and the treated in the Y-axis. Filled ellipses
indicate 95% confidence intervals in the measurement and outer ellipses indicate additional uncertainty
between contralateral eyes [249]. Red line shows average difference, with its confidence intervals in grey.

3.3.3 IOP and R correlation

According to the modified Goldmann’s equation (Equation.3.2) and assuming that

C ex vivo represents C in vivo, a linear relationship between IOP and outflow resistance
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(R = 1/C) is predicted (Equation.3.5):

Qin = C × (IOP − EV P ) +Qu (3.2)

Qc = Qin −Qu (3.3)

IOP =
Qc
C

+ EV P (3.4)

IOP = Qc ×R+ EV P (3.5)

Where Qin is the production rate of AH, EV P is the episcleral venous pressure, Qu is the

outflow rate through the unconventional outflow pathway, Qc is the outflow rate through

the conventional outflow pathway and R the outflow resistance. Measuring C ex vivo, one

can assume that there is no inflow (Qin = 0) and EV P = 0 mmHg since it is open to the

atmosphere.

Figure.3.10a shows all eyes used in this study with IOP (at Wk4) and R data

available. A regression liniar fitting has been applied to all data to find the IOP vs. R

correlation. It can be seen that there is a positive correlation but the fitting is not significant

(r2 = 0.014). Figure.3.10b presents the fitting for each individual cohort, interestingly, the

control group shows a positive correlation (r2 = 0.72), but, the 2 cohorts treated with

DEX do not. Perhaps, this is a consequence of the very different accuracy of the two

techniques used to measure these parameters, while the iPerfusion system gives a very

accurate and precise measurement of R with a very good resolution, the TonoLab can

only display measurements with a resolution of 1 mmHg and the effects of anesthesia on

IOP are still not well defined.

Nevertheless, if IOP and R values are analysed in terms of population, by av-

eraging each variable from the 3 groups available (control, 0.1 mg/kg/day DEX and 2

mg/kg/day DEX) it can be seen from Table.3.1 that the control group had the lowest IOP

and R whereas mice treated with 2 mg/kg/day had the highest IOP and R and mice

treated with 0.1 mg/kg/day laid in between. This approach is more consistent with the

modified Goldmann’s equation (Equation.3.5).
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Control: y = 8.8 + 0.01x; r2 = 0.72
0.1 mg/kg/d DEX: y = 14.3 - 2.1E-3x; r2 = 0.26
2.0 mg/kg/d DEX: y = 15.8 - 3.3E-3x; r2 = 0.02

Fit:  y = 13.4 + 3.05E-3x 
       r2 = 0.014 

Figure 3.10: IOP and outflow resistance correlation. a) shows a linear fitting with 95% confidence inter-
vals applied to all three groups of mice. b) shows a linear fitting applied to each group of mice individually.
Black dots: control; red dots: 0.1 mg/kg/day DEX; blue dots: 2 mg/kg/day DEX.

Table 3.1: Averaged IOP, R and C values for 3 different groups of mice: control, 0.1 mg/kg/d DEX and 2.0
mg/kg/d DEX.

IOP (mmHg) Resistance (mmHg/µl/min) Facility (nl/min/mmHg)

n Average SD Average SD Average SD
Control 5 10.13 1.12 147.68 71.72 6.77 2.78
0.1 mg/kg/d DEX 13 13.00 0.86 154.22 53.42 6.48 2.88
2.0 mg/kg/d DEX 16 15.05 2.71 210.97 104.82 4.74 1.96

3.4 Discussion

In the present study mice were systemically treated with two different doses of

DEX (0.1 and 2.0 mg/kg/day) for four weeks to induce OHT [211,304]. These mice were

used to study the potential efficacy of VEGF as an agent to lower IOP based upon previ-

ous results in naı̈ve mice (Chapter.2).

The first interesting finding was regarding the OHT model itself. Even though a

very low concentration of DEX was used for the first cohort of mice, virtually the same

increase in IOP was measured, the lowest dose of DEX increased IOP by 2.3 mmHg

whereas the highest did it by 2.4 mmHg (p = 0.91). Mice treated with the lower dose

exhibited lesser weight loss when compared with the higher dose (-1.5 gr vs. -2.5 gr) and

all animals survived the treatment, whereas 2 died with the higher dose. Moreover, eyes
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from mice treated with both concentrations were not responsive to perfused Vegf164a,

indicating that a low dose of DEX is enough to affect the VEGF signaling pathway.

Despite the increment in IOP, we did not measure a significant reduction in C for

the mice treated with the lowest concentration of DEX. The fact that no significance was

achieved between the control group and the group treated with 0.1 mg/kg/day DEX can

be attributed to the small sample size in the control group. As reported by Sherwood

et al. (2016) [249] the range in C values in C57BL/6 mice is very wide, hence, a much

bigger sample size is required to detect difference in C between two populations of mice

(un-paired data). Despite the promising results using a lower concentration of DEX, fur-

ther characterization is necessary in order to confirm a significant reduction in C and

investigate changes in the outflow pathway comparable with those described for higher

concentrations of DEX [208].

Another point of discussion is the relationship IOP vs. R. It can be predicted

from the modified Goldmann’s equation (Equation.3.5) that there is a linear relationship

between these two variables. However, when individual IOP values are plotted against

R calculated from the measured C (R = 1/C), this relationship is, most of the time, not

observed (Figure.3.10). We can speculate that this is due to, on one hand, that these

parameters are not measured at the exact same time and it is known that IOP and R

are dynamic parameters and can fluctuate during the day [72,182]. On the other hand, the

precision and resolution of the techniques used to measure them are very different, the

tonolab has a resolution of 1 mmHg whereas the iPerfusion system can measure flow

rate and pressure with a resolution of ±4 nl/min and ±0.024 mmHg respectively [249] . For

these reasons, we analysed the IOP vs. R correlation in terms of population, looking at

the average values within each group. This way, there is a more clear link between the

two parameters.

The effect of exogenous VEGF on outflow facility in eyes from DEX treated mice

was surprising. Data from naı̈ve mice (Chapter.2) showed that Vegf164a and Vegf-D in-

creased C while VEGF165b decreased it and these effects are very likely mediated by

VEGFR-2. However, the opposite response was measured in this study. Vegf164a and

Vegf-D tended to reduce C, although it was not significant, and VEGF165b significantly
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0.1 mg/kg/d DEX 2.0 mg/kg/d DEX 0.1 mg/kg/d DEX 2.0 mg/kg/d DEXNaïve mice Naïve mice Naïve mice

500 ng/ml Vegf164a 500 ng/ml VEGF165b 1 µg/ml Vegf-D

Figure 3.11: Effect of all forms of VEGF on eyes from DEX treated mice compared to naı̈ve mice.
Each data point corresponds to a the percentage change between the control and the treated eye from a
single mouse, with the dark error bars showing 95% confidence intervals and light error bars the indicate
additional uncertainty due to variability in the treatment. Shaded regions show the sample distributions, with
the geometric mean and two-sigma levels shown by the light horizontal lines. Dark central bands show 95%
confidence intervals on the mean values.

increased C by 104% (Figure.3.11). More research is needed to understand why this

phenomenon occurs, but, it could be that the expression of VEGFR in the SC is some-

how impaired, as has been reported to happen with other growth factor receptors (such as

fibroblast growth factor receptor, epidermal growth factor receptor and hepatocyte growth

factor receptor) expressed by TM cells after DEX treatment [65]. Similar studies determ-

ined that, after DEX treatment, TM cells showed an inhibition in migration, proliferation

and retraction, functions usually attributed to VEGF as well. A recent study [212] showed

that rat embryos treated with DEX had a reduced expression of VEGF, VEGFR-1 and

VEGFR-2 mRNA. It could be, then, that DEX treated eyes are not responsive to VEGF

due to the impaired expression of VEGFRs. However, to our knowledge, there is no in-

formation available about the effect of DEX in VEGFR expression in SC cells. Moreover,

more research is needed as well in order to understand why VEGF165b, which is known to

not activate VEGFRs increases C in this context. An additional factor that could interfere

with VEGF-induced increase in C in DEX-treated mice is that some studies showed that

DEX inhibits nitric oxide (NO) production by endothelial cells [176,271,314], therefore, if one

of the key VEGF effectors is suppressed, its effect is blunt, as shown in naı̈ve mice in
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Chapter.2 and in previous studies [26].

It could be inferred, then, that when the levels of GCs in the organism is elev-

ated, as detected in glaucoma patients [187] or when GCs are administrated exogenously,

cells in the outflow pathway stop responding to endogenous VEGF, contributing to a less

permeable SC, thus increasing outflow resistance and IOP. However, more information

is needed about the changes in VEGF and VEGFR expression by TM and SC cells in

response to DEX as well as histological changes in the outflow pathway. Moreover, it

would also be interesting to test whether SC cells from glaucomatous eyes respond dif-

ferently to exogenous VEGF in order to confirm that a dysfunction in the VEGF signaling

is contributing to elevated IOP, which would reaffirm the GC-induced OHT mouse model

as an appropriate model to study outflow resistance and IOP as a glaucoma model.
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Chapter 4

Influence of plasmalemmal

vesicle-associated protein on

conventional outflow facility in mice
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4.1 Introduction

Maintenance of intraocular pressure (IOP) within physiological levels is essential

for the correct functioning of the eye. IOP is controlled by the resistance to aqueous

humour (AH) drainage (outflow). An increase in outflow resistance leads to elevated

IOP, which is the principal risk factor for glaucoma. It is not fully understood where this

resistance is generated but previous studies have reported to be in close vicinity of the

inner wall of Schlemm’s canal (SC) [148,210].

Schlemm’s canal (SC) is an endothelial lining located in the iridocorneal angle

of the eye, adjacent to the trabecular meshwork (TM). AH flows through SC and from

there into the collector channels; this is commonly referred to as the conventional outflow

pathway. As AH flows through this pathway, it must cross the continuous endothelium of

SC, presumably through micron-sized pores that pass through the endothelium. These

pores can pass either between neighboring SC cells (B-pores), or can pass transcellu-

larly through individual cells (I-pores). Pores are suspected to be important for outflow

regulation because, as previous studies have indicated, the density of pores decreases in

glaucomatous eyes, which have increased outflow resistance, but it is unclear what con-

trols pore formation, why pores are decreased in glaucoma or how the extra resistance is

generated [84,259,287].

Other endothelial linings form similar pores, although these are typically smaller

than pores in SC and are known as fenestrae, which provide a high conductivity pathway

for fluid flow across the endothelium. Fenestrated endothelia are found in the liver [125],

kidney [263] and even in the choriocapilaries in the eye [126]. Fenestrae are about 65 nm

in diameter, which is much smaller than the SC pores, and are often bridged by a dia-

phragm structure. Interestingly, along the inner wall, structures known as ”mini-pores”

have been described that are about the same size and also contain a diaphragm. It was

originally proposed by Anders Bill in 1975 [38] that these mini-pores may be precursors

to the larger micron-sized pores which may form due to tension produced by AH flow-

ing through [141,275]. As it has been shown, tension triggers pore formation in SC cells in

culture [46].
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A key characteristic of fenestrae is the presence of diaphragms, a peculiar struc-

ture that crosses the aperture in a cartwheel like manner that is similar in all fenes-

trated endothelia [31], except for endothelial cells of the kidney glomerulus and liver sinus-

oids [267]. These diaphragms are known to be made of plasmalemmal vesicle-associated

protein (PLVAP also known as PV-1 and MECA-32), an endothelial-specific single-span

membrane glycoprotein of 60 KDa [265]. PLVAP form homodimers in vivo with a short

intracellular tail and a long extracellular domain displayed in an octagonal symmetry of

radial fibrils from the rim to a central knob [264,266]. This protein is necessary and suffi-

cient for fenestra formation [266] and high expression of PLVAP correlates with higher per-

meability [308]. When PLVAP is knocked down, fenestrae density decreases and become

disorganised, the characteristic arrangement in sieve plates with equidistant spacing is

lost [142].

The similarity between fenestrae and mini-pores in SC motivated the study of the

influence of PLVAP on SC hydraulic conductivity. For that, we used a transgenic mouse

line developed by Herrnberger et al. (2012) [124], which are PLVAP deficient. Heterozyg-

ous mice have a reduced expression of PLVAP and knock out mice have no diaphragms

present compared to their wild-type littermates. Furthermore, fenestration is signific-

antly reduced in endothelial linings such as the choriocapillaries [126] and sinusoids of

the liver [125]. For these reasons, we hypothesised that SC cells from PLVAP deficient

mice would experience impaired I-pore formation resulting in a reduced outflow facility

(C).

It is known that cytoskeletal disrupting drugs increase both fenestration [49,50,142,268]

and outflow facility [85,94,180,223,229,282]. However, their mechanism of action is not fully un-

derstood, therefore, PLVAP depleted mice provides a good model to understand how

these drugs effect outflow resistance. For this reason, eyes from both groups of mice

were perfused with latrunculin B (Lat-B). Latrunculins are a family of actin disrupting drugs

that had already been described to induce fenestration through cytoskeleton reorganiz-

ation [49,142]. Moreover, there are also studies reporting an increment in C in porcine [85],

monkeys [223] and human eyes [94] perfused with Lat-B. However, to our knowledge, there

is no information about mice although a similar effect was expected. Because PLVAP

deficient mice are less able to form fenestrae, we hypothesised that they would be less
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sensitive to Lat-B.

4.2 Materials and Methods

4.2.1 Experimental Design

The present study investigated the influence of the protein PLVAP on conven-

tional outflow facility in mice that were a kind gift of Professor Ernst Tamm (University

of Regensburg). To achieve this objective, transgenic mice deficient in this protein (het-

erozygous, Plvap+/-) and their wild-type (Plvap+/+) littermates were used. Unfortunately,

the negative homozygous genotype (Plvap-/-) was lethal on the genetic background used

(C57BL/6N) and knock out mice were not available for the study. Rebound tonometry and

the iPerfusion system were used to measure IOP and C respectivebly eyes in order to

find differences between both genotypes. Moreover, the effect of 1µM Lat-B on outflow fa-

cility was tested to understand the mechanism of pore formation. All perfused eyes were

immersion fixed in Karnovsky’s fixative to be used for electron microscopy and count the

number of pores in the inner wall of SC.

4.2.2 Animal Husbandry

Mice used in this study were imported from University of Regensburg, where they

were developed [124], and bred in-house at Imperial College London. Heterozygote mice

were used as breeders, pups were weaned at 1 month old and housed in ventilated

cages with a maximum of 5 mice per cage. Mice were provided with food and water ad

libitum and kept at 21°C with 12 hour light-dark cycles. Mice with a C57BL/6N genetic

background of either gender between 8 and 14 weeks old were used.

Genotyping was performed on ear tissue samples obtained at weaning. Tissue

lysis and DNA extraction were performed according to the manufacturer’s instructions

(Express Extract kit, Kapa-Biosystems, US). Extracted DNA was used directly for PCR

analysis using a hot-start mix (KAPA2G Robust HotStartReadyMix; Kapa- Biosystems,
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US). A 3 primer PCR was employed to detect wild-type or heterozygous alleles [124],

29 cycles were performed with an annealing temperature of 59°C. Sense primer for

wild-type: AGAGCCTTCTCTGCCAAGTG, sense primer for knock-out: TCTCATGCTG-

GACTTCTTCG and antisense primer: GGCTAGCCTGAGCTACAGAGG, predicted product

size of 672bp for wild-type, 672bp and 552bp for heterozygous. PCR products were re-

solved by gel electrophoresis (1% agarose) in the presence of DNA gel stain (SYBR

Safe; Invitrogen, US). Bands were visualised on an imaging station (Biospectrum 500;

UVP, US). A representative electrophoresis gel can be seen in Appendix II (7.2.5).

All experiments were conducted in compliance with the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research under UK Home Office Project Li-

cense approval for research at Imperial College London.

4.2.3 IOP measurements.

IOP was measured on the right eye of the mouse, always between 9 am and

12 pm to avoid changes due to circadian cycles. IOP was measured under general

anesthesia with isoflurane (Isocare; Animalcare Ltd., UK) using a commercial rebound

tonometer (TonoLab; Icare, Finland).

To induce anesthesia, the mouse was placed into an anesthetic chamber deliv-

ering 3-4% isoflurane + 1 l/min oxygen for exactly 3 minutes to account for anesthetic

effects. Then, it was moved to a soft clay mould supported on an adjustable laborat-

ory jack stand, the snout of the mouse was placed at the end of a Bain coaxial circuit

to maintain anesthesia. Immediately, IOP was measured with the TonoLab held by a

micro-manipulator supported by a ring stand to ensure stability. The tip of the TonoLab

was positioned along the optical axis approximately 2 mm away from the cornea and IOP

measured by 5 rebound events. This procedure was repeated 3 times and the arithmetic

mean of these values define the IOP of the mouse, following manufacture’s instructions.

Afterwards, the mouse was placed in a 28°C chamber to recover from anesthesia before

returning to the cage.
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4.2.4 Ex vivo Mouse Eye Perfusion

C was measured ex vivo on enucleated eyes using the iPerfusion system as de-

scribed by Sherwood et al. (2016) [249]. Briefly, mice were culled by cervical dislocation,

the eyes enucleated within 5 minutes and stored in Dulbecco’s Phosphate Buffered Saline

(PBS; Gibco, Life Technologies, UK) at room temperature until perfused, generally within

20 minutes. Both eyes of a mouse were perfused simultaneously using two perfusion

systems at the same time to avoid post-mortem changes.

Briefly, eyes were fixed on a support placed in a thermoregulated bath (35°C) us-

ing cyanoacrylate glue and submerged in PBS. The eye was then, cannulated into the

anterior chamber with a 33g beveled needle (NanoFil, #NF33BV-2, World Precision In-

struments, US) and pressurised at 8 mmHg for 45 minutes using an inline reservoir. After

this time, the reservoir was brought down to 4.5 mmHg to start applying 9 discrete pres-

sure steps up to 21 mmHg. For each step, pressure (P) and flow rate (Q) inside the eye

were measured using a wet-wet differential pressure transducer (PX409, Omegadyne,

US) and a flow sensor (SLG64-0075, Sensirion, Switzerland) respectively.

The perfusate used was PBS including divalent cations and 5.5 mM glucose (re-

ferred to as ”DBG”) filtered through a 0.22 µm filter (#28145-477, VWR international,

UK). Lat-B (#428020; Calbiochem, Merck Millipore, UK) was purchased as powder and

dissolved in DMSO to a stock concentration of 12.6 mM, aliquoted and store at -20 °C.

For perfusions, the experimental eye was perfused with the stock solution of Lat-B dis-

solved in DBG to a concentration of 1 µM and the contralateral control was perfused with

DBG + 0.008% DMSO to account for any effect that the drug vehicle could have.

After perfusion, eyes were fixed in Karnovsky’s fixative which consisted of the

following: a stock solution (2.8% paraformaldehyde, 0.1 M cacodylate-Na-salt buffer

(C2H6AsO2 Na 3H2O)) was made and kept at 4°C. Fixative solution was prepared fresh

immediately before fixation with 90% stock solution and 10% of 25% glutaraldehyde.

Eyes were immersed in the solution and fixed overnight at 4°C. The next day, eyes were

washed for 20 minutes, 3 times in 0.1 M cacodylate buffer and stored in the same buffer

solution at 4°C.
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C was determined as stated by Sherwood et al. (2016) [249]. Briefly, the last 4

minutes of stable Q and P were averaged for each perfusion step and used to generate

a Q vs. P plot. A power law fitting was applied and forced to a 0-0 intercept, then, C was

defined as the quotient of Q over P at the reference P of 8 mmHg from the fitting.

The effect of Lat-B on outflow facility was calculated as the average percentage

change in C between the control and the contralateral treated eye, hence, all experiments

used contralateral paired eyes. Unpaired eyes (due to an experimental failure in one eye)

were rejected.

4.2.5 Statistical Analysis

Two types of C analysis were carried out, unpaired analysis for genotype compar-

ison and paired analysis for Lat-B effect assessment. Paired analysis required that both

eyes of the mouse were perfused to compare the control and treated contralateral eye.

For the unpaired analysis, only one eye per mouse was necessary and the average C for

each genotype was compared. Hence, data from control eyes from Lat-B perfusions were

also used compare genotypes. Weighted t-tests [249] were used to analyse significance in

C both for paired and un-paired data.

C measurements for a group of mice are a log-normally distributed, for this reason,

they are reported as,

C
∗ ×/ MEC∗

,95(s
∗2
pop)

where C
∗ is the average C, MEC∗

,95 the margin of error given by the half-width of the

95% confidence interval on the estimate of C∗ and s∗2pop is an estimate of the range that

would encompass 95% of the facility values within the population.

The comparison of two populations is reported as,

% (D
∗ ×/ MED∗

,95(s
∗2
tre))

where % is the percentage change ((D∗−1)×100),D∗ is the proportional change,MED∗
,95

is the margin of error given by the half-width of the 95% confidence interval on the estim-
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ate of C∗ and s∗2tre the range of the 95% of the treatment.

A two-tailed un-paired t-test (SPSS; IBM, Armonk, U.S.) was used to determine

statistical significance in IOP. IOP is reported as average ± standard deviation (SD).

4.3 Results

4.3.1 Effect of PLVAP depletion on outflow facility and IOP in mice

We hypothesis that mice lacking PLVAP would have impaired pore formation and

reduced C. To investigate that, eyes from Plvap+/- and Plvap+/+ mice were perfused using

the iPerfusion system to measure C ex vivo.

One eye from each mouse was perfused with DBG in order to calculate C for

each genotype. The average C for Plvap+/+ mice was 8.47 ×/ 1.29 (2.98) nl/min/mmHg

(n = 21) while Plvap+/- mice had a C of 5.61 ×/ 1.20 (2.03) nl/min/mmHg (n = 17). This

represents a significant reduction in C of 34% (0.66 ×/ 1.35 (1.00), p = 0.009) when

PLVAP expression is diminished (Figure.4.1).

IOP was also measured for both groups of mice but no difference was detected,

Plvap+/+ mice had an average IOP of 12.3 ± 1.7 mmHg (n = 12) and Plvap+/- mice had

an IOP of 12.2 ± 2.1 mmHg (n = 11) (p = 0.85) (See Table.4.1 and Figure.4.2). With

a reduction in C one should expect an increment in IOP in accordance to the modified

Goldmann’s equation (Equation.3.2) described in Chapter.3. However, this was not ob-

served. It could be possible that AH production is impaired in these mice since capillaries

in the ciliary processes are fenestrated [279]

Table 4.1: IOP and C measurements on Plvap+/+ and Plvap+/- mice. SD: standard deviation, SEM: standard
error of the mean.

Genotype n IOP (mmHg) SD SEM p-value C (nl/min/mmHg) p-value
Plvap+/+ 12 12.3 1.7 0.50 8.47 ×/ 1.29
Plvap+/- 11 12.2 2.1 0.65 0.85 5.61 ×/ 1.20 0.009
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PLVAP+/+ PLVAP+/- 

Figure 4.1: Facility values for Plvap+/+ and Plvap+/- mice represented in a modified violin plot. Each data
point corresponds to the measured C for a single eye perfused with DBG and the error bars are the 95%
confidence interval for that particular measurement. The white central line is the geometric mean, the dark
area around it is the error of the mean and two-sigma levels are shown by the light horizontal lines. The
coloured area is the distribution of the data. Left plot: Facility measurements from Plvap+/+ mice (n = 21).
Right plot: Facility measurements from Plvap+/- (n = 17).
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Figure 4.2: IOP values for Plvap+/+ and Plvap+/- mice represented in a box plot. Left plot: IOP measure-
ments from Plvap+/+ mice (n = 12). Right plot: IOP measurements from Plvap+/- (n = 11). The central line in
the box represents the average IOP and the whiskers the 95% confidence interval.
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4.3.2 Effect of PLVAP-depletion on the outflow facility response to Latrun-

culin in mice

In order to test the mechanisms that lead to PLVAP-mediated pore formation, eyes

from Plvap+/- and Plvap+/+ mice were perfused with 1 µM Lat-B. Lat-B is known to induce

pore formation through disassembly of actin filaments and to increase C in other animal

models [85,94,223]. We speculate that mice with impaired pore formation should respond

less to Lat-B.

Plvap+/+ mice perfused with Lat-B showed a 29% increment in C (1.30 ×/ 1.30

(1.39), n = 7, p = 0.05) and Plvap+/- mice experienced a 64% increment (1.64 ×/ 2.02

(3.53), n = 6, p = 0.13) as shown in Figure.4.3a. Therefore, despite the fact that Plvap+/-

have less hydraulic conductance reflective of possible less pores, when the cytoskeleton

is disassembled C can be enhanced. However, due to the high variability in the response

to 1 µM Lat-B, significance was not reached.

Interestingly, if only eyes treated with Lat-B from both genotypes are compared,

we found out that there was no difference and both genotypes reached the same average

facility (Figure.4.3b). The average C of eyes perfused with 1 µM Lat-B from Plvap+/+ mice

was 9.03 ×/ 1.60 (3.05) nl/min/mmHg (n = 8) and it was 8.52 ×/ 1.76 (3.39) (n = 7) for

Plvap+/- mice, corresponding to a 6% difference (1.06 ×/ 1.93 (1.00), p = 0.85).

4.3.3 Pore imaging in the inner wall of SC of PLVAP depleted mice

Figure.4.4 shows an example of one of the samples that are being imaged where

putative pores can be seen. Pore counting on these samples will give an insight of the

importance of pores in outflow resistance regulation and the involvement of PLVAP on

pore formation. Moreover, discerning between I- and B-pores on eyes perfused with

Lat-B may give valuable information about the role of the cytoskeleton in pore formation.

Because of the experimental design for pore counting, it is not known if this image

belongs to a Plvap+/+ or a Plvap+/- mouse.
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a) b) 

1 µM Latrunculin B 

Figure 4.3: a) Effect of Lat-B on facility on Plvap+/+ and Plvap+/- mice. Modified violin plots showing the
percentage change of C between the control eye and its treated contralateral. Each data point corresponds
to a pair of eyes (numbers are the pair ID) showing the percentage change and the 95% confidence for that
particular measurement. The white central line is the geometric mean of the C change, the dark area around
it is the error of the mean and two-sigma levels are shown by the light horizontal lines. The blue coloured
area is the distribution of the data. Left plot: Eyes from Plvap+/+ mice perfused with 1 µM Lat-B (n = 7).
Right plot: Eyes from Plvap+/- mice perfused with 1 µM Lat-B (n = 6). b) Facility values for eyes from
Plvap+/+ and Plvap+/- mice perfused with 1 µM Lat-B represented in a modified violin plot. Each data point
corresponds to the measured C for a single eye perfused with 1 µM Lat-B and the error bars are the 95%
confidence interval for that particular measurement. The white central line is the geometric mean, the dark
area around it is the error of the mean and two-sigma levels are shown by the light horizontal lines. The
coloured area is the distribution of the data. Left plot: Facility measurements from Plvap+/+ mice (n = 8).
Right plot: Facility measurements from Plvap+/- (n = 7).

4.4 Discussion

We have shown in this project that AH outflow facility is reduced in PLVAP de-

pleted mice. PLVAP is necessary for fenestra formation, which is thought to be the initial

structure that triggers larger pore formation in SC. Hence, we hypothesised that PLVAP

depleted mice have reduced outflow facility associated with impaired pore forming ability.

We measured a 34% reduction in C when comparing Plvap+/+ and Plvap+/- mice.

PLVAP expression and permeability of endothelia are linked, high PLVAP expres-

sion correlates with higher permeability [308]. Inhibition of PLVAP leads to a reduced fen-

estration and thus less openings are available for fluid and solutes to cross an other-
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2 µm 

Figure 4.4: Scanning electron micrograph of the inner wall of SC from a mouse eye (10k x magnifica-
tion). White arrows show putative pores. Image reproduced with permission from Dr. Herrnberger (University
of Regensburg).

wise continuous endothelium. In the outflow pathway, PLVAP is exclusively expressed in

SC [126], therefore, PLVAP depleted mice should have a less permeable SC but a normal

TM. The fact that we measured a reduction in C on Plvap+/- mice compared to wild-types

corroborates the importance of the inner wall of SC on outflow resistance generation.

Moreover, these results are also in agreement with previous studies showing that glauc-

omatous eyes have less pores and elevated outflow resistance, which results in elevated

IOP characteristic of glaucoma.

In Plvap+/- mice, however, we did not detect an increase in IOP, both genotypes

had an IOP of just over 12 mmHg. No change in IOP could be explained by the fact that

AH formation is also dependent on fenestrations, capillaries within the ciliary processes

are highly fenestrated [279]. Ford et al. (2012) [101] showed IOP reduction when these

fenestrae were inhibited, which served as a indirect assessment of AH inflow reduction.

Hence, in Plvap+/- mice both inflow and outflow are expected to be impaired. Since IOP is

defined by the balance of inflow and outflow if both parameters are reduced to the same

extend IOP is expected to remain stable.

To test a possible mechanism responsible for outflow resistance modulation through

PLVAP, the effect of Lat-B was assessed in both genotypes. Latrunculins are actin disrupt-
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ing agents that depolymerises F-actin filaments by sequestering G-actin monomers [257]

that are able to induce fenestration very rapidly (10 - 20 minutes) [49,142]. Moreover, other

studies have reported that Lat-B increases outflow facility in porcine [85], monkeys [223]

and human eyes [94]. For these reasons, it was expected that Plvap+/- mice would be

less sensitive to Lat-B since PLVAP is essential for fenestra formation [142,266]. Similarly

to other species, eyes from Plvap+/+ mice experienced almost 30% increase in C in re-

sponse to Lat-B. While we measure a 64% increase in facility on eyes from Plvap+/- mice,

the wide range in the effect measured for each pair did not allow to reach significance.

Nevertheless, the interesting fact was that differences between both genotypes disap-

peared after perfusions with Lat-B. This is an indication that extra resistance in PLVAP

depleted mice may have a cellular origin, since it can be overcome by agents affecting

cell physiology.

The fact that we saw a bigger percentage increase in C on Plvap+/- mice perfused

with Lat-B than wild-types could be due to an increase in B-pores instead of I-pores.

Actually, Ethier et al. (2006) [94] did a similar study on human eyes and they found out that

Lat-B increases the number of paracellular pores but did not have an effect on intracellular

pores. It may be that the deficiency in I-pores due to lack of PLVAP is compensated by an

increment of B-pores. To confirm that, work is underway to get SEM images of the inner

wall of SC to quantify pores and correlate them with C values. Theses results, will give

an insight to the importance of each pore type in outflow resistance regulation.
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Chapter 5

Targeting tight junctions in the

inner wall of Schlemm’s canal

endothelium to modulate outflow

facility
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5.1 Introduction

Glaucoma is a degenerative optic neuropathy generally associated with ocular

hypertension. Sustained elevated intraocular pressure (IOP) can damage the optic nerve

leading to irreversible blindness. Currently, the only way to stop the progression of the

disease is to lower IOP [281]. It is known that IOP is partly determined by the resistance to

aqueous humour (AH) drainage and that abnormally high conventional outflow resistance

is responsible for elevated IOP [148]. However, current treatments do not target the main

source of resistance but aim to either lower AH production or enhance alternative outflow

routes, making these treatments less efficient [70].

It is not entirely clear where the bulk of outflow resistance is generated, but studies

suggest that it is located in the vicinity of the juxtacanalicular connective tissue (JCT) of

the trabecular meshwork (TM), the inner wall of Schlemm’s canal (SC) and its basement

membrane [148,210]. We hypothesise that the inner wall of SC plays an important role in

regulating outflow resistance. SC cells form a continuous endothelium containing tight

junctions with intracellular pores (I-pores) and paracellular pores (or border pores, B-

pores) of about 1 µm in size. These pores are thought to be the route that AH follows to

cross the inner wall endothelium. In fact, Braakman et al. (2015) [47] showed that human

eyes perfused with fluorescent tracers present higher density of pores in regions of higher

tracer intensity, hence, pore density correlates with active drainage regions. Interestingly,

this study also reported that B-pores may be the dominant pathway.

Endothelial cells form a tight and semipermeable endothelium, in order for this to

happen, cells need to be in contact and linked together. The principal junctional com-

plexes are adherent junctions (or zonula adherens) and tight junctions (TJs or zonula

occludens). These junctions control a variety of functions necessary to maintain vascu-

lar homeostasis, the most important ones include leukocyte extravasation, intracellular

signal transduction and permeability to fluids and solutes [29,30]. TJs are those areas

where the membrane of adjacent cells are in tight contact [96], this can occur between

two (bicellular TJs, bTJs) or three cells (tricellular TJs, tTJs). There are two types of pro-

teins associated to TJs: membrane proteins and intracellular proteins. The first type

might be involved in cellular adhesion while the second are responsible for communica-
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tion between the membrane and the cytoskeleton. Membrane proteins associated with

TJs include occludins, claudins and tricellulin, while intracellular are classified between

membrane-associated guanylate kinases (MAGUK, ZO family) and non-MAGUK [29,106].

For this project, we are going to focus on a membrane protein (tricellulin) and an intracel-

lular protein (ZO-1).

Tricellulin (also known as MARVELD2) is highly expressed in tTJs. It is a tetra-

span transmembrane protein with two extracellular loops and the C-terminus contains

the domain responsible for ZO-1 binding. Interference RNA studies on epithelial cell

cultures have shown that the inhibition of tricellulin leads to not only unstable tTJs but

also bTJs [140]. To our knowledge, previous studies have not studied the role of tricellulin

in SC endothelium and how it may affect the regulation of AH outflow.

ZO-1 was the first TJ related protein to be discovered [269]. It is located beneath

the cellular membrane where there is a TJ and it acts as a scaffold to recruit other proteins

with structural and signal transduction functions as well as actin filaments of the cytoskel-

eton [106]. ZO-1 has previously been shown to be expressed in the SC endothelium as

well as its implication in hydraulic resistance generation [291]. Moreover, it is also known

that SC cells can be distinguished from TM cells because SC mostly express the isoform

ZO-1α+ together with smaller quantities of ZO-1α-, while TM express only ZO-1α- [12,291].

The difference between these isoforms resides on whether the protein includes or not the

80 amino acids α domain. It has been found that, ZO-1α- isoform is expressed alone in

tissues that do not form TJ, like glomerular podocytes [20] and the TM.

We hypothesise that the disassembly of tight junctions would lead to an increase

of outflow facility, thus reducing IOP. In this project, we inhibited simultaneously ZO-1 and

tricellulin in the outflow pathway through small interfering RNA (siRNA) techniques [196].

siRNA was injected into the anterior chamber of mouse eyes and reached the outflow

pathway following normal AH drainage. 48 hours after treatment, ex vivo outflow facility

(C) and IOP were assessed.
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5.2 Materials and Methods

5.2.1 Experimental Design

The results presented in this chapter are part of a big project that is still ongoing in

collaboration with Professor Humphries (Trinity College Dublin), Dr. Elke Lütjen-Drecoll

(University of Erlangen-Nürnberg), Dr. Tom Read and Professor Ross Ethier (Georgia

Institute of Technology). The main objective of the project is to study the role of TJ

on outflow facility and IOP regulation. Professor Humphries’s group showed that ZO-1

and tricellulin are expressed in the outflow pathway of mouse eyes and that the siRNAs

used are able to reduce protein expression 48 hours after treatment in human SC cells

and in the outflow pathway of African green monkeys (personal communication, data not

shown). Our role has been to assess the effect of ZO-1 and tricellulin inhibition on outflow

facility and IOP. Currently, transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) are being used to detect histological changes in the outflow pathway

in mouse eyes treated with ZO-1 and tricellulin siRNA.

We injected 1 µg ZO-1 siRNA and 1 µg of tricellulin siRNA (targeting siRNA, t-

siRNA) into the anterior chamber of one eye and 2 µg of non-targeting scrambled siRNA

(nt-siRNA) into the anterior chamber of its contralateral eye as a control (vol injected: 1.5

µl/eye). 48h after injection, the effect of protein inhibition was assessed. The effect on

outflow facility (C) was measured using the iPerfusion system on enucleated mouse eyes

and IOP was measured using two techniques: rebound tonometry and by cannulation

using an adaptation of the iPerfusion system. A summary of the groups of mice used and

the experiments done with each group can be found in Table.5.1. Work involving the use

of the iPerfusion system in vivo (group 3) were carried out at Trinity College Dublin in Pro-

fessor Humphries’s laboratory, which I visited for 3 weeks. At Trinity College Dublin, they

have 2 iPerfusion systems which are exactly the same as the ones we have at Imperial

College London.

84



Table 5.1: Groups of mice used in this chapter, defining which experiments were done, the anesthetic
regimen used and the institution where the experiments were carried out.

Experiments Anesthesia Institution
Group 1 Ex vivo outflow facility – Imperial Collge London

Group 2 Tonometric IOP 66.6 mg ketamine + 0.66 mg Domitor® Imperial College London

Group 3 Cannulation IOP 100 mg/kg ketamine + 16 mg/kg xylazine Trinity College Dublin
TEM – University of Erlangen-Nürnberg

Tonometric IOP 3% Isoflurane + 1 l/min oxygen Imperial College London
Group 4 Tracers ex vivo perfusions – Imperial College London

TEM – University of Erlangen-Nürnberg

5.2.2 Animal Husbandry

Animals where brought into the animal facility one week prior to start the experi-

ments for acclimatization. Mice were housed in individually ventilated cages with 5 mice

per cage. They were provided with food and water ad libitum and were under 12 hours

light/dark circles (7 am to 7 pm) at 21°C. Male C57BL/6 mice (Charles River Laboratories,

UK) of 10 to 12 weeks old were used.

All animals were treated in compliance with the ARVO statement for the Use of

Animals in Ophthalmologic and Vision Research under UK Home Office Project License

70/7306 or Irish Medicine Board Project license AE191361P017.

5.2.3 Pulled Glass micro needles

Custom made glass micro needles were used for intracameral injections and in

vivo perfusions. Needles were made out of borosilicate glass capillaries (#B100-50-10,

Sutter instruments, US) with an inner diameter of 0.5 mm and outer diameter of 1 mm.

Capillaries were pulled using a laser-based micropipette puller (P2000, Sutter instru-

ments, US) with the following settings: HEAT= 400, FIL= 004, VEL= 050, DEL= 225,

PUL= 150. Pulled capillaries were then broken to a needle tip diameter of around 100 µm

by pushing the needle tip against another needle oriented perpendicularly with the point

of contact at the desired tip diameter.

For intracameral injections, non-beveled needles were used. However, for in vivo

perfusions, needles were beveled to approximately 150 µm using a MicroBeveler Sys-
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tem (SYS-48000, World Precision Instruments, US) with a 3 µm Alumina lapping disc

(#48015-30, World Precision Instruments, US) under a stereoscope microscope.

Each needle was observed down an inverted microscope to control for the tip

diameter. Prior to use, needles were autoclaved and stored in 70% ethanol.

5.2.4 Intracameral Injections

siRNAs were dissolved in sterile DBG (RNAase free PBS including divalent cations

and 5.5 mM glucose (#PHR1000, Sigma-Aldrich, UK)) under a class II safety cabinet. For

t-siRNA, each siRNA (ZO-1 and tricellulin) was at a concentration of 0.66 mg/ml. While

scramble siRNA was at 1.33 mg/ml for nt-siRNa. Solutions were stored at -20°C. During

injections, siRNA was kept on ice.

The siRNAs used were kindly provided by Professor Humphries. Sequence were

as follows. ZO-1 sense sequence: 5’-CAUUCGCCUUCAUACAAUAtt-3’. ZO-1 antis-

ense sequence: 5’-UAUUGUAUGAAGGCGAAUGat-3’. Tricellulin sense sequence: 5’-

ACGAGAGAAUUUCAAGAAUtt-3’. Tricellulin antisense sequence: 5’-AUUC UUGAAAUU

CUCUCGUtt-3’ (Ambion®, Thermo Scientific, US).

Injections were carried out under general anesthesia. For outflow facility studies

(Group 1) and IOP measurements by rebound tonometry in Group 2 and cannulation

(Group 3), mice were anesthetised with 66.6 mg/kg ketamine (Fort Dodge Animal Heatht,

Fort Dodge, US) and 0.66 mg/kg Medetomidine hydrochloride (Domitor®, Orion Pharma,

UK) injected intraperitoneally (IP). When assessing IOP by rebound tonometry in Group

4, injections were done under general anesthesia with isoflurane (Isocare, Animalcare

Ltd., UK), 3% isoflurane + 1 l/min oxygen.

For either anesthetic regiment, once the mouse lost consciousness, it was injec-

ted with 5 mg/kg enrofloxacin antimicrobial (Baytril; Bayer Healthcare, Germany) sub-

cutaneously. Topical pupil dilation drops (phenylephrine hydrochloride (2.5% w/v) and

tropicamide (1% w/v), Bausch & Lomb, UK) and hydration gel (Vidisic, 0.2 % w/w Eye

Gel, Bausch & Lomb, UK) were subsequently applied to both eyes. Eyes were kept

moist to avoid formation of cataracts [55] and corneal damage [170], especially when using
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ketamine/Domitor® because the mouse was anesthetised for longer periods.

Once the mouse was fully anesthetised and no longer reacted to toe pinch, it was

mounted on a stereotaxic head holder (Model 923-B, Kopf Instruments, US) to minimise

head movement during injections. Mice rested on a flask filled with warm water at 32°C.

The mouse was placed under a stereoscopic microscope on a flex arm stand with the

eye oriented upwards. The hydration gel was removed and the eye was cannulated

via the anterior chamber with a glass micro needle to remove a small amount of AH

(≈ 1 µl) by capillarity. The puncture was done parallel to the iris and slightly above

the limbus. A glass needle connected to a 10 µl glass syringe (Gastight 1700 Series

Syringes, Hamilton Company, US) was used to inject siRNA. The syringe was filled with

sterile RNase free PBS and 1.5 µl siRNA was backfilled from the needle, we left an air

bubble between both solutions to visualise the volume injected. The syringe was hold

in place using a micro manipulator. The same hole made for the previous puncture was

used to insert the second needle and slowly deliver 1.5 µl of either t-siRNAs or nt-siRNA.

Before removing the needle, a drop of antibiotic (1% w/w Fucithalmic, LEO Pharma,

Denmark) was added on the eye, the viscous ointment seemed to minimised reflux from

the eye. Immediately, the head of the mouse was turned and the second eye was injected

following the same procedure. Whether t-siRNA or nt-siRNA was injected in the left or

right eye was randomised in the cohort used for outflow facility experiments. However,

t-siRNA was always injected in the right eye when measuring tonometric IOP to minimise

the possibility of error since multiple measurements were necessary.

To accelerate recovery from ketamine/Domitor® anesthesia, 1.5 mg/kg of atipa-

mezole hydrochloride (Antisedant®, Orion Pharma, UK) was injected by IP route. Mice

were left in a 28°C thermoregulated box to recover with special care that eyes were moist.

Mice were housed in their cage again when they were fully recovered from anesthesia.

5.2.5 Ex vivo mouse eye Perfusions

48 hours after injecting siRNAs, mouse eyes were perfused ex vivo to measure

outflow facility using the iPerfusion system (Group1). Mice were culled by cervical dislo-

cation and the eyes were enucleated within 5 minutes post mortem and stored in PBS at
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room temperature to await perfusion, generally no more than 20 minutes.

Both eyes were perfused simultaneously using two independent perfusion sys-

tems as described previously [249]. Briefly, each eye was affixed to a support using a small

amount of cyanoacrylate glue and submerged in a PBS bath regulated to 35°C. The eye

was cannulated via the anterior chamber with a stainless steel 33-gauge beveled needle

(NanoFil, #NF33BV-2, World Precision Instruments, US) under a stereomicroscope using

a micromanipulator. The iPerfusion system comprises an automated pressure reservoir,

a thermal flow sensor (SLG64-0075, Sensirion, Switzerland) and a wet-wet pressure

transducer (PX409, Omegadyne, US) in order to apply a desired pressure, measure flow

rate into the eye and measure IOP respectively. The perfusate was DBG filtered through

a 0.22 µm filter (#28145-477, VWR international, UK).

Following cannulation, eyes were perfused for 30 minutes at 8 mmHg to allow the

eye to acclimatise to the environment. Subsequently, 9 discrete pressure steps were ap-

plied from 4.5 to 21 mmHg, while flow and pressure were recorded, the last four minutes

of stable data were averaged. A non-linear model was fit to flow-pressure data to ac-

count for the pressure dependence of outflow facility in mouse eyes, and the reference

facility at 8 mmHg (approximately physiological pressure drop across the outflow path-

way) was analysed further. The data analysis methodology described by Sherwood et

al. (2016) [249] was applied in order to analyse the treatment effect, whilst accounting for

measurement uncertainties and statistical significance was evaluated using the paired

weighted t-test described therein.

5.2.6 IOP measurements

Rebound tonometry under ketamine/Domitor® anesthesia

IOP measurements were done by rebound tonometry (TonoLab, Icare, Finland)

under general anesthesia with 66.6 mg ketamine + 0.66 mg Domitor®. Measurements

were done on both eyes between 9:30 am and 12:30 pm. Whether left or right eye was

measured first was alternated. The first measurement was always taken 4 minutes after

injection of anesthetic and the second one 5 minutes after injection, at these time points,
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mice were immobile but not deeply anesthetised yet.

First measurement was done prior to siRNA injection and the second one 48

hours after injection (Group2). Both measurements were carried out as follows: mice

were placed on a soft clay mold supported on an adjustable laboratory jack stand. The

TonoLab was held by a micro-manipulator supported by a ring stand with the tip posi-

tioned approximately 2 mm from the central cornea along the optical axis. 3 IOP readings

were performed to each eye and the average is what we define as IOP for a given eye.

To determine the effect of the siRNA, we calculated the difference in IOP before

and after injection. Statistical significance was assessed by the non-parametric Wilcoxon

signed-rank test using SPSS (IBM, Armonk, New York, USA).

IOP measurements by cannulation using the iPerfusion system in vivo

In vivo perfusions where carried out in order to detect difference in IOP between

t-siRNA treated eyes and their contralateral control injected with nt-siRNA (Group3). The

iPerfusion system and the perfusion regimen were adapted for this purpose. The general

protocol implies 2 tonometric IOP measurements (IOP1 and IOP2), the cannulation of

the eye followed by an IOP decay until IOP stabilises (IOP3), a perfusion for a series of

pressure steps and a final IOP decay (IOP4). Therefore, 4 IOP measurements at different

time points are obtained for each eye.

To carry out in vivo work with the iPerfusion system, two systems were used to

perfuse both eyes simultaneously. In this case, only one microscope was used and the

mouse was placed below it with the head held by a head holder. The mouse rested on a

metallic platform that was kept at 32°C. Two micro-manipulators held beveled micro glass

needles filled with DBG. Needles were connected to the iPerfusion system as described

for ex vivo perfusions.

In vivo perfusions were done under general anesthesia with 100 mg/kg ketamine

+ 7.5 mg/kg xylazine (Xylacare, Animalcare Ltd., UK) injected IP. Special care was taken

to keep the eyes constantly moist by applying Vidisic or PBS drops as required. Two

tonometric IOP measurements were done to both eyes before the perfusion using the
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method described previously (5.2.6) but 10 readings were taken instead of 3. The first

measurement was done about 5 minutes after injection (IOP1), when the mouse was

already still but not under deep anesthesia yet, and the seconds one, about 20 minutes

after anesthesia administration (IOP2), when the mouse was unconscious (it did not react

to toe pinch). The average IOP between both eyes for the last measurement was the

pressure used to cannulate the eyes.

Immediately after the second tonometric measurement, the mouse was mounted

on the head holder, the mouse was facing down and the body length perpendicular to

the user. An IP catheter was placed to administrate a bolus 50 µl of anesthetic every 15

minutes to maintain deep anesthesia during the whole procedure.

Before cannulation, P = 0 mmHg was defined by placing the needle in the tear

film, then, eyes were cannulated at the second tonometric IOP with the needle along the

optical axes and perpendicular to the center of the cornea holding the eye with a modified

spoon-shaped curette. Special care was taken to avoid hitting the lens during cannulation

and to keep the eye constantly moist with Vidisic. For at least 30 minutes or until IOP was

stable (not changing by more than 0.2 mmHg/min), an IOP decay was measured by

closing the system to the reservoir, so there was no external pressure applied. Then,

IOP3 was defined as the average IOP for the last minute measured. Next, the eye was

perfused for a cycle of 6 pressure steps of 2.5 mmHg starting at IOP3. Similarly to the ex

vivo perfusions, Q and P were measured and the length of the pressure step was defined

by stability, in this case, by stable pressure (∆P ≤ 0.02 mmHg/min). When the steps were

over, another IOP decay was measured from a pressure equal to IOP3 - 2 mmHg. IOP4

was defined as the average P data for the last minute of stable P (∆P ≤ 0.01 mmHg/min).

A representative pressure trace can be seen in Figure.5.1.

After the perfusion, mice were culled by cervical dislocation and the eyes enuc-

leated and fixed in Karnovsky’s fixative which consisted of the following: a stock solution

(2.8% paraformaldehyde, 0.1 M cacodylate-Na-salt buffer (C2H6AsO2 Na 3H2O)) was

made and kept at 4°C. Fixative solution was prepared fresh immediately before fixation

with 90% stock solution and 10% of 25% glutaraldehyde. Eyes were fixed overnight at

4°C. The next day, eyes were washed 3 times for 20 minutes in 0.1 M cacodylate buffer
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Figure 5.1: Representative pressure trace to measure sIOP. Two tonometric measurements (IOP1, IOP2)
were performed before the beginning of the perfusion (black filled dots). Eyes were cannulated at IOP2 and
a pressure decay was measured for 30 minutes (red line) followed by a series of pressure steps (blue line)
and a last pressure decay. Red filled dots are the IOP3 and IOP4 and the green line represents the applied
pressure. Time 0 is when the mouse was injected with the anesthetic.

and stored in the same buffer solution at 4°C.

Rebound tonometry under Isoflurane anesthesia

IOP measurements were done by rebound tonometry under general anesthesia

with isoflurane (3% + 1 l/min oxygen). Measurements were done on both eyes always

between 5 and 7 pm to minimise changes due to circadian cycles. The measurements

were done in the afternoon at the moment where IOP is naturally higher while lights in the

room were still on so it was not necessary to work in the dark [72,182]. First measurement

was done prior to siRNA injection and the second one 48 hours after injection (Group 4).

Several studies report that IOP decays under general anesthesia [56,79,144], for that

reason, IOP values must be compared at an equivalent time point relative to the onset
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of anesthesia (data regarding IOP decay under anesthesia in naı̈ve mice can be seen in

Chapter.6). In order to account for the IOP decay and improve the accuracy of the IOP

measurements, the following protocol was developed: For each animal, anesthesia was

induced by placing the animal into an anesthetic chamber delivering isoflurane for exactly

2 minutes. Immediately, the mouse was mounted on a stereotaxic head holder connected

to the isoflurane machine. First IOP measurement was done exactly 3 minutes after the

flow of isoflurane commenced. The contralateral eye was measured 1 minute later, and

this was repeated three times yielding three IOP measurements, two minutes apart for

each eye. In order to optimise accuracy, 5 IOP readings were acquired at each time point,

these readings needed 30-40 seconds to be completed.

To our experience, the TonoLab has a minimum measurable pressure of 7 mmHg,

although according to the TonoLab’s ”Users’s and Maintenance manual” the measure-

ment range is 1-99 mmHg. Hence, it was necessary to use a non-parametric approach to

the analysis. Initially, the median of the 5 IOP readings at each time point was calculated.

Subsequently, a straight line was fitted to the three data time-points and interpolated to

estimate the IOP 5 minutes after onset of anesthesia. Although this approach may show

bias towards overestimating IOP when the measured values go below 7 mmHg over the

measurement period, this is conservative with regards to investigating the hypothesised

IOP lowering effect of the siRNA treatment. The non-parametric Wilcoxon signed-rank

test (using MatLab) was used to investigate whether the IOP changed between pre- and

post-injection measurements in each eye.

After the IOP measurement, mice were allowed to recover and, about 1 hour later,

they were culled by cervical dislocation and eyes were enucleated. Eyes from 8 mice

were stored in PBS to be perfused with fluorescent tracers to generate tracers maps

that are used to localise where to take TEM images. The rest were directly immersed in

ITO’s fixative. ITO’s fixative was freshly made of 4.6% of saturated picric acid, 25% of

10% paraformaldehyde (PFA), 50% of 0.2 M Sodium Cacodylate (pH 7.3), 10% of 25%

glutaraldehyde and 10.4% double-distilled water.
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5.2.7 Fluorescent tracers patterns

Eyes treated with both t-siRNA and nt-siRNA (Group 4) were perfused at a con-

stant pressure of 8 mmHg for 1 hour using the iPerfusion system, special care was taken

to cannulate the eye at the same point where the injections were performed. These

eyes were perfused with 0.1% (v/v) of 20 nm fluorescent nano-particles (FluoSpheres®

Carboxylate-Modified Microspheres, red fluorescent (580/605), #F-8786, Thermo Sci-

entific, US) in DBG. After the perfusion, eyes were immersion fixed in 4% PFA overnight

at 4°C, then, they were stored in in PBS at 4°C until imaged.

Eyes were dissected under a dissection microscope for flat mount imaging for

tracers patters as follows: the posterior part including the lens was removed preserving

the iris untouched. The anterior segment was then cut into a ”clover leaf” shape differenti-

ating the four quadrants. The cannulation site was taken as a reference point to orientate

the eye, since right eyes were cannulated in the inferior quadrant and left eyes in the su-

perior quadrant. In order to track the eye orientation the sclera was marked, 2 triangular

cuts were done in the superior quadrant and 1 in the temporal. Once dissected, each eye

was placed on a glass slide and flat mount with PBS for en face visualization.

Fluorescent and bright field images were taken using a confocal microscope (Leica

SP5) using a a 10x/0.4 NA dry objective. Images were taken as a z-stack with planes

of 60 µm hight. Moreover, a ”Tile Scan” mode was used to generate an image of the

entire eye. All eye were imaged under the same confocal settings to allow comparisons

between eyes. After imaging, anterior segments were fixed in ITO’s fixative.

5.3 Results

5.3.1 Ex vivo mouse eye Perfusions

To assess the effect of ZO-1 and tricellulin down regulation on outflow facility,

siRNA-injected eyes were perfused using the iPerfusion system. All eyes injected with

t-siRNA showed an increase in facility when compared to their contralateral controls in-
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jected with nt-siRNA. For the 6 pairs of eyes perfused, a 82% increase in facility (1.82 ×/

1.35 (1.40)1, n = 6, p = 0.004, Figure.5.2) was measured.

Figure 5.2: Effect of ZO-1 and Tricellulin down regulation on outflow facility of enucleated mouse
eyes. Left plot: Each data point represents one pair of eyes, with the log-facility of the control eye in the
X-axis and the treated in the Y-axis. Filled ellipses indicate 95% confidence intervals in the measurement
and outer ellipses indicate additional uncertainty between contralateral eyes [249]. The red line shows the
average difference, with its confidence intervals in grey. Right plot: Percentage change in facility represent
in a modified violin plots showing the percentage change of C between the control eye and its treated
contralateral. Each data point corresponds to a pair of eyes showing the percentage change and the 95%
confidence for that particular measurement. The white central line is the geometric mean, the dark area
around it is the 95% confidence interval around the mean and two-sigma levels are shown by the light
horizontal lines. The blue colored area is the distribution of the data. n = 6 pairs.

5.3.2 IOP measurements

Rebound tonometry under ketamine/Domitor® anesthesia

A first attempt to detect differences in IOP between after ZO-1 and tricellulin

siRNA injection was carried out using rebound tonometry under general anesthesia with

ketamine/Domitor®. IOP measurements were taken immediately before siRNA injection

1Results reported as: % (D
∗ ×/ MED

∗
,95(s

∗2
tre)), where % is the percentage change ((D

∗ − 1) × 100),
D

∗
is the proportional change, MED

∗
,95 is the margin of error given by the half-width of the 95% confidence

interval on the estimate of C
∗

and s∗2tre the range of the 95% of the treatment.
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and 48 hours after. Eyes injected with nt-siRNA showed a reduction of 2.6 mmHg in IOP

while those injected with t-sRNA experienced a reduction of 3.4 mmHg. Even though the

treated eye showed a greater reduction than the control, there was no significant differ-

ence between the control and the treated group (p = 0.94, n = 8, Figure.5.3).
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Figure 5.3: Effect of ZO-1 and Tricellulin down regulation on IOP measured by rebound tonometry
under ketamine/xylazine anesthesia. Box plot showing change in IOP between before and after nt-siRNA
and ZO-1 + Tricellulin t-siRNA. Central band is median, boxes show interquartile range and error bars show
5th and 95th percentiles.

IOP measurements by cannulation using the iPerfusion system in vivo

A different approach was used to detect differences in IOP in eyes injected with t-

siRNA: sIOP measurements were carried out using the iPerfusion system [249]. According

to the protocol, two tonometric measurements (IOP1 and IOP2) were done to define the

pressure used to cannulate the eye. With the iPerfusion system, two spontaneous IOP

measurements were obtained (IOP3 and IOP4).

It is known that anesthetics affect IOP [56,79,144]. To account for this effect, several

IOP measurements were taken (Table.5.2). First measurement (IOP1) was a tonometric

reading taken 5 minutes after the anesthetic was injected, at this point, mice were not

under deep anesthesia but they were immobile, hence, there was no need to restrain and

stress the mouse. The average IOP1 for control eyes was 12.9 ± 3.5 mmHg (mean ±
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SD, n = 12) while it was 13.0 ± 2.9 mmHg (n = 12) for the treated. A second tonometric

reading (IOP2) was done around 20 minutes after anesthesia, when mice were under

deep anesthesia already. The average IOP2 for control eyes was 9.8 ± 2.1 mmHg (n

= 10) and for treated ones it was 9.1 ± 1.3 mmHg (n = 10). None of these readings

report a significant reduction in IOP for the eyes injected with t-siRNA. The sample size

is different for both time points because for some mice it was not possible to obtain the

second measurements since the TonoLab displayed an error constantly (E03).

Using the iPerfusion system, 2 more IOP measurements were taken. Average

IOP3 was 6.5 ± 3.9 mmHg (n = 8) and 6.0 ± 2.0 mmHg (n = 10) for control and treated

eyes respectively. IOP4 was measured after a cycle of pressure steps. For IOP4, the

average IOP measured was 4.0 ± 1.8 mmHg (n = 6) for the control group and 4.8 ± 2.0

mmHg (n = 7) for the treated ones.

Table 5.2: Averaged IOP (mmHg) measurements for eyes injected with t-siRNA or nt-siRNA. IOP1 and
IOP2 were tonometric measurements done 5 minutes and 20 minutes after injection of anesthetic
respectively. IOP3 and IOP4 correspond to the measurements done with the iPerfusion system.

Tonometric IOP Cannulation IOP

IOP1 IOP2 IOP3 IOP4

Average SD n Average SD n Average SD n Average SD n
t-siRNA 13.0 2.9 12 9.1 1.3 10 6.0 2.0 10 4.8 2.0 7
nt-siRNA 12.9 3.5 12 9.8 2.1 10 6.5 3.9 8 4.0 1.8 6

Rebound tonometry under Isoflurane anesthesia

In order to account for the lowering effect that anesthesia has on IOP, a new pro-

tocol was designed to measure tonometric IOP and assess the effect of ZO-1 and tricel-

lulin inhibition. As described, for each eye, multiple readings were done at different time

points and IOP was determined as the interpolation at 5 minutes from a linear regression.

It can be seen from Figure.5.4 how for almost all cases IOP was reduced over the period

of time measured. It can also be seen that, even though the data is noisy, t-siRNA injec-

ted eyes showed lower IOP after the treatment while eyes injected with nt-siRNA did not

experience as much reduction.

For eyes injected with nt-siRNA, IOP was not significantly affected, with a reduc-
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Figure 5.4: IOP decays under isoflurane anesthesia. For each eye (individual plot), IOP was measured
at 3 time points (filled dots), a linear regression was applied and IOP was defined as the interpolation at 5
minutes (open circles). Data in blue correspond to the measurement done before siRNA injection and data
in red are the measurements performed 48 hours after injection. Time 0 represents when the isoflurane flow
started. Left panel: eyes injected with nt-siRNA (n = 13). Right panel: eyes injected with t-siRNA (n =13).

tion in IOP of 0.7 ± 1.7 mmHg (median ± median absolute deviation (MAD), n =13, p =

0.151). In eyes injected with targeting siRNA, a reduction of 2.3 ± 1.9 mmHg (median ±

MAD, n = 13, p = 0.013; Figure.5.5) was observed.

5.3.3 Fluorescent tracers patterns

In order to confirm that the increase in facility and decrease in IOP is due to

the formation of more para-cellular spaces, siRNA-treated eyes will be imaged by TEM.

The current imaging technique selects random regions of SC endothelium to be imaged.

However, because of segmental outflow [59] it is difficult to find active areas of flow in both

the control and treated eye. To overcome this problem, some of the eyes (n = 8) from

Group 4 were perfused for 1 hour at a constant pressure of 8 mmHg with fluorescent
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nt-siRNA t-siRNA

Figure 5.5: Effect of ZO-1 and Tricellulin down regulation on IOP measure by rebound tonometry
under isoflurane anesthesia. Box plot showing change in IOP in nt-siRNA and t-siRNA. Individual data
points indicate separate eyes. Central band is median, boxes show interquartile range and error bars show
5th and 95th percentiles.

nano-particles to map tracers patterns, which were imaged with confocal microscopy.

These maps will be used to localise the areas in the outflow pathway that have higher

and low fluorescent intensity to compare the histological sections of similar conditions.

During perfusion, the nano-particles flow towards the outflow pathway to decorate

the preferential drainage routes in the TM, Figure.5.6 shows an example of a pair of eyes.

It can be seen how the tracer distribution is not uniform. We assume that areas with higher

fluorescent intensity are active areas of flow since the nanoparticles are drained there.

Signal quantification analysis is necessary to determine whether the siRNA treatment

changes flow patterns. Due to the small size of the nanoparticles particles (20 nm), they

can cross the SC and drain to the post trabecular pathway, as can be seen in the nasal

quadrant of the right eye (Figure.5.6).

These tracers maps will be used to chose high flow vs. low flow regions of the out-

flow pathways for ultrastructural analysis with TEM. Choosing randomly where to image

could bring a situation where a low flow area is compared to a high flow area providing

misleading and false results. By comparing the ultrastructure of the active regions of

TM/SC we will be able to determine whether the ZO-1 + tricellulin siRNA affects the TJs
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Figure 5.6: Fluorescent tracers patterns. Representative pair of eyes injected with siRNA and perfused
with 20 nm fluorescent nano-particles at a constant pressure of 8 mmHg. The eye in the left panel was
injected with nt-siRNA while the right one was injected with t-siRNA. Fluorescent signal represents areas of
active outflow. Arrow head shows post-trabecular pathway. White lines show marks in the sclera to orientate
the eye. S: superior, N: nasal, I: inferior, T: temporal.

as hypothesised.

5.4 Discussion

Targeting the resistance sites of the AH outflow pathway is, in principle, the best

approach to reduce IOP as increased resistance is the cause of the ocular hyperten-

sion [148]. However, the majority of current glaucoma treatments aim to reduce AH pro-

duction or enhance alternative outflow routes [70]. Here, we propose a method to enhance

hydraulic conductivity of SC, which leads to a reduction in IOP, based on disassembly of

TJs.

Endothelial cells of the inner wall of SC are known to form TJs. Nevertheless,

gaps between cells are found along the SC endothelium, these are known as B-pores

and they are thought to form by disassembly of TJs. Moreover, the presence of B-pores

seems to correlate with active areas of flow [47], thus, the endothelium may regulate cell

junctions to allow flow to pass through. Therefore, inhibiting proteins necessary for the

formation of TJs should lead to more openings in the inner wall of SC that should result in
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an increase in outflow facility. TJs require the expression of membrane proteins that bind

cells together (like tricellulin) as well as intracellular proteins (like ZO-1) that allow com-

munication between the membrane and the cytoskeleton [30]. In this project ZO-1 siRNA

and tricellulin siRNA [196] were injected into mouse eyes in order to assess changes in

outflow facility and IOP. A combination of both siRNAs (1 µg each) was injected into the

anterior chamber of one eye while 2 µg of scramble siRNA were injected in the contralat-

eral eye. The effects of these siRNAs were measured 48 hours after injection based on

the in vitro protein inhibition data provided by our colleagues at Trinity College Dublin

(personal communication, data not shown).

After 48 hours of treatment with siRNA we measured an increase in outflow facility

(≈ 80%) with all eyes responding to the treatment. The fact that the drug was injected into

the eye prior to the perfusion instead of through the perfusate reduces the variability in the

response to the treatment because the siRNA had 48 hours to reach the outflow pathway.

However, with the injections performed, it is not possible to know the exact amount of

siRNA delivered because we could not know the reflux escaping the eye through the

puncture once the needle was removed, this, and the natural variability in C between

mice can influence the range of effects observed.

With such an increase in facility a reduction in IOP was expected. Different ap-

proaches were considered to measure IOP: rebound tonometry and cannulation using the

iPerfusion system. The main challenge we faced was that IOP is affected by anesthesia,

which interferes with the measurements if not taken into account. Over the course of this

project, we have tried to overcome this problem since reliable and accurate IOP meas-

urements are crucial to our field. Assessment of IOP under anesthesia in non-treated

naı̈ve mice is describe in more detail in Chapter.6.

In a first attempt we used rebound tonometry under ketamine/Domitor® anes-

thesia measuring at a single time point. Nevertheless, we were cautious and measure-

ments were taken at the same time after injection of anesthesia. However, we did not see

any change in IOP on eyes treated with t-siRNA. We were assessing the effect of ZO-1

and tricellulin siRNA on normotensive mice and we did not expect a major change in

IOP, hence, we thought that the effects of anesthesia and the variability in measurements
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from the TonoLab could be masking the IOP reduction. Therefore, we performed the

measurements again cannulating the eyes and using the iPerfusion system to measure

IOP.

The recently developed iPerfusion system [249] can be adapted for in vivo work

apart from the ex vivo perfusions extensibly used in this thesis. One of the applications is

the possibility to cannulate the eye with a glass micro-needle and measure IOP directly

with the pressure transducer when no-pressure from the reservoir is applied. The main

technical changes from the ex vivo perfusions are that the mouse needs to be under gen-

eral anesthesia and that the orientation of the eyes is very different and cannulations are

more difficult when both eyes are tested simultaneously. A combination of ketamine and

xylazine was used and despite the fact that mice were weighted and the corresponding

dose was given, it was very difficult to achieve the same depth of anesthesia. Meas-

uring IOP with the iPerfusion system is an invasive and long procedure and the animal

needs deep anesthesia throughout the experimental time frame, it implies that mice need

around 30 minutes before they can be cannulated plus about 2 hours perfusion. During

this time, it would be desirable that the animal is at the same anesthetic state, which is

very complicated to achieve with injectable anesthesia without either loosing the anes-

thetic effects or over-dosing the mouse. Therefore, it seems possible to measure IOP

using the iPerfusion but the methodology needs further improvements, thus the results

obtained need to be taken into consideration cautiously.

Finally, we developed a multi-time protocol to measure IOP by rebound tonometry

under general anesthesia with isoflurane to account for the lowering effect that anesthesia

has on IOP. Using this approach, we measured a significant reduction in IOP in eyes

injected with t-siRNA despite some limitations in the methodology. The first important

limitation is that the TonoLab does not seem to be able to measure IOPs below 7 mmHg

and the device is not well characterised for such low pressures, as can be seen from

the calibration curve performed with our device [44]. Therefore, every time 7 mmHg was

measured we may be overestimating the value. This is especially a problem when using

normal-tension mice because we expected low values more frequently, which leads to

the second limitation. In this study we tried to lower IOP on mice that had normal IOP,

hence, final IOP would be at non-physiological levels. This is a potential problem since
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the eye may have compensatory mechanisms to avoid ocular hypotension. It would be

advice, then, that IOP lowering drugs are tested on hypertensive mice. Nevertheless, the

fact that we measured a reduction in IOP despite these limitations is very encouraging for

future considerations to used this approach as a therapy for ocular hypertension.

To conclude, the treatment of mouse eyes with ZO-1 and tricellulin siRNA resulted

in an increase in outflow facility and a reduction in IOP. The changes observed lead to

think that the siRNA is affecting the outflow pathway. From the in vitro data provided by

our collaborators at Trinity College Dublin we assume that the siRNA are knocking down

the expression of ZO-1 and tricellulin, which would lead to the disassembly of TJs and

formation of intra-cellular spaces. However, we still do not have protein inhibition data in

mice injected with siRNA. This data is being acquired at Trinity College Dublin using laser

capture micro dissection to isolate SC from treated mouse eyes.
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Chapter 6

Effects of anesthesia on intraocular

pressure in mice
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6.1 Introduction

Reduction of intraocular pressure (IOP) is the ultimate goal on glaucoma ther-

apies, thus being able to accurately measure IOP is fundamental to assess the poten-

tial of IOP lowering drugs. IOP measuring techniques used for animal models can be

non-invasive or invasive. For non-invasive methods, like rebound tonometry, meas-

urements may be performed on conscious animals. This implies training of the animal

so it remains still, otherwise, restraint can cause distress and alter physiological para-

meters that can affect IOP [109]. An alternative, is to sedate or anesthetise the animal

but this may affect IOP as well. Invasive methods require cannulation of the anterior

chamber by a micro-needle or the implantation of a telemetric device [77], in this case,

anesthesia is definitely needed. Even though several studies reported that anesthesia re-

duces IOP [54,56,58,66,73,79,119,144,145,195,302], most of the studies measuring IOP on animal

models do not report details on the anesthetic regimen. It is important to report whether

the IOP measurement was carried out before or after the onset of anesthesia, wether all

IOP readings were acquired at the same time point after the induction of anesthesia or

whether the control or experimental eye was measured first. Therefore, it is necessary

to characterise the effect of the anesthetic regimen used to understand how anesthesia

may affect IOP since it would influence the design of experiments. This chapter contains

an initial assessment on the effects of anesthesia on IOP.

There are two types of anesthetics that vary depending on the administration

route: inhaled and injectable. For inhaled anesthetics, the agent is mixed with air and

delivered via a nose cone. The effect of the anesthetic remains as long as the animal is

inhaling the drug. Injectable anesthetics are liquid drugs injected intraperitoneally (IP),

intravenous (IV) or intramuscularly (IM), they can be re-administrated when necessary

following the same administration route to prolong their effect. Both types of anesthetics

have advantages and disadvantages. Inhaled agents are safer for long-term procedures

because the depth of anesthesia is more constant and controllable, and provide fast in-

duction, onset and recovery. Moreover, because inhaled anesthetics are metabolised in

the lungs, they do not damage the liver nor the kidneys. However, inhaled anesthetics

are not recommended when studying the lungs, they induce respiratory and myocardial
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depression, vasodilation and hypotension. Furthermore, administration of additional an-

algesics is recommended and vaporizers and inhaling equipment can be expensive. On

the other hand, injectable anesthetics are simple to administrate, they do not required ex-

tra equipment, they are suitable for short and deep anesthesia and there is a big range of

drugs or combination of drugs available. However, the slow metabolism of injected drugs

implies that, once injected, the drug can not be cleared from the organism although some

compounds have reversing agents to eliminate its effect (e. g. α-2 adrenergic receptor

agonists can be reversed with atipamezole hydrochloride (Antisedan®)). Side effects of

injectable drugs depend on the type used [109].

In this study, we measured IOP over a period of time in mice under general anes-

thesia to study IOP decays. 3 anesthetic regimens were assessed: isoflurane (inhaled)

and ketamine/xylazine and ketamine/medetomidine hydrochloride (Domitor®) combina-

tions (injectable). Isoflurane is a non-flammable liquid that is administrated via a vapor-

izer, inhalation results in deep general anesthesia. The exact mechanisms of action of

isoflurane are not fully understood but it seems to act on the cell membrane of neurons

resulting on impaired neuronal transmission and to enhance the release of GABA, an

inhibitory neurotransmitter [200]. The use of analgesics are recommended in combination

with isoflurane [109]. Ketamine is a dissociative drug, it activates the central nervous sys-

tem and stimulates the sympathetic system, which produces analgesia, amnesia, cata-

lepsy and immobilization [109,222]. It is usually used in combination with other drugs to

complement and enhance its effect [296], these drugs can be, for example, xylazine or

Domitor®. Both xylazine and Domitor® are α-2 adrenergic receptor agonists that result

in analgesia, sedation, hypnosis and muscle relaxation. Domitor® is a synthetic com-

pound and it is 10 times more potent than xylazine and has higher affinity for α- 2 re-

ceptors [109]. Interestingly, the α-2 adrenergic receptor agonist Brimonidine (Alphagan®)

is used as a glaucoma therapy in the form of eye drops [286].

In this chapter the effect of isoflurane was assessed by rebound tonometry and

the effect of both Ketamine/Xylazine and Ketamine/Domitor® combos was assessed by

cannulation using the iPerfusion system. The preliminary results shown here were used

to design the experiments previously shown in Chapter.5.
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6.2 Materials and Methods

6.2.1 Experimental design

Initial assessment of the effect that anesthetics have on IOP were carried out in or-

der to develop a better protocol for measuring IOP taking into account the IOP decay due

to the anesthetics. These experiments were performed before the IOP measurements

described in the previous Chapter.5. The effect of isoflurane was tested by rebound tono-

metry and the effect of ketamine/xylazine and ketamine/Domitor® were tested using the

iPerfusion system. IOP decays were generated by measuring IOP at different time points

after induction of anesthesia.

The IOP measurements using the iPerfusion system were done at Trinity College

Dublin in Professor Humphries laboratory, which I visited for 3 weeks.

6.2.2 Animal Husbandry

Animals where brought into the animal facility one week before the experiments for

acclimatization. Mice were housed in individually ventilated cages with 5 mice per cage.

They were provided with food and water ad libitum and were under 12 hours light/dark

circles (7 am to 7 pm) at 21°C. Male C57BL/6 mice (Charles River Laboratories, UK) of

10 to 12 weeks old were used.

All animals were treated in compliance with the ARVO statement for the Use of

Animals in Ophthalmologic and Vision Research under UK Home Office Project License

70/7306 or Irish Medicined Board Project license AE191361P017.

6.2.3 Tonometric IOP measurement

The effect of isoflurane on IOP was tested using a commercial rebound tonometer

(TonoLab; Icare, Finland). The mouse was anesthetised by placing it into the induction
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chamber with a constant flow of 3% (≈ 2.6 MAC1) isoflurane (Isocare; Animalcare Ltd.,

UK) + 1 l/min oxygen for exactly 2 minutes. Then, the mouse was mounted on an ste-

reotaxic head holder (Model 923-B, Kopf Instruments, US) connected to the isoflurane

machine. The TonoLab was held by a micro-manipulator supported by a ring stand with

the tip positioned approximately 2 mm from the central cornea along the optical axis. IOP

measurements were done in the right eye while the left eye was kept moist by adding

an hydration gel (Vidisic, 0.2 % w/w Eye Gel, Bausch & Lomb, UK), PBS was added in

between readings on the right eye to prevent dehydration.

IOP was determined according to the manufacturer’s instructions. Briefly, the

TonoLab performs 5 rebound events and displays the IOP on the screen, corresponding

to a reading. 5 IOP readings were taken and averaged per time point. For each mouse,

IOP was measured every 3 or 5 minutes for 30 minutes, hence t = 0 was defined as the

moment that isoflurane flow started. Measurements were done on the right eye with the

mouse and TonoLab still for the probe to hit the cornea at the same exact point.

Mice were placed in a 28°C thermoregulated box to recover from anesthesia be-

fore putting them back to their cage.

6.2.4 IOP measurements using the iPerfusion system

The effect of injectable anesthetics (ketamine/Domitor® and ketamine/xylazine)

was assessed using the iPerfusion system [249] following a protocol based on the one

described in Section.5.2.6. Briefly, mice were anesthetised with either 66.6 mg/kg ket-

amine (Fort Dodge Animal Heatht, Fort Dodge, US) and 0.66 mg/kg Domitor® (Orion

Pharma, UK) or 100 mg/kg ketamine + 7.5 mg/kg xylazine (Xylacare, Animalcare Ltd.,

UK) injected intraperitoneally (IP), the moment of injection was defined as t = 0. Ket-

amine/xylazine anesthesia was maintained by injecting 50 µl every 15 minutes via an IP

catheter, for ketamine/Domitor® it was not necessary to re-dose. Eyes were kept moist

by applying Vidisic.

1Minimum alveolar concentration is the concentration of gas in the lungs necessary to prevent movement
in response to pain in 50% of individuals.
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At about 5 minutes time, when the mouse was immobile but not under deep an-

esthesia, a tonometric IOP reading (IOP1) was performed as described previously (but

taking 10 readings instead of 5 in order to get more accurate data). A second tonometric

reading (IOP2) was done when the mouse was completely anesthetised (≈ 20 minutes).

With the iPerfusion system arranged for in vivo work (described in section.5.2.6), the eye

was cannulated at IOP2 by adjusting the height of the reservoir. Immediately, the system

was closed to the reservoir to directly measure IOP with the pressure transducer without

any external pressure applied. An IOP decay was recorded until pressure was stable (∆P

≤ 0.02 mmHg/min).

After the procedure, mice were culled by cervical dislocation.

6.3 Results

6.3.1 Effect of isoflurane anesthesia on IOP

IOP was measured in 3 mice under general anesthesia with isoflurane by rebound

tonometry. For mouse 1, IOP was measured every 5 minutes and for mice 2 and 3 every

3 minutes. 5 IOP readings were done at each time point and they were averaged to define

IOP at a given time, all readings can be found in Table.6.1.

The TonoLab does not seem to display IOP values below 7 mmHg. With our

device, we have never seen a value below 7 mmHg. Moreover, as can be seen with

Mouse 3, after a series of readings at 7 mmHg the device displays and error (E03) and

it was not possible to get any other IOP measurement afterwards. The manufacturers

define E03 as ”Probe speed was too low: The measurement was made from too far

away or the tonometer was tilted upwards too much”, in this particular experiment, both

the mouse and the TonoLab were firmly held throughout the experiment, hence it was

unlikely that the TonoLab moved. Although we also tried changing the probe, no more

IOP readings could be acquired.

As shown in Figure.6.1, all mice experienced a sudden drop in IOP after a few

minutes of anesthesia. The rate of IOP decay was different for each mouse. We meas-
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Table 6.1: Individual tonometric IOP readings for IOP decay under isoflurane anesthesia. E03 is the error
displayed by the TonoLab.

IOP Readings (mmHg)

Mouse Time (min) 1 2 3 4 5 Average (mmHg) SD
5 13 15 15 14 13 14.0 1.00
10 14 16 14 14 13 14.2 1.10

1 15 8 8 8 8 7 7.8 0.45
20 11 11 10 9 9 10.0 1.00
25 8 7 7 7 7 7.2 0.45
3 8 7 7 8 7 7.4 0.55

3 16 17 18 16 16 16.6 0.89
6 15 16 17 16 16 16.0 0.71
9 10 12 11 7 8 9.6 2.07
12 8 9 10 7 7 8.2 1.30

2 15 7 7 7 7 7 7.0 0.00
18 8 10 9 7 7 8.2 1.30
21 8 8 7 8 8 7.8 0.45
24 7 8 8 7 9 7.8 0.84
27 7 8 9 8 7 7.8 0.84
30 7 7 8 7 7 7.2 0.45

3 11 12 14 11 12 11.4 0.55
6 7 8 8 8 8 8.0 0.71

3 9 7 10 10 9 7 8.0 1.41
12 7 7 7 7 7 7.0 0.00
15 7 7 7 E03 E03 7.0 0.00

ured fairly stable IOP for up to 10 minutes in Mouse 1, 6 minutes for Mouse 2 and 3

minutes for Mouse 3. Them IOP dropped in all mice and IOP seemed to remain more

or less constant afterwards. However, these low values need to be taken cautiously be-

cause the device is not well characterised at its lower detection limit.
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Figure 6.1: IOP decay under isoflurane anesthesia. Tonometric IOP measurements as a function of time
under general anesthesia with isoflurane. 5 readings were performed at each time point (dots). Each curve
corresponds to a mouse and error bars are standard deviations (SD). Time = 0 corresponds to the moment
where the isoflurane flow started.
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6.3.2 Effect of ketamine/Domitor® anesthesia on IOP

4 mice anesthetised with a mix of ketamine and Domitor® were assessed for time

dependent IOP changes (Figure.6.2). Two tonometric measurements were taken before

cannulation and IOP seemed to decrease by the second measurement, IOP decreased

from an average of IOP1 = 14.4 ± 2.6 mmHg (n = 4) to IOP2 = 9.9 ± 2.0 mmHg (n = 4)

(p = 0.06, paired t-test). Once the mouse was completely anesthetised, eyes were can-

nulated and the IOP decay recorded. All mice anesthetised with ketamine and Domitor®

ended up to an IOP ≤ 0 mmHg.

Time (minutes)
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Figure 6.2: IOP decay under ketamine/Domitor® anesthesia. IOP measurements as a function of time
of anesthesia. Dots represent the tonometric readings performed before cannulation and the curves are the
IOP measured with the iPerfusion system. Time states the time after injection of anesthetics. Error bars
represent SD.

6.3.3 Effect of ketamine/xylazine anesthesia on IOP

The effects of a combination of ketamine and xylazine on IOP was also tested

(Figure.6.3). In this case, the average IOP for the first tonometric measurement was 14.7

± 2.5 mmHg (n = 5) and it fell to 9.7 ± 1.2 mmHg (n = 3) for the second measurement (p =

0.02, unpaired t-test). As can be seen from the individual measurements in Figure.6.3, for

110



eye1 and eye3 it was not possible to acquire the second tonometric IOP measurement,

most likely because IOP was below the lower detection limit for the TonoLab. Using ket-

amine/xylazine as anesthetic we measured different effects on IOP. For eye2 and eye3,

IOP dropped to 0 mmHg similarly to the ketamine/Domitor® anesthesia, whereas eye1,

eye4 and eye5 suffered a reduction in IOP but remained within positive values of 7.5, 6.0

and 9.5 mmHg respectively, traces can be seen in Figure.6.3. It was unexpected that, for

eye1, which it was not possible to measure the second tonometric IOP, we measured an

IOP of 8.0 mmHg by cannulation.
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Eye3 Eye4

Eye5

Time (minutes)

IO
P 

(m
m

H
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Figure 6.3: IOP decay under ketamine/xylazine anesthesia. IOP measurements as a function of time of
anesthesia. Dots represent the tonometric readings performed before cannulation and the curves are the
IOP measured with the iPerfusion system. Time states the time after injection of anesthetics. Error bars
represent SD.
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6.4 Discussion

IOP measurements are essential for glaucoma research. However, when using

animal models where it is necessary to sedate or anesthetise the animal, the effect that

anesthetics can have on IOP needs to be taken into account. In order to characterise

the IOP response to anesthetics, IOP decays were generated for mice under isoflur-

ane, ketamine/Domitor® and ketamine/xylazine anesthesia. Consistently with the literat-

ure [54,56,58,66,73,79,119,144,145,195,302], we measured a drop in IOP for all anesthetics.

Isoflurane anesthesia was assessed by rebound tonometry over a period of 30

minutes. Isoflurane provides fast and constant depth anesthesia without the need to re-

administrate since it is delivered constantly through the mouse snout. For this case, 2

out of the 3 mice tested showed constant IOP for the first few minutes of anesthesia

(6 - 10 minutes) followed by a sudden drop, for the third mouse, the drop occurred much

faster. Later, IOP seemed to stabilise. However, the TonoLab used do not seem to display

IOP measurements bellow 7 mmHg and, for low values, the device is not very well char-

acterised, as can be seen from the calibration performed in Boussommier-Calleja et al.

(2013) [44]. Therefore, the stable pressure observed after 15 minutes of anesthesia should

be considered carefully. Nevertheless, when values were extremely low (like in mouse

3), the TonoLab could not work and displayed and error (E03) even though the prove

was changed twice. Surprisingly, the technical information available in the TonoLab’s

”Users’s and Maintenance manual” states that the measurement range is 1-99 mmHg.

Consequently, it would be advised to assess the effect of isoflurane on IOP using the

iPerfusion system.

Mice anesthetised with ketamine/Domitor® were deeply anesthetised for the en-

tire duration of the experiments without the need of re-dose. However, this group of mice

suffered the acutest IOP drop. Tonometric readings were within measurable values but

when eyes were cannulated, all of them fell down to an IOP ≤ 0 mmHg when stable P

was reached. This phenomenon is most likely due to Domitor®. Medetomidine hydro-

chloride, the active ingredient in Domitor®, is a very potent synthetic α-2 adrenoreceptor

agonist [109], these compounds are used as glaucoma treatments [286] because of their

IOP lowering effects due to reduction of AH formation [61,111,186] and increase in uveo-
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scleral outflow facility after long-time exposure [286]. For that reason, it was decided to

use ketamine/xylazine instead. Xylazine is also a α-2 adrenoreceptor agonist although it

is not as potent as Domitor®.

Mice anesthetised with ketamine/xylazine exhibited less stable anesthesia and it

was necessary to re-administrate. How often and how much anesthetic is necessary to

administrate in order to maintain deep anesthesia is not trivial, if not enough anesthetic

is given the animal can start recovering from anesthesia in the middle of the procedure,

which it is a problem not only for the welfare of the mouse but also because it can in-

terfere with the results. On the other hand, if too much anesthetic is given, the mouse

can die of anesthetic over-dose. For the dose of ketamine/xylazine used, we injected 50

µl every 15 minutes and seemed enough to maintain anesthesia despite the fact that 3

mice died2 when the end of the experiment was approaching and for some mice (eye2

and eye5) it took more than the standard 20 minutes for the mouse the be deeply anes-

thetised. Hence, all mice did not respond exactly in the same way to the same dose of

ketamine/xylazine. Regarding the IOP measurements, similarly to the mice anesthetised

with ketamine/Domitor®, there was a reduction in IOP between the 2 tonometric readings.

However, the IOP decay recorded with the iPerfusion system was different, although 2 out

of 5 mice also reached an IOP of 0 mmHg. For the other 3 mice, IOP remained stable for

a few minutes (around 10 minutes) and then declined at much lower slope than the previ-

ous cases until it reached stability (∆P ≤ 0.02 mmHg/min). At this point, we consider that

IOP was not changing significantly although it was still dropping, it would be interesting

to assess longer times.

The differences between mice in the ketamine/xylazine group could rely on slight

difference in the the dosage. Anesthesia was delivered using a 1 ml syringe when the

volume injected was around 300 µl, depending on the weight of the mouse. With such

small animals, a few µl error in the administration results in a big change in the dose

injected. If the effects are dose-dependent, it could explain why some mice had more

severe changes in IOP than others and it could also explain why there was a difference

between the group anesthetised with ketamine/xylazine and the group anesthetised with

2These mice belonged to the group injected with siRNA described in Chapter.5, which needed to be
under anesthesia for a longer time but the same regimen was used.
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ketamine/Domitor® despite the fact that both include α-2 adrenoreceptor agonist in their

formulation. Therefore, a dose-dependency study would be advised when using inject-

able anesthetics.

To conclude, all anesthetics tested resulted in a time-dependent reduction in IOP.

The degree and speed of reduction depended on the type of drug used, thus it is very

important to characterise the effect that anesthesia would have before designing experi-

ments aiming to determine, for example, the effect of drugs on IOP. Equally important is

the technique used to measure IOP. When assessing IOP by rebound tonometry using

the commercial TonoLab, one has to take into consideration the limitations of the device,

therefore, unless measurements are done immediately after onset of anesthesia, IOP

may be to low to be measured. An alternative is to directly measure IOP with a pressure

transducer by cannulating the eye with a micro-needle, this way, the range of pressures

and accuracy increases. In our case, the pressure transducer used can measure P of 0

- 50 mmHg with an accuracy of ±0.024 mmHg [249].

From what we observed doing these experiments, we now have a better insight

on how we should measure IOP in order to account for the effects that anesthetics have

on IOP. Despite its limitations, the TonoLab is a good tool to measure IOP because it

is not invasive and allows multiple measurement on the same eye, for instance, before

and after the application of a drug or during the time course of a treatment. In order to

account for the IOP decay, we developed the protocol presented in Chapter.5, where IOP

is measured at 3 time points, a linear regression is applied to the data and IOP is defined

at a constant time point by interpolation.
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Chapter 7

Conclusions
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7.1 Summary

In this thesis we examined how outflow facility may be regulated by manipulating

physiological processes that control hydraulic conductivity of Schlemm’s canal (SC) en-

dothelium. Resistance to aqueous humour (AH) outflow is generated in the vicinity of the

juxtacanicular tissue, the inner wall of SC and its basement membrane [210]. We spec-

ulate that the inner wall of SC, and particularly pores in the inner wall, plays a key role

in outflow resistance generation, thus targeting pore formation should allow to modulate

outflow facility.

In Chapter.2, we observed that VEGF is involved in outflow facility regulation. We

speculate that TM cells can sense signals (stretch, hypoxia, biochemical products, for in-

stance) and produce VEGF to affect SC in a paracrine manner to modulate the hydraulic

conductivity of the inner wall and influence outflow. Our data showed an increase in out-

flow facility with VEGF perfusions as well as a reduction in facility in response to VEGFR

inhibitors, which is consistent with previous work described in the literature regarding

vascular permeability and hydraulic conductance. This indicates that modulation of hy-

draulic conductance of SC endothelium is key to outflow facility regulation. Specifically,

we showed that the VEGF-mediated effect on outflow facility is mediated through VEGFR-

2 activation and that NO and Rac1 are necessary downstream effectors. Moreover, we

showed that VEGF is present within the outflow pathway in mouse eyes by immunohisto-

chemistry staining. This, may explain why repeated treatment with anti-VEGF therapies

can result in sustained IOP elevation. Additionally, in Chapter.3, we showed that in mice

with glucocorticoid-induced ocular hypertension (OHT) eyes did not respond to VEGF.

Therefore, impaired VEGF signaling pathways may contribute towards OHT.

In Chapter.4 we focused on the role of PLVAP in outflow reisistance. We ob-

served that PLVAP heterozygote (Plvap+/-) mice had significantly lower outflow facility

compared to their WT littermates. We speculate that Plvap+/- mice have impaired I-pore

formation because they are not able to form fenestrae (or ”mini-pores”) due to the lack

of PLVAP. It has been proposed that mini-pores are precursors to the micron-sized I-

pores [38]. Moreover, in the outflow pathway, PLVAP is exclusively expressed by SC en-

dothelial cells, which reinforces the idea that modulating SC endothelium is key to outflow
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regulation. Perfusions with an actin disrupting drug, such as Latrunculin-B, eliminated the

difference in facility between Plvap+/- and WT mice, indicating that the increased resist-

ance seen in Plvap+/- mice have a cellular origin, instead of being, for example, a physical

defect due to genetic modification. Therefore, despite SC cells might not be able to form I-

pores, they have the potential to respond to drugs, for instance, by increasing the number

of B-pores in response to Latrunculin-B.

In Chapter.5 we targeted tight junctions (TJs) in the SC endothelium. TJs are key

regulators of endothelial barrier function. Therefore, the disassembly of TJs should lead

to formation of paracellular spaces in the inner wall of SC. Accordingly, the delivery of

ZO-1 and tricellulin siRNA into the anterior chamber resulted in an increase in outflow

facility and reduction in IOP.

Overall, we presented evidence that by targeting cellular mechanisms involved in

the barrier function of SC endothelium, it is possible to modulate outflow facility in mice.

It is of great interest to observe that VEGF, well known to induce hydraulic conductance

and permeability in vascular endothelia, is involved in the regulation of outflow resistance.

Even though we did not visualise pores, we detected changes in outflow facility when

targeting proteins involved in the formation of I-pores or B-pores, reinforcing the idea that

pores are the path that AH follows to cross the otherwise continuous SC endothelium.

7.2 Future work

This thesis provides insight on how the inner wall of SC regulates outflow. Never-

theless, new questions have risen, which can be addressed in the future.

7.2.1 How is VEGF expression controlled?

We have seen that the outflow pathway responds differently to exogenous VEGF165a

and VEGF165b. However, we do not know if the balance between this two isoforms con-

trols the dynamism of AH outflow by regulating segmental outflow, for instance. It would

be interesting to find out if VEGF165a is expressed more in filtration active areas of SC
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than VEGF165b and whether VEGF165b is expressed more in less active areas. It could be

possible to generate tracer maps similar to those shown in Chapter.5 and perform protein

expression experiments in cells isolated from areas with high and low tracer intensity.

It would also be interesting to discern which factors induce VEGF expression.

Possible mechanisms that induce VEGF expression could include: (i) stretch due to in-

crements in IOP in order to release the pressure or (ii) hypoxia, which is well known to

promote VEGF expression in other endothelia. These experiments could be done using

TM cells in culture by stretching the cells or culture in hypoxic conditions.

7.2.2 How does VEGF affect the ultrastructure of inner wall of SC?

Studies have shown that VEGF induces both fenestration and cell junctions dis-

assembly [90,110]. However, we do not know if both phenomena are responsible for the

effect observed in outflow facility. An initial experiment that could be done is to perfuse

the eyes of Plvap+/- mice with VEGF165a and see if the effect in outflow facility is reduced.

7.2.3 What is the response to long-time exposure to VEGF?

A time course study will give more information about the similarity between SC

endothelium and other vascular linings. In mesenteric vessels perfused with VEGF, an

initial acute increase in hydraulic conductance followed by a sustained increase has been

reported [25]. With the timeframe of a perfusion, we most likely capture the initial acute

response but we did not examine the long-term effects of VEGF in outflow facility. To

assess this aspect, TM cells in the outflow pathway could be transfected with vectors

over-expressing VEGF, this could be particularly interesting with forms of VEGF targeting

VEGFR-3, to avoid undesired side effects.

7.2.4 Is the effect seen in DEX-treated mice a representation of POAG?

As we did not measure any change in facility in response to VEGF in DEX-treated

mice we proposed that the increase in outflow resistance observed in these mice can be,
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in part, due to a malfunction of the VEGF signaling pathway. Because corticoid levels are

elevated in POAG patients, it would be interesting to see if the VEGF signaling pathway

is also not behaving normally in POAG. We could study the effect of VEGF on SC cells

isolated from glaucomatous eyes by perfusing cell monolayers.

7.2.5 Future applications for the iPerfusion system.

All outflow facility measurements performed in this thesis were done using the re-

cently developed iPerfusion system [249], which includes not only a novel methodology to

carry out perfusions but also a change in the way we analyze, interpret and present the

data. Currently, we have a good characterization of the system for ex vivo work on enuc-

leated eyes. Nevertheless, the system can be used in vivo for studies where we want to

study parameters that are not present in enucleated eyes: AH inflow or unconventional

outflow, for instance. Moreover, it is crucial to find a way to have reliable and precise IOP

measurements and the iPerfusion can be that tool. Initial attempts to measure IOP using

the iPerfusion system are described in Chapter.6 but a refinement of the technique is ne-

cessary. From the current experience, changing the anesthesia from injectable to inhaled

should improve the repeatability of the measurements and the use of a microscope on

an arm flex would facilitate the cannulations. Moreover, to monitor the heart rate of the

mouse can be a good way to assess the depth of anesthesia.
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Appendix I: Representative
elecrophoresis gel for PLVAP
transgenic mice genotyping.
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Figure 7.1: Representative gel electrophoresis for PLVAP transgenic mice genotyping. Each line
represents one mouse, 1 band corresponds to Plvap+/+ mice while 2 bands correspond to Plvap+/-.
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