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i. Abstract 

Glaucoma is the leading cause of irreversible blindness worldwide. The major risk factor 

of glaucoma is sustained elevation of intraocular pressure (IOP), and lowering IOP is the only 

proven method for halting the progression of glaucomatous blindness. IOP is determined by the 

balance between aqueous humour (AH) production and drainage through pressure-dependent and 

pressure-independent outflow pathways. Elevated IOP is caused by increased hydraulic 

resistance through the pressure-dependent outflow pathway. Most glaucoma therapies aimed at 

lowering IOP do not effectively target pressure-dependent outflow due to an incomplete 

understanding of its regulation. We aim to use mice to study outflow regulation in the context of 

glaucoma. 

Mice are commonly used to study IOP regulation due to their resemblance to human ocular 

anatomy, genetics and pharmacology. However, while the bulk of AH drainage passes through the 

pressure-dependent pathway in humans, it has been reported to predominantly flow through the 

pressure-independent pathway in mice, which if true would invalidate the mouse as a model for 

studying outflow as occurs in humans. Here we present the first direct measurement of pressure-

independent outflow in mice, showing it to be indistinguishable from zero which supports the 

mouse being a good model for pressure-dependent outflow as occurs in humans. 

We also investigated the role of the ocular pulse in outflow facility regulation, which arises 

due to cardiac pulsations in ocular blood volume. To do this we designed an apparatus to apply a 

sinusoidal pressure waveform superimposed onto a steady pressure whilst simultaneously 

measuring outflow resistance. We show that the ocular pulse leads to immediate decrease in 

outflow resistance in mice, and the effect was partly mediated through nitric oxide synthase.  

Finally, we developed a new apparatus and method to measure outflow resistance in living 

mice accounting for the influence of anaesthesia that introduces time-dependent changes in AH 

physiology. 

Word count 300/300  
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1. Introduction 

Glaucoma is a leading cause of blindness in the world (Quigley, 2011) the major risk 

factor of which is an elevated intraocular pressure (IOP) (Leske et al., 2003) caused by a 

decrease in the hydraulic conductance (referred to as outflow facility, C) of fluid drainage from 

the eye (Kwon et al., 2009, Grant, 1951, Stamer and Acott, 2012).  

The mechanisms of outflow facility regulation and dysregulation are not fully 

understood and warrant further investigation. Investigations of outflow facility are typically 

carried out using a perfusion system. Perfusion systems are interfaced with the eye via a 

cannula and used to set the pressure in the eye (P) while measuring the resulting additional 

flow from the perfusion system to the eye (Q). The aqueous humour dynamics (AHD) of an 

eye interfaced with a perfusion system are given by the expression: 

Qin + Q − Qu = C (P − Pev) 

Equation 1 

where Qin is aqueous humour production, Qu pressure-independent outflow, C outflow facility 

and Pev episcleral vessel pressure. Mice are a popular model for the study of AHD as occurs 

in humans due to the resemblance between the two species in terms of structural anatomy 

(Overby et al., 2014, Smith, 2002), physiology, and pharmacological response (Boussommier-

Calleja et al., 2012, Whitlock et al., 2010, Crowston et al., 2004, Akaishi et al., 2009, Overby 

et al., 2014). 

Despite the similarities between mice and humans, there is a critical unresolved 

discrepancy between the AHD of the two species. Several researchers report that pressure-

independent outflow is 80 % of Qin in mice (Aihara et al., 2009, Millar et al., 2011) while it is 

reported to be 4-14 % of Qin in humans (Bill and Phillips, 1971). Pressure-independent flow is 

thought to be flow that exits the eye due to osmotic differences between fluid in the eye and 

blood in the blood vessels of the choroid or flow though a structure that collapses due to an 

increase in IOP thereby giving the perception of being pressure-independent. If AH 



27 
 

predominantly exits the eye via the pressure-independent route in mice, then this would 

invalidate the mouse as a model for AHD as occur in humans. As all prior means of measuring 

Qu in mice have been through the accumulation of tracers or dilution studies (Millar et al., 

2015, Aihara et al., 2003, Zhang et al., 2002, Zhang et al., 2009), methods with an uncertainty 

that increases with decreasing eye size and flow rates, measurements of Qu in mouse eyes 

are likely overestimated (Table 1). The uncertainties in tracer accumulation and dilution 

studies arise from simple diffusion and low turnover rates (Yablonski, 2003); or the mixing 

effect of the ocular pulse. Another possible explanation of the high estimates of Qu is 

evaporative losses from the eye due to poor hydration (Wisard et al., 2010, Mishima and 

Maurice, 1961b, Mishima and Maurice, 1961a, von Bahr, 1956, Ridder et al., 2002, 

Boussommier-Calleja et al., 2015). Whatever the case may be, a direct measurement of Qu 

that accounts for evaporative losses and is not skewed by diffusion within the eye is necessary 

for the evaluation of the validity of the mouse in studies of human AHD.  

Attribute Human Mouse Units References 

Diameter 10 3.5 mm (Li et al., 2016, Khurana and Khurana, 2006) 

Volume 520 22 µl  

Qin 2,400 60-140 nl/min (Grant, 1951, Aihara et al., 2003, Millar et al., 2011) 

Table 1: Differences in the attributes of mouse and human eyes. 

In studies that involve the mouse eye, the in vitro state of the eye is typically employed 

as the elimination of Qin, Pev and the absence of need for anaesthetics simplify the calculation 

of C. However, postmortem in situ eyes exhibit a time and pressure-dependent increase in 

facility which is thought to be due to the pulling open of Schlemm’s canal by the posterior 

displacement of the lens and iris (Grant, 1963). The posterior displacement of the lens and iris 

is known as anterior chamber deepening (AC deepening). As AC deepening is an artefact that 

may affect facility, in this thesis we will investigate the mechanism of action and the magnitude 

of the effect it has on the facility of mice, with the aim of developing methods of identifying and 

preventing it. 
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In vivo measurements of outflow facility are of interest as some mechanisms of AH 

outflow regulation might be extrinsically controlled (Strohmaier et al., 2013, Li et al., 2013, 

Friedland, 1983). Moreover, artefacts such as AC deepening are minimised in vivo (Grant, 

1963). A few groups (Millar et al., 2011, Camras et al., 2010, Ko et al., 2014) have created 

protocols for the in vivo evaluation of the outflow resistance in mice. Unlike the more 

established in vivo monkey model (Bárány, 1964), anaesthesia effects on AHD have not been 

accounted for by any of the current methods proposed for  perfusions. As there is widespread 

agreement of the significant effect of anaesthesia on AHD (Johnson et al., 2008, Savinova et 

al., 2001, Cone et al., 2012, Duncalf, 1975), a protocol for the in vivo evaluation of outflow 

facility that accounts for effects of anaesthesia on AHD is necessary. Here, we use a novel 

technique to compensate for the change in AHD caused by anaesthetics by using indirect 

measurements of the changes in the pressure in the eye that would have occured if it were 

not cannulated (pressure P as predicted from Equation 1 when Q=0) to compensate for the 

effect of anaesthesia on the measurement of outflow facility.  

2. Aims 

The mouse is a useful model for the study of AHD, but its diminutive size and low flow 

rates make it a challenging model to use. The goal of this thesis is to engineer perfusion 

systems for the study of AHD in mice and use these systems to ascertain some of the 

regulatory mechanisms of outflow facility. 

Aim 1: To determine the magnitude of pressure-independent flow in enucleated and 

postmortem in situ mouse eyes. 

Aim 2: To determine the mechanisms by which AC deepening occurs during mouse 

eye perfusions and to evaluate its effect on outflow facility in mice. 

Aim 3: To establish a method to measure murine outflow facility in vivo, accounting for 

time-dependent effects of anaesthesia.  
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Aim 4: To establish a device to impose oscillatory pressure and mimic the ocular pulse 

in postmortem in situ mouse eyes, and to determine the effect of the ocular pulse on outflow 

facility. 

3. Background 

3.1. Glaucoma 

Glaucoma is a leading cause of blindness worldwide, characterised by damage to 

retinal ganglion cells in the inner retina and loss of their axons in the optic nerve (Quigley, 

2011). 74% of glaucoma patients suffer from a form of the disease known as primary open 

angle glaucoma (POAG) (Quigley and Broman, 2006). The major risk factor for POAG is 

elevated IOP (Leske et al., 2003), the lowering of which is the only proven method for 

preventing disease progression (Leskea et al., 2004, Morrison et al., 1998, Heijl et al., 2002). 

As IOP is a product of aqueous humour dynamics (AHD) (Figure 1), understanding the 

mechanisms behind AH regulation and its dysregulation is key to the development of 

therapeutics and advancing the current understanding of the diseases mechanisms of action. 

Current pharmacologic treatments for glaucoma lower IOP by decreasing the rate of 

AH production or increasing the rate of pressure-independent AH drainage (Zhang et al., 2012, 

Marquis and Whitson, 2005, Gupta et al., 2008). However, elevated IOP in POAG 

predominantly occurs due to a decrease in outflow facility (Kwon et al., 2009, Grant, 1951, 

Stamer and Acott, 2012). Hence there is interest in the capability of systems to measure facility 

with the aim of producing treatments that target facility, such as rho kinase inhibitors 

(Sturdivant et al., 2016).  

For some patients,  lowering  IOP does not stop disease progression (Leskea et al., 

2004), which suggests that either these patients have a lower level of IOP that they can 

tolerate without damage to the optic nerve (Quigley, 1999, Weinreb et al., 2004), or other risk 

factors such as ethnicity and genetics may be present. The identification of other risk factors 

and their treatment would likely be complimentary to current treatments and may lead to earlier 
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and more accurate detection of the disease. Research into alternate risk factors for glaucoma 

such as genetics (Craig and Mackey, 1999), and ocular blood flow (Weinreb and Harris, 2009)  

are currently underway. 

3.2. Eye anatomy and physiology 

The bulk of aqueous humour (AH) is produced at a constant rate (Qin) by the ciliary 

processes (Figure 1b). The produced AH drains through two anatomically defined pathways, 

the conventional pathway and the unconventional pathway.  

The conventional pathway is a pathway by which aqueous humour drains through the 

trabecular meshwork and Schlemm’s Canal into the episcleral vessels (Figure 1b). 

Mathematically, the product between the pressure drop across the pathway and its hydraulic 

conductance (C) determines the flow rate through it. The pressure drop across the 

conventional pathway is given by the difference between the intraocular pressure (IOP) and 

the episcleral vessel pressure (Pev). In the conventional pathway, the major source of outflow 

resistance is thought to be the junction where the inner wall of Schlemm’s canal (SC) meets 

the trabecular meshwork (TM) (Grant, 1951, Overby et al., 2009, Tamm and Fuchshofer, 2007, 

Johnson and Kamm, 1983, Mäepea and Bill, 1992).  

The unconventional pathway is a pathway whose name stems from the lack of a well-

defined structural pathway; it entails several different ways AH can leave the eye (Yablonski, 

2003, Toris et al., 1995, Johnson et al., 2017) (Figure 1b). In the unconventional pathway, AH 

exits the anterior chamber through the face of the ciliary body and iris root, into the supraciliary 

and suprachoroidal space; space between the sclera (Figure 1a, white ocular coat) and 

choroid (Figure 1a, red ocular coat) of the eye. From the suprachoroidal space, AH drains into 

uveal vessels and vortex veins. The unconventional pathway is thought of as being a pressure 

insensitive/independent pathway, this pressure independence may arise from fluid drainage 

from the pathway being driven by osmotic differences between the blood and AH, or from an 

increase in the resistance of the suprachoroidal space with increasing IOP due to the 

collapsing of the suprachoroidal space as IOP elevations push the choroid outwards. To date 
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there is a lot of controversy concerning the mechanism and magnitude of unconventional 

outflow (Johnson et al., 2017). The flow rate through this pathway is assigned the term Qu. 

 
Figure 1: Anatomy and physiology of the human eye.  Schematic of the human eye. b) Simplified schematic of the 
human eye showing AH production, conventional outflow and unconventional outflow. Image a) with permission 
(see Appendix B), © Kenhub (www.kenhub.com); Illustrator: Paul Kim. Image b) is from Llobet et al. (2003), with 
permission from the publishers (see Appendix B). 

http://www.kenhub.com/
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3.3. Aqueous humour 

 Aqueous humour is produced by the ciliary processes. It traverses three layers of 

tissue (capillary wall, stroma and two layers of the epithelium) by osmosis, ultrafiltration and 

finally active transport (secretion) into the posterior chamber of the eye (Khurana and Khurana, 

2006). The composition of AH is shown in Table 2.  

Constituent Composition 

Sodium 162.9 

Chloride 131.6 

Bicarbonate 20.15 

Glucose 3.2 

Potassium 3.2 

Lactate 2.5 

Calcium 1.8 

Ascorbate 1.06 

Gluthione 0.0019 

 

Protein 50-160 mg/L 

pH 7.38 

Osmolarity 304 mOsm 
Table 2: Aqueous humour composition in humans. Constituents as presented by Edelhauser (1985). Unless 
stated otherwise, all values have units of mmol/L. 

The concentration of the highly effective antioxidant ascorbate (Frei et al., 1989) in 

the eye is ~20 times higher than that in the blood. By virtue of the blood-ocular barrier, the 

concentration of protein in the blood (70 g/L, Okutucu et al. (2007)) is 500 times higher than 

that in aqueous. 

3.4. Mice as a model for AHD 

The anatomy of the mouse eye is similar to that of the human eye in that both species 

have a continuous SC that encircles the iris (Smith, 2002, Tamm and Kellenberger, 2008, 

Smith et al., 2001, Overby et al., 2014). Furthermore, the TM and SC, in mice and humans 

are tethered to the ciliary muscle (CM) by a tendinous elastic net, with the TM having distinctive 

lamellae (Overby et al., 2014, Gong et al., 1996) that allow for the CM tone to directly affect 

outflow facility by modulating patency of SC and applying a mechanical stress on the inner 

wall of SC (Moses, 1977). Mechanical stress on the inner wall is of importance because the 

resistance to drainage is thought to be predominantly at the location where the SC meets the 
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TM (Grant, 1951, Overby et al., 2009, Tamm and Fuchshofer, 2007, Johnson and Kamm, 

1983, Mäepea and Bill, 1992) and we are interested in studying the regulation and drug 

response of this resistance. Furthermore, the translation of the anatomic resemblance 

between mice and humans into physiological similarities has been shown by the effect CM 

contracting agents have in muscles (Grierson et al., 1978) as compared to mice (Li et al., 

2014a). 

The anatomy of mice differs from that of humans in that the ciliary body is located 

posterior to the TM (Figure 2a) while it covers the TM in mice (Figure 2b). Furthermore the 

proportion of ocular volume occupied by the lens in mice is much larger in the mouse than in 

humans – a difference which is probably the result of eyes evolving for their function; the 

focusing of light onto the retina. Mice and humans are similar in that the SC in mice and 

humans have a similar cross-sectional area (Figure 2). The difference and similarity of 

structures between mice and humans suggests a single scaling relationship between the 

structures in the two eyes does not exist. These differences are nullified by the anatomic 

similarity the pressure-dependent pathway in mice has to that of humans, as has been 

confirmed by the similarity in the pharmacologic response between the eyes of mice and 

humans (Boussommier-Calleja et al., 2012, Whitlock et al., 2010, Crowston et al., 2004, 

Akaishi et al., 2009, Reina-Torres et al., 2017). 

 

Figure 2: Comparison of mouse and human anatomy. Conventional outflow pathway of a) light micrograph of a 
meridional section of a human eye b) Touludine blue stained micrograph of a meridional section of a mouse eye 
(brown sections in the image are iris and pigmented epithelial cells). Image (a) reproduced from Tamm (2009) with 
permission from the publishers (see Appendix B). Image (b) is reproduced from Overby et al. (2014) with permission 
from the publishers (see Appendix B). 

(a) (b) 

50 µm 
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Mice, like other mammals, share up to 90 to 95% of the same coding genome as 

humans. Using inbred strains of mice reduces experimental variability, and the many 

molecular tools that are available in mice allow researchers to manipulate gene expression or 

introduce mutations (John et al., 1999, Savinova et al., 2001, Smith, 2002). The relatively short 

lifespan of mice ~3 years results in a rapid progression of age dependent diseases which 

increases their cost effectiveness and decreases experimental time. 

 Moreover, several murine models of outflow obstruction have been developed (Kumar 

et al., 2013a, Kumar et al., 2013b, Junglas et al., 2012). Lastly, owing to their diminutive size, 

mice are a cost effective animal model in which diet, environment and treatment compliance 

can be easily controlled. 

3.4. Perfusion systems 

3.4.1. Introduction 

All the specific aims discussed in Section 2 require direct measurements of the AHD of the 

eye (the flow to pressure relationship of the eye). Measurements of the flow-pressure (Q-P) 

relationship of the eye are made using perfusion systems; systems that interface with the eye 

via a cannula and allow for the pressure in the eye to be set to different values while the 

additional flow rate from the perfusion system to the eye required to elevate the pressure is 

measured. By a mass balance of fluid entering/leaving the eye, the Q-P relationship of an in 

vitro eye is given by the expression:  

𝑄 = 𝐶 𝑃 − 𝑄𝑢 

Equation 2 

Therefore by fitting a line of the form given in Equation 2 to the Q-P data, the gradient 

represents facility and the y-intercept is taken to be pressure-independent flow.  

Perfusion systems are either pressure-controlled (Figure 3a) or flow-controlled (Figure 

3b). Through comparisons of rabbit and monkey perfusion systems, Bárány (1964) found the 

time taken to go from one steady state to the other is generally at least 1 order of magnitude 
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lower in pressure-controlled systems as compared with flow-controlled systems. For a mouse 

eye of compliance 50 nl/mmHg, outflow resistance of 5 mmHg/(µl/min) the theoretical time 

constant of mouse eye flow-controlled systems is 10 min while that for pressure-controlled 

systems is 0.1 min (this assumes systems are passive with a negligible needle resistance and 

compliance; see Appendix A, Introduction). Generally (for perfusions of the same duration, 

stability criteria and range in pressure over which the Q-P relationship is measured), pressure-

controlled systems allow more steps in pressure than flow-controlled systems. For this reason, 

we prefer pressure controlled systems. 

 

Figure 3: Flow-controlled and pressure-controlled perfusion systems. a) Pressure-controlled perfusion system. b) 
Flow-controlled perfusion system. 

Some flow-controlled perfusion systems decrease the time taken to reach steady state 

by the use of active flow control systems (Boussommier-Calleja and Overby, 2013, Chang et 

al., 2015), these systems have not been considered here as it is difficult to quantify their 

performance directly, since no qualitative performance indicators have been reported on these 

systems (e.g. time constant when perfusing mock eyes of a particular resistance and 

compliance). Additionally, we prefer passive control perfusion systems as the active control of 

flow rates makes it difficult to compare and interpret perfusion tracings. 

3.4.2. Pressure controlled systems 

The defining difference between pressure-controlled systems lies in the way in which 

they measure flow rates. In some pressure-controlled systems, flow rate is calculated by 

measuring bulk changes in volume. This is achieved by perfusing the eye at a pressure set by 

a fluid column and measuring the decrease in the volume of the fluid in the column over a 
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period of time then dividing the change in volume by the time over which the change occurred 

(Aihara et al., 2002). 

More recently, Sherwood et al. (2016) developed the iPerfusion system, a pressure-

controlled system in which flow rate is measured by a flow sensors (SLG, Sensirion) to an 

accuracy of ±5 nl/min (Sherwood et al., 2016). The iPerfusion system is used throughout this 

thesis as continuous measurements are more informative and accurate (Sherwood et al., 

2016) than bulk measurements. 

3.4.3. Temperature control 

Boussommier-Calleja et al. (2015) found the outflow facility of mouse eyes to increase 

2.5 fold when increasing temperature from 20 to 35 ºC, more than the predicted 1.4 fold 

change that would occur due to viscosity changes alone. Moreover, enzyme activity and 

chemical reactions are temperature sensitive, as these are known to play a role in AHD 

(Chang et al., 2015, Gupta et al., 2008, Marquis and Whitson, 2005, Fraunfelder and Burns, 

1970). The regulation of temperature within physiological bounds is important, therefore 

perfusion systems must have mechanisms to maintain animal body temperature (in 

postmortem in situ and in vivo experiments) and maintain eye temperature in in vitro 

perfusions.  

In the iPerfusion system, temperature of in vitro eyes is maintained by immersing the 

eye in a temperature regulated saline bath set to 35 ºC. In this thesis we will develop a heat 

mat and temperature probe for regulating and measuring the temperature of postmortem in 

situ and in vivo perfusions.  

3.4.4. Hydration control 

Mouse eyes have a large surface area to volume ratio in comparison to human and 

monkey eyes as well as lower flow rates (see Table 1) and as such, the effect of evaporative 

losses on the interpretation of AHD will be more pronounced in mouse eyes than in human or 

monkey eyes (Fraunfelder and Burns, 1970). Previous measurements of pressure-
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independent flow performed in the in vivo and postmortem in situ mouse model hydrated the 

eye with saline (Aihara et al., 2003, Millar et al., 2011) or with the local anaesthetic 

proparacrine hydrochloride ophthalmic solution (Ko et al., 2014, Yelenskiy et al., 2017) without 

any justification for the hydration media choice. If the eye is hydrated incorrectly, this would 

lead to overestimates of pressure-independent outflow and may affect measurements of 

outflow facility (Boussommier-Calleja et al., 2015). Here we review the current understanding 

of evaporative loss from the surface of eyes. 

 Wisard et al. (2010) illustrated the evaporative loss in in vitro C57BL/6J mouse eyes 

(N=10) by measuring weight loss following enucleation, blotting dry and exposure to room air 

(Figure 4). On average eyes weighed 21.9 mg immediately after enucleation and lost 2.85 mg 

due to evaporation over a 13 minute period (13% of their weight). Using the reported measured 

eye density from these experiments (1.013 mg/µl), the rate of evaporative loss from the eye 

was ~200 nl/min (Wisard et al., 2010). As the rate of pressure-dependent outflow when the 

pressure drop across the outflow pathway is physiological is ~50 nl/min (Sherwood et al., 

2016, Aihara et al., 2003, Millar et al., 2011), the rate of evaporative loss is therefore 

significant. Further proof of the importance of hydration was demonstrated in this study by 

immersing the dehydrated eyes in Dulbecco’s phosphate buffered saline (PBS) and 

measuring their weight, which returned back to the weight recorded immediately after 

enucleation (Figure 4, measurement number 8). The return of eyes to their original weight 

upon immersion in PBS indicates the AH is isosmotic with PBS. 

 
Figure 4: Evaporation driven weight loss in a mouse eye following excision. Figure reproduced from Wisard et al. 
(2010) with kind permission from the publishers (see Appendix B).  
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 Qualitative evidence of the importance of the prevention of evaporative losses from 

the surface of the eye is provided by Ridder et al. (2002), who observed cataract formation in 

groups of anaesthetised mice that either had open eyelids, closed eyelids, artificial tears or 

were wearing a contact lens. Only eyes with open eyelids developed a cataract. On average 

it took 13 minutes for eyes with open eyelids to develop a clinically significant cataract (a 

cataract which covers more than ¼ of the lens surface). As cataracts did not develop in the 

eyes with closed eyelids, artificial tears or wearing a contact lens, Ridder et al. (2002) 

attributed the development of the cataract to evaporative loss from the surface of the eye 

which causes an increase in the osmolarity of the tear layer. An increase in the osmolarity of 

the tear layer would result in fluid being drawn out of the eye thereby increasing the osmolarity 

of the AH which would result in a cataract by drawing fluid out of the lens. These findings are 

in line with those of Fraunfelder and Burns (1970), who demonstrated that the AH in 

anaesthetised mice with open eye lids have a higher osmolarity than that of eyes with closed 

eyelids and also demonstrated an increase in the relative humidity of the animals 

environmental chamber significantly decreased the occurrence and severity of cataracts. 

Moreover, von Bahr (1956) noted corneal thickness is proportional to the difference in 

osmolarity between the tear film and AH. By using the cornea as its own osmometer, Mishima 

and Maurice (1961a) found the concentration of NaCl in the tear layer to be 0.9% in the closed 

eye and 1.0% in the open eye.  

 Mishima and Maurice (1961b) measured evaporative loss from the cornea by 

preventing replenishment of evaporative losses from the cornea by fluid in the anterior 

chamber and measuring the thinning of the cornea due to evaporative loss with time. The 

replenishing of evaporative losses from the cornea was prevented by aspirating a small 

amount of fluid from the anterior chamber and replacing it with oil. With this method, they 

measured a rate of evaporative loss of 47.6 mg/cm2/hr in saline washed eyes and  2.8 

mg/cm2/hr in eyes with a natural tear layer (owing to the oily layer secreted by the eye). In a 

saline washed mouse eye of radius 1.7 mm (Li et al., 2016) and approximating the corneal 
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surface area to be 1/3 of the total eye surface area gives a rate of evaporation of ~30 nl/min. 

The evaporative loss calculated in these experiments is likely an underestimate due to the 

lack of replenishment of evaporative losses. 

 To conclude, controlling the hydration of the eye is important for two reasons. Firstly, 

lack of hydration control can lead to substantial evaporative losses which will change the 

osmolarity of the AH in the anterior chamber which may interfere with the regulatory 

mechanisms within the eye. Secondly, as evaporative losses are substantial, they will affect 

any measurements of pressure-independent outflow. The prevention of evaporative losses 

has not been addressed in in vitro and postmortem in situ eyes, prior to making measurements 

in these eyes, we will build and evaluate the prevention of evaporative losses through the use 

of a humidity chamber. 

3.5. Determination of in vivo facility 

3.5.1. Introduction 

A few authors have attempted in vivo determinations of facility (Camras et al., 2010, 

Millar et al., 2018, Ko et al., 2014). All in vivo mouse eye techniques to date are carried out by 

using a perfusion system to determine the Q-P relationship of the eye, then facility taken as 

the gradient obtained by fitting this Q-P data to Equation 1 when written in the form: 

𝑄 = 𝐶 𝑃 + (−𝐶 𝑃𝑒𝑣 − 𝑄𝑖𝑛 + 𝑄𝑢) 

Equation 3 

This determination of facility makes the assumption that the AHD of the anaesthetised 

eye as represented by the terms in brackets are constant and therefore can be represented 

by the y-intercept (a single term). During the determination of facility, animals are 

anaesthetised using a mixture of ketamine xylazine. The notion of constant AHD in 

anaesthetised mice has been directly disproven by the widely accepted demonstrations of a 

decaying spontaneous IOP in anaesthetised mice (Johnson et al., 2008, Savinova et al., 2001, 

Cone et al., 2012, Duncalf, 1975, Mirakhur et al., 1990, Wang et al., 2005b, Aihara et al., 
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2002). A more in-depth review of the techniques and tools employed by Millar et al. (2011), 

Aihara et al. (2003) and Tan (Ko et al., 2014) in the measurement of in vivo facility is presented 

below. 

3.5.2. Aihara 

Aihara et al. (2002) used a pressure-controlled system with flow measurements made 

using bulk changes in the volume of a fluid column. The pressure in the anterior chamber of 

the eye was set to 25 mmHg then 35 mmHg and the flow rate measured at each pressure by 

first allowing some time for the filling response of the eye then measuring the volume perfused 

over a 10 minute period. The flow rate at each pressure was calculated by dividing the 

measured volume by 10 minutes. From the Q-P data of these two measurements, outflow 

facility of the eye was calculated as described in §3.5.1 In the original description of the work, 

the hydration media used to prevent evaporative loss was phosphate buffered saline (no 

further details are specified). No mention of the meaning of zero pressure is made. This 

technique assumes the flow rate is constant over the 10 minute perfusion period.  

Following its publication, this technique has been used in at least two other studies 

(Aihara et al., 2003, Crowston et al., 2004) 

3.5.3. Millar 

Millar et al. (2018) used a flow-controlled perfusion system. Following cannulation the 

flow rate of the pump was sequentially set to 100, 200, 300, 400 and 500 nl/min with a 10-15 

minute period allowed between each change in flow rate for the system to reach steady state. 

Facility was then determined using the method as described in §3.5.1 In the original 

description of the approach (Millar et al., 2011), sterile saline solution (BSS Plus; Alcon) was 

applied to the eye at the start of the experiment in order to prevent evaporative losses. 

Following its establishment, this technique has been used in at least 3 studies (Millar 

et al., 2011, Lopez et al., 2017, Millar et al., 2018, Millar et al., 2015, Shepard et al., 2010). 
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3.5.4. Tan 

 Ko et al. (2014) from the Tan lab used a flow-controlled perfusion system with a 

feedback mechanism that allowed the pressure in the mouse eye to be set to pressures of 15, 

20, 25, 30 and 35 mmHg and the flow rate output by the syringe pump to maintain these 

pressures recorded. The time taken to reach steady state is reported to be at least 3 min at 

each pressure step. The outflow facility of the eye was then calculated by as described in 

§3.5.1 In this technique the local anaesthetic topical proparacine hydrochloride ophthalmic 

solution (0.5%; Akron, Inc. Buffalo Grove, IL) was applied to each eye. The differential 

pressure transducers were zero referenced prior to cannulation (details as to what the zero 

reference is are not provided). 

This technique has been used in at least 3 subsequent studies (Ko et al., 2016, 

Yelenskiy et al., 2017, Ko et al., 2014). 

3.5.5. Issues with current in vivo techniques 

IOP in mouse eyes is in the range of 10-20 mmHg (Savinova et al., 2001), with inflow 

rates estimated to be in the range of 60-140 nl/min (Aihara et al., 2003, Millar et al., 2011). 

During the determination of facility, Millar et al. (2018) use flow rates up to 500 nl/min which 

would result in net outflow rates that are >5 times the physiological value. Net outflow rates 

that are >5 times the physiological pressure would result in pressure drops across the outflow 

pathway > 5 times the physiological pressure drop. The techniques proposed by Aihara et al. 

and Tan et al. apply pressure that may be up to 3 times greater than physiological pressure. 

High pressure drops across the outflow pathway have been shown to increase the likelihood 

of its collapse thereby resulting in a systematic underestimation of outflow facility at 

physiological IOP (Blaxter, 1953, Grierson and Lee, 1974, Langham, 1963). High pressures 

may also lead to the posterior displacement of the lens and iris (Boussommier-Calleja et al., 

2015), an effect known as AC deepening which is known to cause overestimates of 

physiological outflow facility.  
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The use of 2 pressure steps in the determination of facility by Aihara et al. (2003) is 

problematic, as it is not possible to obtain a measure of goodness of fit when a linear 

relationship is ascribed between 2 data points. Moreover, it is difficult to judge the quality of a 

perfusion from 2 data points and it is unclear whether calculations of the pressure-flow 

relationship of the eye from two data points taken outside the physiological range are valid.    

While Aihara et al., Millar et al. and Tan et al. perfuse pairs of control eyes in the papers 

in which they present their techniques, none of them present any data to illustrate the intra-

pair concordance between eyes. The illustration of intra-pair concordance is of interest as all 

authors use paired measurements to illustrate drug effects in papers in which they utilise their 

developed techniques (Aihara et al., 2002, Millar et al., 2011). 

From the literature review presented in §3.4.4 on the hydration of the eye, the use of 

saline alone for the prevention of evaporative loss is not sufficient. Insufficient hydration leads 

to gross overestimates of Qu and may affect measurements of facility. We aim to reduce the 

effect of evaporative loss through the use of a custom built humidity chamber. 

All previous authors described in this section used ketamine xylazine to anaesthetise 

and restrain the animals during the determination of in vivo facility (up to 40 minutes in 

duration). Ketamine xylazine is administered by intraperitoneal (IP) injections as needed, 

typically the depth of anaesthesia is monitored by pinching between the toes of the animal. 

Any response to pain from a toe pinch is met by a further dose of anaesthetic. As ketamine 

xylazine administered by IP injection takes up to 5 minutes to take effect and the reaction of 

the animal to pain means it is no longer in a surgical plane of anaesthesia, this approach 

inevitably leads to varying planes of anaesthesia. In this thesis, we propose and demonstrate 

the use of the anaesthetic isoflurane which is better suited for use in long term procedures as 

it is a fast acting inhalation anaesthetic (steady plane of anaesthesia, changes in dosage take 

effect in under 1 minute) which is minimally metabolised (Ludders, 1992).  
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Lastly, as has already been mentioned in §3.5.1, anaesthetics are known to affect 

AHD. Calculations of in vivo facility must be amended to take into consideration the effect of 

anaesthetics on AHD.  

3.6. Determination of other AHD parameters 

3.6.1. Aihara 

Following the determination of facility, Aihara et al. (2002) measured Pev by reducing 

the height of the fluid reservoir until there was blood reflux into Schlemm’s canal. The onset 

of blood reflux was taken to be Pev.  

Next, Qin was determined through the use of dilution studies in which the eye was 

infused with rhodamine dextran at a rate of 3 µl/min for 20 minutes with the fluid reservoir 

maintained at Pev following which 5 samples of fluid were extracted from the eye over a 20 

minute period. Each sample was 6 µl in volume. The volume of AH in the eye was then attained 

by aspiration, which was ended when apposition of the central edge of the iris to the cornea 

occurred. Qu was then calculated using Equation 1 and the obtained values of Qin, Pev and C. 

2.6.2. Millar 

Following the determination of facility, a 3 way valve allowed for the cannula in the eye 

to be directly connected to a pressure reservoir for the determination of Pev which was 

estimated though the blood reflux method described by Aihara (§2.6.1). Next the animal was 

euthanised in order to eliminate Pev and Qin and a determination of Qu made by obtaining the 

Q-P relationship of the eye at flow rates of 100, 200, 300, 400 and 500 nl/min then fitting 

Equation 3 to the data and taking the y-intercept to be Qu. 

By the authors own admission, due to the extrapolation from 100 to 0 nl/min, a 10% 

error in C would result in a 50-100% error in the determination of Qu. The effect a 

miscalculation of outflow facility has on the calculation of Qu is particularly noteworthy as the 

high flow rates used in the measurement of the eyes Q-P relationship make it likely 

measurements of outflow facility are underestimated (see §2.5.5). Furthermore, when 
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exposed to room air, the hydrating media used in these experiments is not sufficient for the 

prevention of evaporative losses which can be between 30-200 nl/min (see §2.4.4), 

comparable to the measurements of Qu Millar et al. (2015) made in several species. 

4. Chapter Overview 

Chapter 2: Direct Measurement of Pressure-Independent Aqueous Humour Flow 

using iPerfusion 

With the advance in technique and measurement accuracy of perfusions brought about 

by the iPerfusion system (Sherwood et al., 2016), it is now possible to make direct 

measurements of pressure-independent outflow in postmortem in situ and in vitro eyes by 

measuring the flow rate into the eye when the pressure drop across the pressure-dependent 

pathway is set to zero. In the literature, the total pressure-independent flow Qin-Qu referred to 

here as Q0, of in vitro and postmortem in situ eyes has been calculated through the use of 

extrapolation of measurements of flow and intraocular pressure made above 0 mmHg (Lei et 

al., 2011) and through the study of tracer accumulation (Millar et al., 2011). As an incorrect 

estimate of Q0 leads to an error in the calculation of outflow facility, it is important the value of 

Q0 is addressed in in vitro and postmortem in situ eyes. In Chapter 2, we will make a direct 

measurement of Q0 in in vitro eyes. Our capability of measuring the flow rate when the 

pressure drop across the outflow pathways of the eye is 0 mmHg will be demonstrated by 

measuring the total pressure-independent flow of an in vitro eye with an artificially added flow 

source set to perfuse the eye at 120nl/min and comparing the measured flow rate to 

Q0+120nl/min. 

Chapter 3a: iPerfusion of postmortem in situ mouse eyes 

The postmortem in situ model of the mouse eye is of interest for several reasons: 

1) It preserves the ocular anatomy and its placement in the orbit, while eliminating AH 

production and the ocular pulse. This makes it an ideal model for developing tools and 
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techniques for working with in situ eyes (such as a head restraint, heat mat and an 

environmental chamber). 

2) There may be similarities in AHD between the postmortem in situ and in vivo models 

that are easier to study in postmortem in situ models and not present in the in vitro 

models such as Q0 (if present) and vasculature (if it can be perfused). 

3) The postmortem in situ model has been used in the literature, but to the author’s 

knowledge, there are no studies aimed at presenting and evaluating the techniques 

associated with its use. In order to reach a consensus on its use, it must first be 

thoroughly characterised. 

Postmortem in situ and in vivo perfusions require a method for preventing evaporative loss 

from the surface of the eye, a heat mat to preserve body temperature and a head holder to 

stabilise the head during cannulation (which also acts as an anaesthesia delivery device for 

in in vivo experiments). These three requirements will be met through the use of a humidity 

chamber, heat mat and a head holder. 

In this chapter, additions to the iPerfusion system that aid in the development of an in 

vivo perfusion system are developed, assessed and used in the experiments.  

Chapter 3b: AC Deepening in Postmortem in situ Mouse Eyes 

After, developing systems and techniques for postmortem in situ perfusions, we will 

use the new developed tools and techniques to investigate one of the main artefacts of post 

death perfusions; AC deepening. AC deepening is the posterior displacement of the iris and 

lens. It is an artefact that occurs in AC cannulated in vitro and postmortem in situ perfusions. 

As it is known from studies of the muscarinic agonist Pilocarpine that the tension transmitted 

to the inner wall of SC via the trabecular meshwork affects facility (Overby et al., 2014) it is 

therefore likely that AC deepening affects facility. 

In this chapter, the mechanism of AC deepening and its effect on facility will be studied. 
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Chapter 4: Modulation of Outflow Facility by the Ocular Pulse in Mice 

The mechanisms by which facility is regulated are of interest as a decrease in facility 

is the primary cause of an elevated IOP, the main risk factor of glaucoma. As Schlemm’s canal 

cells may have a vascular origin (Hamanaka et al., 1992, Dautriche et al., 2015), the 

mechanisms governing the regulation of pressure in the vasculature may be similar to those 

in the eye. One such cue is shear stress arising from oscillatory flow. Here we develop a 

system, iPulse, capable generating an oscillatory flow in the mouse eye. 

We will then use iPulse in the postmortem in situ model of a mouse eye to investigate 

the effect of the ocular pulse on facility. The postmortem in situ model will be used, as the 

elimination of the eye’s inherent ocular pulse makes it possible to impose a pulse of a desired 

frequency and amplitude. 

Chapter 5: Accounting for the Effect of Anaesthetics in the In Vivo Determination of 

Mouse Eye Outflow Facility 

While in vitro and postmortem in situ perfusions are used to study AHD due to their 

simplicity relative to in vivo perfusions, in vivo perfusions are of interest as they entail all the 

extrinsic control mechanisms of facility with none of the post death artefacts. 

In this chapter, a method for the evaluation of facility in vivo will be developed and 

evaluated. 

Chapter 6: Conclusions and Future Work 

 A brief overview of the conclusions and future work of chapters 1 to 5.  
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This chapter consists of a paper published in Experimental Eye Research 

(Madekurozwa et al., 2017), reproduced here with permission from the Journal (See 

Appendix B). 
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1. Introduction 

Glaucoma is a world leading cause of irreversible blindness (Resnikoff et al., 2004) 

and elevated intraocular pressure (IOP) is the major risk factor. IOP reduction is the sole 

clinical objective to prevent further glaucomatous vision loss, regardless of whether IOP is 

elevated  (Van Veldhuisen et al., 2000). Understanding the physiology of IOP regulation, and 

its dysregulation in glaucoma, is therefore central to developing and evaluating new IOP-

lowering therapies.  

IOP is determined by a mass balance between aqueous humour secretion into the eye 

(Qin), and aqueous humour outflow, via pressure-independent mechanisms (Qu) and pressure-

dependent mechanisms (characterised by the outflow facility C).  A mass balance of the flows 

entering and exiting the eye yields a form of what is known as Goldmann’s equation: 

Qin + Q = C (P-Pev) + Qu  
 

Equation 4 

which includes an additional term representing inflow from a perfusion system (Q). P and Pev 

represent IOP and episcleral vessel pressure respectively. Most treatments for glaucoma aim 

to reduce Qin or increase Qu, with a number of new treatments targeting C (Stamer and Acott, 

2012). IOP elevation in glaucoma is attributed to reduced values of C (Grant, 1951). Studies 

of aqueous humour dynamics (AHD) therefore aim to measure the various terms of Equation 

4 so as to elucidate the factors controlling IOP. 

Mice are common models to study AHD (Aihara et al., 2003, Boussommier-Calleja et 

al., 2012, Crowston et al., 2004, Lei et al., 2011, Li et al., 2016, Millar et al., 2011, Millar et al., 

2015, Toris et al., 2016). However, some studies report that as much as 60-80% of outflow is 

pressure-independent in young mice (Aihara et al., 2003, Crowston et al., 2004, Lei et al., 

2011), although this may decrease with age (Millar et al., 2015). This contrasts with humans, 

where the majority of outflow is pressure-dependent (Bill and Phillips, 1971, Toris et al., 1995, 

Townsend and Brubaker, 1980), although reported values of the exact proportion vary over a 
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large range, as reviewed by Johnson et al.  (Johnson et al., 2016). If pressure-independent 

outflow truly dominates in mice, then the validity of mouse models for AHD becomes 

questionable. 

Pressure-independent outflow (Qu) in post-mortem mice has generally been estimated 

indirectly by linear extrapolation to estimate the flow rate when P = Pev, under conditions where 

Qin is eliminated (Lei et al., 2011, Millar et al., 2011). In living mice, Qu has been estimated 

indirectly by solving Goldmann’s equation after measuring C, Pev, Qin and spontaneous IOP 

(Aihara et al., 2003). Alternatively, the quantity of unconventional (i.e. non-trabecular) outflow 

has been estimated in living mice based on accumulation of tracer in the uveoscleral tissues 

(Millar et al., 2011). As unconventional outflow is typically assumed to exhibit pressure-

insensitivity, it is often equated with Qu, although this assumption is questionable (Johnson et 

al., 2017).  

Here, we present a method to directly measure the net pressure-independent flow, Q0, 

defined as the difference between pressure-independent inflow and outflow according to 

Q0 = Qin
 - Qu  

Equation 5 

To measure Q0, we cannulate the anterior chamber with a needle and interface the 

eye with the iPerfusion system (Sherwood et al., 2016) that allows direct measurement of Q 

for a prescribed value of P. By setting P = Pev, the pressure-dependent component of outflow 

is eliminated (see Equation 4), enabling a direct measurement of Q0. Note that Pev = 0 in an 

enucleated eye. 

This report addresses the following questions: 

1. What is the magnitude of pressure-independent flow, Q0, in enucleated mouse eyes?  

2. If pressure-independent flow were present (Q0 ≠ 0), as in vivo, could it be measured 

accurately using iPerfusion? 

3. Does pressure-independent flow affect the measurement of outflow facility? 
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2. Material and Methods 

2.1. Experimental Design 

To answer Question 1, we anterior chamber cannulated enucleated mouse eyes with 

a single cannula connected to iPerfusion, as shown in Figure 5a and b. Following a standard 

perfusion protocol to ensure that the ocular response was normal, the applied pressure was 

set to zero and the flow rate Q into the eye was measured as P approached zero. To answer 

Question 2, we anterior chamber cannulated enucleated mouse eyes with two cannulae, 

providing connections to both iPerfusion and a syringe pump (see Figure 5a and c). The 

syringe pump was used to impose a known pressure-independent flow directly into one eye. 

We then asked whether iPerfusion was able to resolve this additional flow rate by direct 

measurement of Q as P approached zero. To answer Question 3, we compared outflow facility 

measurements between contralateral eyes, with one eye receiving the imposed pressure-

independent flow. As outflow facility is tightly correlated between contralateral enucleated 

eyes of an individual mouse (Sherwood et al., 2016), a systematic offset in the facility between 

paired eyes would indicate that the magnitude of pressure-independent flow affects the 

measurement of facility.  

 
Figure 5: Schematic of the experimental setup. a) The iPerfusion system comprises an actuated reservoir to control 
the applied pressure, a thermal flow sensor to measure the flow rate from the reservoir, and a differential pressure 

(a) 

(b) (c) 

1 mm 1 mm 
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sensor to measure the pressure in the anterior chamber of the eye with respect to the bath. For the single cannula 
experiments, the eye was cannulated with one glass needle connected to iPerfusion. For the double cannula 
experiments, the eye was cannulated with two glass needles, connecting it to both the iPerfusion system and a 

syringe pump, used to impose a known pressure-independent flow. b) Single cannula eye. c) Double cannula eye. 

2.2. Detailed Methods 

2.2.1. Animal Husbandry 

Eyes were obtained from male C57BL/6 mice (Charles River UK, Ltd) aged 9-16 

weeks. All mice were housed in clear cages at 21°C with a 12-hour light-dark cycle (lights on 

at 7 AM). Food and water were supplied ad libitum. Mice were euthanised by cervical 

dislocation and eyes were enucleated and stored in PBS at room temperature for no more 

than 1 hour prior to cannulation. The time between death and completion of the perfusion did 

not exceed 5.5 hours. All experiments were performed in accordance with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research. Experiments were 

conducted under the authority of a UK Home Office Project Licence. 

2.2.2. Ocular Perfusion Setup 

Enucleated eyes were fixed to a platform with a small amount of cyanoacrylate glue 

(Loctite Precision Super Glue, Henkel, UK) and fully submerged in a bath of PBS maintained 

at 35.0 ± 0.5 °C for the duration of the experiment. Glass needles mounted on 

micromanipulators were used to cannulate the anterior chamber of the eye under a 

stereomicroscope. The needles were made by pulling borosilicate glass pipettes (B100-50, 

Sutter Instrument, USA) in a laser puller (P2000, Sutter Instrument) and were bevelled in a 

pipette beveller (SYS-48000, WPI, USA) to a 45° taper and a 100 µm outer diameter at the 

tip. The perfusate used in both cannulae was Dulbecco’s PBS with 5.5 mM glucose passed 

through a sterile 0.22 µm filter prior to use. The flow rate from the iPerfusion system into the 

eye, Q, at the measured intraocular pressure P was measured as described previously 

(Chandrawati et al., 2017, Li et al., 2016, O'Callaghan et al., 2017, Reina-Torres et al., 2017, 

Sherwood et al., 2016, Tam et al., 2017, Wang et al., 2017). As shown in Figure 5a, iPerfusion 

comprises an actuated pressure reservoir used to control Pa and a thermal flow sensor 

(SLG64, Sensirion, Switzerland) to measure Q. The pressure within the anterior chamber of 
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the eye relative to the water bath (P) is measured using a differential pressure sensor (PX409, 

Omegadyne, USA). In the double cannula experiments, the second needle was connected to 

a 50 µl glass syringe (Gastight, Hamilton, USA), mounted on a syringe pump (PHD Ultra, 

Harvard Apparatus, USA). Appendix A, Chapter 1 provides an evaluation of the pump 

performance measured using the flow sensor. 

The thermal flow sensor measures Q through a 75 µm glass capillary, which has a 

hydrodynamic resistance (Rq) in the range 8-10 mmHg/(µl/min) (measured prior to each 

perfusion). The measured pressure in the anterior chamber of the eye (P) thus differs from the 

applied reservoir pressure (Pa) according to: 

P = Pa - Rq Q  

Equation 6 

Equation 6 can be used to set the value of Pa in order to achieve a desired P.  

The hydrodynamic resistance of the needles, measured prior to each perfusion, was 

always < 0.2 mmHg/(µl/min). Even at a high flow rate of 200 nl/min, this would result in a 

pressure drop of < 0.04 mmHg, which is less than the resolution of the pressure sensor. The 

pressure drop across the needle was therefore neglected.  

2.2.3. Single Cannula Experiments 

Single eyes from individual mice (N=6) were cannulated with a single needle and 

underwent a 9-step pressure perfusion following previous methods (Sherwood et al., 2016). 

Briefly, following acclimatisation at an applied pressure of 8 mmHg for 30 minutes, the eye 

was perfused at 9 reservoir pressure steps between 4.5 and 21 mmHg. We then measured 

the flow rate as the pressure approached zero, termed Q(P→0). The approach to zero 

pressure is asymptotic because the compliance of the eye, as described by Friedenwald’s 

model (Friedenwald, 1937), is given by 1/KP, where K is the ocular rigidity. Hence the 

compliance tends towards very high values at low intraocular pressures, and larger 

compliances increase the time to reach steady state. In order to reduce the time to reach 

steady state, P was set to 2 mmHg with the flow sensor bypassed (thereby setting Rq = 0 in 
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Equation 6), instantaneously setting the pressure in the eye to Pa. The flow bypass was then 

closed, and the applied pressure was set to 0 mmHg.  Steady state was defined as when the 

rate of change of P, calculated by linear regression over a 5 minute window, was less than 

0.01 mmHg/min continuously for 1 minute. The mean and standard deviation of Q and P for 

the pressure step were calculated from the final 4 minutes of data.  

2.2.4. Double Cannula Experiments 

In these experiments, a syringe pump was used to impose an artificial pressure-

independent flow (Qp) through the second cannula using the syringe pump (Figure 5a).  The 

imposed flow rate into the eye was defined to be Qp = 120 nl/min, chosen to approximate the 

difference between aqueous humour secretion (~150 nl/min), averaged from previous studies 

(Aihara et al., 2003, Millar et al., 2015, Millar et al., 2011, Toris et al., 2016) and pressure-

independent outflow (~30 nl/min), chosen from the reported range of 0-120 nl/min 

(Boussommier-Calleja et al., 2012, Boussommier-Calleja et al., 2015, Kumar et al., 2013a, Lei 

et al., 2011, Boussommier-Calleja and Overby, 2013, Chang et al., 2015, Overby et al., 2014, 

Rogers et al., 2013). 

Paired eyes (N=7 pairs) were perfused simultaneously on duplicate iPerfusion 

systems, where contralateral eyes received an imposed flow rate of 0 or 120 nl/min. The 

perfusion protocol consisted of three phases: I) acclimatisation, II) direct measurement of 

Q(P→0), and III) characterisation of the flow-pressure relationship in order to measure C. 

Figure 6 shows a sample tracing from a pair of eyes.  
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Figure 6: Flow (Q) and pressure (P) traces from a typical perfusion from the double cannula experiments. Traces 
(a) and (c) correspond to recordings from a control eye with Qp = 0 nl/min, while (b) and (d) correspond to recordings 
from the contralateral experimental eye with Qp = 120 nl/min. Green regions indicate steady state. Note that the 
difference between Pa and P arises from the resistance of the flow sensor, Rq, and the compliance of the eye. 

Phase I: Acclimatisation 

During phase I the reservoir pressure was set to Pa = 9.5 mmHg for 30 minutes to allow 

the eye to acclimatise to the perfusion system.  

Phase II: Direct measurement of pressure-independent flow 

In order to make a direct measurement of pressure-independent outflow using the flow 

sensors of the iPerfusion system, the pressure across the outflow pathway of the eyes was 

set to 0 mmHg. For the control case, where Qp = 0 nl/min, Pa was set to 0 mmHg (Figure 6a, 
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blue region). For the experimental case where Qp = 120 nl/min, Pa was set to -RqQp (see 

Equation 6), using the value of Rq measured prior to the perfusion. A period of 60 minutes was 

allowed, and the final intraocular pressure and Q(P→0) were calculated as the measured 

average pressure and flow rate over the final 4 minutes. 

Phase III: Measuring outflow facility 

The flow-pressure relationship was then evaluated over 5 additional reservoir pressure 

steps, equally spaced in the range Pa = 3-15 mmHg. Steady state at each step was determined 

once the rate of change of Q/P, calculated by linear regression over a 5 minute window, was 

continuously less than 0.1 nl/min/mmHg/min for 1 minute. The mean and standard deviation 

of the final 4 minutes were then extracted and defined as the steady state flow rate and 

pressure for each step (see green regions in Figure 6 and data points in Figure 7). In order to 

estimate the outflow facility, we fit a power law model based on our previous study (Sherwood 

et al., 2016), but with Q0 added as a free parameter to allow for pressure-independent flow: 

Q = Cr (P/Pr)
β P + Q0  

Equation 7 

where Cr is the ‘reference facility’ at a ‘reference pressure’ of Pr = 8 mmHg, defined 

based on the physiological pressure drop between the anterior chamber and episcleral 

vessels. The exponent β characterises the nonlinearity of the flow-pressure relationship. 

Equation 7 was fit to the data using weighted non-linear regression, with weights defined as 

the reciprocal variance of the flow rate over the 4-minute window for each step. Sample flow-

pressure plots with best fits and confidence intervals are given in Figure 7. 
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Figure 7: Sample flow-pressure plots. (a) Control eye with Qp = 0 nl/min and (b) the contralateral experimental eye 
with Qp = 120 nl/min. Dashed lines illustrate -Qp. Red curves represent the best fit of Equation 7 to the flow-pressure 

data, with the 95% confidence intervals shown in grey. Error bars represent two standard deviations. 

 2.3. Statistics 

Statistics for normally distributed data, such as pressure or flow rate, are reported in 

the form 

  

Equation 8 

where  is the mean or best fit parameter,  is the 95% margin of error (the half-width 

of the 95% confidence interval (CI)) and  is the sample standard deviation.  

Facility, C, is better represented by a lognormal distribution (Sherwood et al., 2016). 

Hence the fold change in facility between paired eyes is also lognormally distributed. In order 

to account for the multiplicative nature of the lognormal distribution, statistical values of facility, 

or fold changes in facility, are given in the form  

  

Equation 9 
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where is the geometric mean, with 95% margin of error and geometric sample 

standard deviation , as described in our previous study (Sherwood et al., 2016). All 

statistical analyses on facility were carried out on the log-transformed reference facility, Yr= 

log(Cr), yielding a normally distributed parameter, Yr, suitable for the t-test.  

3. Results 

3.1. What is the magnitude of pressure-independent flow in enucleated mouse eyes?  

We first measured pressure-independent flow when the pressure drop across the 

outflow pathways of the eye were set to 0 mmHg in enucleated mouse eyes. Figure 8a and b 

show how the pressure and flow rate asymptotically approached zero after setting Pa = 0 in 

the single cannula experiments. Figure 8c shows the steady state flow and pressure values, 

with each point representing the mean for a given eye and ellipses indicating two standard 

deviations. The grey bands indicate the measurement uncertainty of the flow and pressure 

sensors (see Supplemental Information 1 in (Sherwood et al., 2016)). For these six eyes, the 

average Q(P→0) was 1 ± 4 (7) nl/min (see Equation 8), which was not significantly different 

from zero (p = 0.44). The average steady state pressure was approximately zero, 0.04 ± 0.04 

(0.07) mmHg, within the accuracy of the pressure sensor. This confirms that there is no 

measurable pressure-independent flow in enucleated mouse eyes. 
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Figure 8: Direct measurement of Q(P→0) in the single cannula experiments. (a) Pressure and (b) flow traces after 
Pa was set to 0 mmHg. (c) Steady state values of pressure and flow. Grey regions indicate sensor uncertainty and 

ellipses show two standard deviations on the recorded flow and pressure signals.  

3.2. Can iPerfusion measure pressure-independent flow when it is present? 

Figure 9a and b show the values of Q(P→0) measured during Phase II of the double 

cannula experiments. For the experimental eyes (Figure 9a), in which there was a pressure-

independent flow into the eye of Qp = 120 nl/min, the mean Q(P→0) was -121 ± 4 (8) nl/min 

with a mean P of 0.11 ± 0.07 (0.14) mmHg. Q(P→0) was insignificantly different from -Qp (p = 

0.58, N=7). Note that the negative value of the measured flow rate indicates net flow out of 

the eye, as expected. For the control eyes (Figure 9b), where Qp = 0 nl/min, the mean Q(P→0) 

was -10 ± 2 (5) nl/min. The difference between -Qp and Q(P→0) was small but detectible (p < 

10-3, N=7), and attributable to the control eyes not having fully reached steady state, as the 

final mean measured pressure (0.19 ± 0.02 (0.04) mmHg) had not quite reached zero (p < 10-

3). Note that for all control eyes, Q(P→0) was negative and therefore cannot be interpreted as 

pressure independent outflow, which would yield a positive Q.  
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Figure 9: Direct measurement of Q(P→0) from Phase II of the double cannula experiments. (a) Experimental eyes 
with Qp = 120 nl/min, (b) control eyes with Qp = 0 nl/min.  Grey regions indicate sensor uncertainty and ellipses 
show two standard deviations. Dashed blue line indicates -Qp. 

3.3. Does pressure-independent flow affect facility measured by iPerfusion? 

Finally, we consider whether the presence of pressure-independent flow, should it exist 

as in vivo, affects measurements of outflow facility. Figure 10 compares the reference facility 

Cr, measured in the contralateral control and experimental eyes, where the ellipses represent 

the 95% confidence bounds on Cr. If an ellipse overlaps the unity line, the difference in facility 

between the control and experimental eyes of that mouse is not significantly different from 

zero (equivalent to a fold difference of unity). Analysing all of the pairs yields an average fold 

difference of 0.98 x/ 1.27 (1.67) (see Equation 9), which is not significantly different from unity 

(p = 0.82, N=7 pairs). The average facility for all 14 eyes was 6.25*/1.14 (1.55) nl/min/mmHg. 
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Figure 10: Paired plot of reference facility Cr.  Control eyes (Qp = 0 nl/min along x-axis), Experimental eyes (Qp = 
120 nl/min along y-axis). Each data point represents one mouse, and ellipses indicate 95% confidence intervals 
on Cr. The blue unity line represents the ideal case of perfect agreement in Cr between contralateral eyes, while 

the red line indicates the mean difference in measured facility between paired eyes. The grey shaded region 
indicates the confidence interval on the mean difference. 

4. Discussion 

In the present study, we report the first direct measurements of pressure-independent 

aqueous humour flow. By equalising the pressure between the eye and the bath, flow across 

the pressure-dependent pathways was eliminated. This left only pressure-independent flow, 

Q0, which represents the difference between inflow and pressure-independent outflow. Using 

iPerfusion, we demonstrated that Q0 = 0 in enucleated mouse eyes. Further, when a known 

Q0 was imposed, we were able to accurately measure it. 

4.1. The absence of pressure-independent flow in vitro 

For the in vitro eyes in the present study, aqueous humour secretion would be 

expected to rapidly approach zero, due to cessation of blood flow. Hence, in vitro 

measurements of Q0 would reflect Qu, the pressure-independent outflow. Our direct 

measurements gave an average Q0 of 1 ± 4 (7) nl/min (N=6). From this, we conclude that the 

magnitude of the pressure-independent outflow in enucleated mouse eyes is not significantly 

different from zero, and if present has a magnitude of less than ~5 nl/min. This result is in 

contrast with prior estimates of pressure-independent outflow in C57BL/6 mice of similar ages, 
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as estimated by extrapolation in enucleated eyes which vary between 0 to 120 nl/min 

(Boussommier-Calleja et al., 2012, Boussommier-Calleja et al., 2015, Boussommier-Calleja 

and Overby, 2013, Chang et al., 2015, Kumar et al., 2013a, Lei et al., 2011, Li et al., 2014a, 

Overby et al., 2014, Rogers et al., 2013). This indicates that linear extrapolation is not an 

appropriate method for predicting pressure-independent flow in mouse eyes. Although there 

is no pressure-independent flow in enucleated eyes, there are reports suggesting that 

pressure-independent flow may exist in eyes perfused in situ following death (Millar et al., 

2015, Millar et al., 2011). Additionally, insufficient hydration of the corneoscleral shell during a 

perfusion can result in an evaporative loss that generates an artefactual pressure-independent 

outflow (Boussommier-Calleja et al., 2015). 

4.2. What about uveoscleral outflow? 

The absence of pressure-independent flow does not imply that there is no uveoscleral 

outflow. In contrast to the functional description of ‘pressure-independent flow’ used in this 

study, uveoscleral outflow is an anatomical definition. The uveoscleral outflow pathway 

comprises flow through gaps in the ciliary muscle, into the supraciliary and suprachoroidal 

spaces, and thence across the sclera into the extraocular space. Flow through each of these 

tissues is driven by a pressure gradient, and is hence by definition, pressure-dependent. 

However, the hydrodynamic resistances of these tissues may vary with pressure.  

As flow through the uveoscleral tissues is pressure-dependent, in the absence of a 

pressure gradient, we would not expect any uveoscleral outflow. At higher pressures, 

uveoscleral outflow may well occur in vitro, but it is not possible to distinguish anatomical flow 

routes (i.e. uveoscleral from trabecular outflow) from perfusion measurements alone.  

The value of C measured by perfusion combines the influence of trabecular and 

uveoscleral outflow facilities, along with any other pressure-dependent flow mechanisms, 

(including pseudofacility: the pressure-dependent decrease in aqueous humour 

secretion)(Becker and Neufeld, 2002, Kaufman, 2003). In vivo, the pressure gradient driving 

uveoscleral outflow is determined by the intraocular and extraocular pressures, P – P0, in 
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contrast to that for trabecular outflow, which is determined by the difference between the 

intraocular and episcleral vessel pressures, P - Pe. Including these terms in Equation 1 yields a 

form of the modified Goldmann’s equation: 

Qin + Q = Ctr (P-Pev) + Cu (P-Po) + Cps (P-Pcc) + Qu   

Equation 10 

where Ctr and Cu are the trabecular and uveoscleral outflow facilities, respectively, Cps is the 

pseudofacility, Pcc is the ciliary processes capillary pressure and Qu represents any pressure-

independent outflow that may be present in vivo, such as that due to uveovortex outflow.  For 

enucleated eyes, there is no aqueous humour production (Qin = 0, Cps = 0), zero pressure-

independent outflow (Qu = 0), and extraocular and episcleral vessel pressures are equal to 

the external reference pressure. Equation 10 thus reduces to:  

Q = (Ctr + Cu) P 

4.3. How does Q0 affect our interpretation of flow-pressure data? 

Pressure-independent outflow has typically been interpreted as the intercept from a 

linear fit to the flow-pressure data. This ostensibly represents the outflow rate when the 

pressure drop across all pressure-dependent pathways is eliminated. What has not generally 

been recognised is that this interpretation has a considerable impact on the assessment of 

outflow facility. To demonstrate this Figure 11a-c show different fits to a representative flow-

pressure data set, artificially generated based on the average values from iPerfusion 

measurements of 66 C57 mice (Cr = 5.5 nl/min/mmHg, β = 0.66) (Sherwood et al., 2016). A 

normally distributed random noise was applied to the flow rates with a standard deviation of 3 

nl/min, consistent with previous iPerfusion data (see Supplementary Information 1 in 

Sherwood et al. (2016)). 
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Figure 11: Comparison of models for fitting flow-pressure data. (a) Common linear model, (b) linear model with 
zero intercept, (c) power law model.  Shaded regions indicate the 95% confidence intervals of the fits. (d) Cello plot 
showing relative error in estimates of facility when using the common linear model. Shaded regions indicate 
predicted lognormal distribution, with the mean (central white line), confidence interval on the mean (central dark 
band), and ± two standard deviations around the mean (outer white lines). Each data point shows an individual eye 
and error bars indicate the 95% confidence interval on the relative error. Data reprocessed from (Sherwood et al., 
2016). 

  Figure 11a shows the common linear fit (with a finite Q0 as a free parameter). For this 

representative case, the fit yields Q0 = -50 [-60,-32] nl/min (mean [95% CI]), and Cr = 12.0 

[10.5, 13.6] nl/min/mmHg. However, as we have demonstrated that Q0 = 0, this fit is clearly 

not appropriate, as the estimated value of Q0 is significantly different from zero. If one enforces 

Q0 = 0, but still imposes a linear fit (thereby implicitly defining a constant facility, see Figure 

11b), the model is clearly not appropriate as it does not capture the form of the data. Hence, 

it must be concluded that the facility itself is a function of pressure for these measurements. A 
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power law model of the form of Equation 7, but with Q0 = 0, is able to characterise the pressure-

dependence of the outflow facility (Figure 11c). The reference facility predicted by the power 

law model is 5.3 [4.8, 5.7] nl/min/mmHg.  

In order to demonstrate how this impacts estimates of facility over a large sample, we 

re-evaluated data from 66 C57 mouse eyes described in a previous study (Sherwood et al., 

2016). Figure 11d shows a ‘Cello Plot’, statistically summarising the proportional difference 

between the facility estimated using linear (with Q0 as a free parameter) and power law 

models. As we have shown that Q0 = 0 and the facility varies as a function of pressure, using 

the linear model that does not account for these effects introduces an error in the estimation 

of outflow facility. The average error was 100% [88, 114 %] (mean [95% CI], indicated by the 

central white line and dark band respectively). The two standard deviation range covers 20-

234%, meaning that for a given eye, the error introduced by incorrect use of the common linear 

model would result in a large but relatively unpredictable error in the estimate of facility. 

Although the cause of the non-linearity in the present data may be artefactual and the 

conditions will differ between postmortem in situ and in vivo perfusions, some degree of non-

linearity is expected in all data as a linear relationship is a special case.  

4.4. How does pressure-independent flow affect facility measurements? 

Using the power law model with Q0 as a free parameter (Equation 7), we compared 

the facility between contralateral eyes, with only one eye receiving an imposed Q0. The 

average fold difference between contralateral eyes was 0.98 x/ 1.27 (1.67), which compares 

well with 1.08 x/ 1.17 (1.57), reported in our previous study (Sherwood et al., 2016) for 10 pairs 

of eyes with a single cannula, following the stepping protocol used for the single cannula 

experiments. The two geometric standard deviation levels for the two data sets (1.67 vs 1.57) 

are similar, indicating that the presence of the pressure-independent flow has negligible impact 

on our ability to resolve facility, provided that the pressure-dependent changes in facility are 

accounted for, as with Equation 7. 
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4.5. Towards in vivo measurements  

For in vivo perfusion measurements, the episcleral vessel pressure would be non-zero, 

and therefore Pev would need to be measured in order to assess Q0. Using the technique 

proposed in the present study, P could be set to Pev and Q0 could be directly measured.  

Measurement of Pev  could be carried out using the method of lowering the intraocular pressure 

until red blood cells can be observed in Schlemm’s canal (Aihara et al., 2003, Millar et al., 

2011). Due to the uncertainty in measuring Pev, the acquired Q0 measurements in vivo would 

be less accurate than in vitro measurements. Considering Equation 4 and Equation 5, any 

inaccuracy in the estimated Pev would alter the measured value of Q0 by a factor of C(P-Pev). 

Assuming C = 5.5 nl/min, if we could identify Pev to within ± 2 mmHg, this would correspond 

to an uncertainty of approximately ± 10 nl/min in the direct measurement of Q0 (approximately 

a 2SD range), indicating that the approach would be robust.  

For in vivo measurements, the >60 minutes required to measure Q(P→0) would be 

significantly shortened, as at P = Pev, the ocular compliance would be reduced several fold 

compared to P = 0. Furthermore, newly available flow sensors with 150 µm inner capillaries 

(Sensirion SLG150) have an Rq that is sixteen-fold lower than present sensors with a 75 µm 

capillary. Hence, we would expect to be able to measure Q0 within 5 minutes in vivo, having 

first determined Pev. 

4.5.1. Limitations 

A single value of pressure-independent flow was investigated, at a magnitude chosen 

based on various reports of mouse eyes from multiple strains and ages. However, the two 

standard deviation range from our data suggests that we could have measured any value of 

Q0 within approximately 7 nl/min for a given eye. Further experiments requiring more animals 

were therefore not justified. 

This study included only enucleated eyes, and thus neglects the complexity of in vivo 

AHD. We chose this approach because enucleated eyes provide a platform for validating our 
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method to measure Q0 that would not be possible in vivo. First, using enucleated eyes reduces 

the number of unknown parameters in Equation 4 from three in vivo (C, Q0, Pev), to one in vitro 

(C), as we have shown that Q0 = 0 in enucleated eyes under normal perfusion conditions. 

Thus, in vitro measurements of C have lower uncertainty than in vivo measurements. Second, 

enucleated eyes allow us to impose a constant, known value of Q0 and demonstrate that our 

method reproduces this value. In vivo, any potential changes in Qin, Qu or Pev, as may be 

caused by anaesthesia for instance, would confound any attempt at validation. Third, 

enucleated eyes allow tighter control of temperature and hydration, which have been shown 

to affect measured values of C and Q0 (Boussommier-Calleja et al., 2015). Future studies will 

extend this work to in vivo eyes. 

5. Conclusions 

Hitherto, estimates of pressure-independent flow have been made indirectly, by 

extrapolating a (typically linear) fit to flow-pressure data. In this study, we described and tested 

an approach to directly measure pressure-independent flow in mouse eyes. Using this 

technique, we showed that in properly hydrated in vitro mouse eyes, there is no pressure-

independent flow, in contrast to previous studies using the extrapolation approach. We then 

imposed a pressure-independent flow using a syringe pump and demonstrated that we could 

accurately resolve the value of the imposed flow rate. We further demonstrated that the 

presence of pressure-independent flow did not influence measurements of facility, as long as 

the pressure-dependence of outflow facility was considered when analysing the data. The 

technique validated in this study will be applicable to in vivo analyses, enabling the first direct 

pressure-independent flow measurements in vivo. 
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1. Introduction 

Glaucoma is a world leading cause of irreversible blindness (Quigley and Broman, 

2006), the only effective therapeutic target for which is lowering IOP (Leske et al., 2003, 

Morrison et al., 1998, Heijl et al., 2002). IOP is determined by aqueous humour dynamics, as 

described by Goldmann’s equation: 

𝑃 =
𝑄𝑖𝑛 − 𝑄𝑢

𝐶
+ 𝑃𝑒𝑣 

Equation 11 

where P is the intraocular pressure, Qin is inflow, Qu is the pressure-independent outflow, C is 

the conventional outflow facility (reciprocal of outflow resistance) at a reference pressure 

(taken to be the physiological pressure drop across the conventional outflow pathway of the 

eye ~8 mmHg) and Pev is episcleral venous pressure. The term Qin-Qu gives the net pressure 

independent outflow, termed Q0. The primary cause of elevated intraocular pressure is a 

decrease in outflow facility (Kwon et al., 2009, Grant, 1951, Stamer and Acott, 2012), as such, 

studies pertaining to the regulation and dysregulation of outflow facility are of interest. 

Mice are a popular model for the study of AHD, as their anatomy and physiology 

resembles that of humans (Smith, 2002, Overby et al., 2014). Furthermore, they exhibit a 

comparable pharmacological response to drugs that affect outflow facility (Whitlock et al., 

2010, Boussommier-Calleja et al., 2012, Crowston et al., 2004, Akaishi et al., 2009). In mice, 

outflow facility is typically calculated from measurements of the flow to pressure relationship 

of the eye as obtained via the perfusion of in vitro or postmortem in situ eyes. In vitro and 

postmortem in situ models are used because the elimination of Pev and Qin simplify the 

calculation of C. Moreover, in vitro perfusions are further simplified by the enucleation and 

mounting of the eye to a rigid platform which allows for an easier cannulation than the 

cannulation of postmortem in situ eyes and allows for hydration and temperature of the eye to 

be controlled by submerging it in a temperature regulated water bath.  
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While in vitro perfusions offer a simpler platform for the study of facility, in vivo 

perfusions are still of interest, as all the parameters that directly determine IOP are present 

along with other extrinsic regulatory mechanisms such as neuronal control (Strohmaier et al., 

2013). Moreover, some IOP lowering treatments on the market and in development lower IOP 

by decreasing inflow or increasing pressure independent outflow (Zhang et al., 2012), both 

mechanisms which are present in vivo but eliminated in vitro and postmortem in situ. 

Here, we study the postmortem in situ model of the mouse eye with the aim of 

improving techniques for the perfusion of in situ eyes (both postmortem in situ and in vivo) as 

well as improving current understanding of the differences between the three states (in vivo, 

in vitro and postmortem in situ) of the mouse eye. In this study, we address the following 

questions in postmortem in situ C57BL/6 mice eyes: 

1) What is the magnitude of net pressure-independent flow, Q0 at the start of a perfusion? 

What is the magnitude of outflow facility when the pressure drop across the outflow 

pathway is physiological (8 mmHg), termed Cr? Does Q0 change during the 

measurement of Cr? 

2) Is the magnitude of pressure-independent flow altered by evaporative losses from the 

surface of the eye? 

3) Does the time between death and perfusion affect the measured value of facility? 

Lastly, we address the question: 

4)  Is the facility of in vitro eyes different to that of postmortem in situ eyes? 

2. Material and methods 

2.1. Experimental design 

Multiple animal groups were used to address the questions. An overview is presented here: 
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To determine the magnitude of Q0 (Question 1), we cannulated the anterior chamber 

of mouse eyes with a needle connected to iPerfusion and allowed the eyes 30 minutes to 

acclimatise then made a direct measurement of Q0. 

Facility (Question 1) was assessed in a second Cohort in which both eyes of cadaveric 

mice were cannulated after allowing 40 minutes for rigor mortis. Eyes were then set to 

acclimatise, followed by a multi-pressure perfusion protocol to calculate outflow facility. 

Subsequently a measurement of Q0 was made in order to elucidate the magnitude of Q0 after 

a long-term perfusion. The effect of evaporative loss on Q0 (Question 2) was then determined 

by lowering the relative humidity (RH) in the humidity chamber toward room RH while 

measuring Q0 then computing the resulting change in Q0. 

The effect of time between death and perfusion on the measured value of Cr (Question 

3) was addressed in a third Cohort in which the time between death and cannulation was 

reduced to <15 minutes and a multi-pressure perfusion protocol performed to determine Cr. 

For the comparison of Cr measured in vitro and postmortem in situ (Question 4), a 

fourth Cohort was introduced in which eyes were enucleated and cannulated around 40 min 

after death. Following cannulation, in vitro eyes were allowed to acclimatise followed by a 

multi-pressure perfusion protocol, from which Cr was calculated. 

2.2. Detailed methods 

2.2.1. Animal husbandry 

Male C57BL/6 mice (Charles River Ltd, UK) aged 10 to 14 weeks were housed in clear 

cages at 21ºC with a 12-h light dark cycle (lights on at 7 a.m.). Food and water were supplied 

ad libitum. Mice were euthanised by administration of 150 mg/kg of pentobarbital (Pentoject; 

Animalcare, UK), with confirmation provided by the severing of the left femoral vein and artery. 

All experiments were performed in compliance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research. 
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2.2.2. Ocular perfusion setup 

The cadaver was placed on a custom built heat mat set to 35ºC with a rectal 

temperature probe (RET-3; WPI, USA) inserted. The head was firmly held in place by a palate 

bar assembly (Model 933-B; KOPF, USA). Dulbecco’s phosphate buffered saline (PBS) 

supplemented with 5.5 mM glucose (DBG) was passed through a sterile 0.22 µm filter and 

used as perfusate. A drop of DBG placed on both eyes as eye hydrating media (Note: this 

also ensures the eye hydrating media is isosmotic with the perfusate). The cadaver was placed 

in a custom-built humidity chamber set to maintain the RH >85%, monitored with an 

environmental sensor (SHT2X/7X; Sensirion, Switzerland).  

Prior to cannulation, a pressure reference was set by adjusting a reference fluid column 

to within ±0.2 mmHg (2.7 mmH2O) of the pressure in the drop of DBG on the eye (Pdrop), then 

digitally zeroed to Pdrop. The eyes were cannulated with glass needles under a dissection 

microscope (Figure 12a). The cannulation needles were fabricated as previously described 

(Madekurozwa et al., 2017) with a tip outer diameter of approximately 100 µm and bevel angle 

of 45º (Appendix, Figure 57). 

iPerfusion (Sherwood et al., 2016) was used for perfusion measurements, and 

comprises an actuated pressure reservoir that controls the pressure applied to the eye (Pa), a 

thermal flow sensor (SLG150; Sensirion AG, Switzerland) for the measurement of the flow 

rate from the system into the eye (Q) and a differential pressure transducer (PX409; 

Omegadyne, USA) that measures the pressure within the eye (P) relative to Pdrop (Figure 12a). 

All data was acquired at 100 Hz. 
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Figure 12: Experimental setup for the perfusion of postmortem in situ eyes. a) iPerfusion system with the addition 
of a humidity chamber, heat mat and bite bar.  b) Needle positions and use of a bite bar to restrain the head of the 
animal. 

2.2.3. Pressure-independent flow experiments 

For Cohort 1, 5 eyes from 5 animals were cannulated within 15 minutes of death and 

set to acclimatise at 8 mmHg for 30 minutes. A direct measurement of the pressure-

independent flow in the eye was obtained by setting the applied pressure to 0 mmHg after the 

acclimatisation period. As the pressure in the eye approached 0 mmHg (P→0) the flow rate 

Q(P→0) was measured for a 30 minute period. The mean and two standard deviations (SD) 

of the last 5 minutes of the flow rate and pressure as P→0 were extracted for further analysis.  

2.2.4. Outflow facility experiments 

To ascertain the facility of postmortem in situ eyes, a second Cohort was used in which 

5 pairs of eyes were perfused as shown in Figure 13a and described below. 

Phase I: rigor mortis. Following euthanisation, rigor mortis was allowed to set in for 40 

minutes after which the eye was cannulated (Figure 13a).  

Phase II: acclimatisation. Eyes were set to acclimatise at 8 mmHg for 30 minutes. 

During this phase, RH was raised to >85 %.  

Phase III: measuring outflow facility. A multi-pressure perfusion was performed in 

which the pressure in the eye was varied from 5 to 17 mmHg in incremental steps of 1.5 mmHg 

then down to 8 mmHg. Steady state for each step was defined when the rate of change of 

flow measured over a 5 minute period was continuously below 5 nl/min/min for 60 seconds. 
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The last 2 minutes of each pressure step was extracted and defined as the steady state flow 

rate and pressure (Figure 13a, blue highlighted regions). The mean and two standard 

deviations of the steady state regions after the application of a 1st order Savitzky-Golay filter 

with a 60 second window length (see Appendix A, Savitzky-Golay filter) are as presented by 

the data points and error bars in Figure 13c. In order to estimate outflow facility, a power law 

model was fit to the steady state data based on our previous study (Sherwood et al., 2016): 

𝑄(𝑃) = 𝐶𝑟 (
𝑃

𝑃𝑟
)

𝛽

𝑃 

Equation 12 

where Cr is a reference facility at a reference pressure Pr=8 mmHg; an approximate 

physiological pressure drop between the anterior chamber and episcleral vessels for C57BL/6 

mice. The exponent β characterises the non-linearity of the flow-pressure relationship. A 

sample steady state flow-pressure plot with Equation 12 fit to the data is shown in Figure 13c. 

Phase IV: total pressure-independent flow after a long-term perfusion. To investigate 

whether the magnitude of Q0 changes after the multi-pressure perfusion (>160 minutes after 

death), pressure in the eyes was set to 0 mmHg and Q(P→0) measured for 30 minutes with 

RH>85%. The mean and standard deviation of the last 5 minutes of this data was taken to be 

steady state data (Q(P→0)|RH>85%) and extracted for analysis.  

Phase V: effect of humidity on pressure-independent flow measurements. Following 

the measurement of Q0 in Phase IV, the effect of evaporative loss when DBG is used as 

perfusate and eye drop was demonstrated in 4 eyes from 3 mice by reducing the RH from 

>85% to room level (<65%), while measuring Q(P→0) over a period of 30 minutes. As in 

Phase IV, the mean and standard deviation of the last 5 minutes of data (Q(P→0)|RH<65%) were 

extracted for analysis. RH was decreased by exchanging the air in the (~70l) enclosure at ~50 

l/min for 15 minutes. 
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Figure 13: Sample perfusion from the outflow facility experiments. a) Relative humidity of the enclosure. b) 
Measured flow and pressure. Raw flow rate (Q) is in grey, the flow and pressure signals after the application of a 
1st order 60 second window length Savitzky-Golay filter are shown in black and red respectively. Steady state flow 
and pressure readings are highlighted in blue and green. c) Data points show the mean and two standard deviations 
of the steady state flow and pressure. The power law fit (Equation 12) to the steady state Q-P data is given by the 
blue curve with the 95% confidence interval (CI) of the fit shown as a shaded blue region. Dashed lines indicate 
extrapolated regions. 

2.2.5. Effect of time after death on facility experiments 

Cohort 3 (N=6 pairs of eyes) was used to investigate the effect of time between death 

and cannulation on facility, by cannulating less than 15 minutes after death. Following 

cannulation, the eyes were set to acclimatise at 8 mmHg for 30 minutes. After the 

acclimatisation period, the needles were repositioned to minimise tension on the cornea – a 

result of the rigor mortis driven retraction of the eye into the orbit. The pressure in the eyes 

was then varied from 5 mmHg to 23 mmHg in steps of 3 mmHg with the same pressure 

stepping criterion as Cohort 2. 

2.2.6. Facility of in vitro eyes 

For the comparison of in vitro to postmortem in situ facility, Cohort 4 (N=43) was used. 

Control eyes from other studies perfused in vitro as previously described (Sherwood et al., 

2016) were used. 

2.3. Statistics 

Data is reported in the form X [lower CI, upper CI]. For normally distributed data such 

as flow rate, pressure and β, X is the mean with 95% confidence interval (CI) given in square 

brackets. For log-normally distributed data such as facility (Sherwood et al., 2016), X is the 

geometric mean with 95% CI given in square brackets. 
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Normally distributed data and the log transform of log-normally distributed data were 

assessed using the t-test. 

3. Results 

3.1. Postmortem in situ pressure-independent flow 

To measure Q0 in Cohort 1, immediately following acclimatisation the applied pressure 

was set to 0 mmHg. The resulting asymptotic approach of pressure and flow to 0 mmHg and 

Q0 for all 5 independent eyes in this Cohort are shown in Figure 14a. The average value of 

P(P→0) and Q(P→0) are shown in Figure 14b. The average flow across all 5 independent 

eyes when Pa is set to 0 mmHg was Q(P→0)=0.7 [-4.2, 5.67] nl/min (p=0.042, N=5) with 

P(P→0)=0.04  [-0.01, 0.09] mmHg, neither of which are significantly different from 0. 

To investigate if pressure-independent flow changes after long-term perfusions, 

P(P→0) and Q(P→0) were measured in Phase IV of the outflow facility experiments. Traces 

of P(P→0) and Q(P→0) for 5 pairs of eyes are shown in Figure 14c. Average values of the 

P(P→0) and Q(P→0) traces are shown in Figure 14d. The average measured Q(P→0) in 

randomly selected individual eyes from each animal in this Cohort when Pa is set to 0 mmHg 

is Q(P→0)=4.0 [-0.40, 8.4] nl/min (p=0.84, N=5) with P(P→0)=0.00  [-0.06, 0.06] mmHg.  
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Figure 14: Pressure-independent flow in a mouse cadaver. a) The direct measurement of P(P→0) and Q(P→0) 
over a 30 minute period which began 45 minutes after the death of the animal. c) Direct measurement of P(P→0) 
and Q(P→0) over a 35 minute period which began at least 160 min after the death of the animal (from phase IV of 
the outflow facility experiments). The mean and two standard deviations on the last 5 minutes of data from the flow 
and pressure measurements in panels (a) and (c) are shown as data points with error bars in panel (d) and (e) 
respectively. In b) and d), the sensor uncertainty is shown by the grey regions. In c) and d) pairs of eyes from the 
same cadaver are plotted in the same colour. 

3.2. Effect of humidity on evaporative losses 

The effect of humidity on Q0 was assessed in 4 eyes from 3 animals by measuring 

Q(P→0)|RH>85%, decreasing the relative humidity to room level and measuring Q(P→0)|RH<65% 

as shown in Figure 15a. The difference between Q(P→0)|RH>85% and Q(P→0)|RH<65% is shown 

in Figure 15b. In all four eyes, measured flow rates increased between 20 and 60 nl/min 

indicating evaporative losses. 
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Figure 15: The effect of humidity on pressure-independent flow measurements. a) The relative humidity (RH) in 
the humidity chamber. The acquired flow rate is shown by the grey trace, the flow and pressure signals after the 
application of a filter are shown in black and red respectively. The time during which the air in the humidity chamber 
was exchanged with room air is represented by the yellow region . b) Each data point is the difference between 
Q(P→0)|RH>85% and Q(P→0)|RH<65% in an eye. 

3.3. Postmortem in situ facility 

Postmortem in situ facility of C57BL/6 mouse eyes was determined by first allowing 

rigor mortis to set in for 40 minutes then performing a multi-pressure perfusion (Figure 13b, 

Phases I to III) from which steady state pressures and flows were extracted (Figure 13c). The 

values of Cr and β from the regression fit to the steady state pressure-flow relationship are 

shown in blue on Figure 16a and b respectively. The geometric mean of the outflow facility of 

the 5 eyes perfused was 4.3 [3.9, 4.8] nl/min/mmHg with a mean β of 0.09 [-0.10, 0.28]. The 

average percentage difference between contralateral eyes was -5 [-18, 10] % (p=0.6, N=5). 

The effect of time after death on facility was investigated by reducing the time between 

death and cannulation to 15 minutes (not waiting for rigor mortis to set in) then performing a 

multi-pressure perfusion of the eyes. This data is shown in red on Figure 16a and b 

respectively. The geometric mean of the outflow facility was 4.0 [3.6, 4.4] nl/min/mmHg with a 

mean β of 0.51 [0.37, 0.65]. The average percentage difference between pairs of eyes was 7 

[-10, 30] % (p=0.5, N=6). 
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Figure 16: Reference outflow Facility and non-linearity of postmortem in situ mouse eyes. Data points in a) and b) 
represent the paired fit parameters of facility (Cr) and non-linearity (β) as defined in Equation 12. Fit parameters 
from the outflow facility experiments and effect of time after death on facility experiments are shown in blue and 

red respectively. Grey ellipses in panels a) and b) represent the 95% confidence interval on the regression fitting 
of Equation 12. a) The black line represents the line of unity while the green line shows the mean fold difference 
between pairs of eyes for both Cohorts with the 95% confidence interval on the fold difference represented by the 
grey shaded region. 

3.4. Comparison between in vitro and postmortem in situ facility measurements 

A comparison between the facility and non-linearity of in vitro and postmortem in situ 

eyes is provided in Figure 17. The mean facility in in vitro eyes (4.3 [3.7, 4.8] nl/min/mmHg) 

was insignificantly different from postmortem in situ eyes (4.2 [3.8, 4.6] nl/min/mmHg) 

(p=0.894). 

Non-linearity was 0.84 [0.69, 0.98] in in vitro eyes (Figure 17, yellow Cello). In 

postmortem in situ eyes, the non-linearity in Cohort 2 was 0.10 [-0.10, 0.28] (Figure 17, blue 

data points) and 0.51 [-0.37 0.65] in Cohort 3 (Figure 17, red data points). The average non-

linearity of all the postmortem in situ eyes was 0.33 [0.12, 0.55] which is significantly different 

from that in in vitro eyes (p=0.002). The difference in non-linearity between Cohort 2 and 3 

might be due to the time allowed for rigor mortis to set in prior to perfusion in Cohort 2. 
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Figure 17: Comparison of facilities and non-linearity parameters for in vitro and postmortem in situ perfusions. a) 
Data points show regression fit parameters of Cr (panel a)) and β (panel b)) with the CI on the fit parameters given 
by the error bars. In a) and b), shaded regions show best estimates of the sample distributions are shown by the 
shaded regions with dark central bands show 95% CI on the mean values. Thin and thick white lines show the 
sample mean and two-sigma. 

4. Discussion 

4.1. Total pressure-independent flow postmortem in situ 

Pressure independent flow can play a key role in the determination of outflow facility 

(Sherwood et al., 2016, Madekurozwa et al., 2017). Indeed, we have shown previously for in 

vitro eyes that allowing an additional free parameter in regression analyses (Q0=Qin-Qu) can 

lead to significant errors of several fold in estimates of facility (Madekurozwa et al., 2017). 

Therefore the magnitude of pressure-independent flow and its variation over time must be 

considered in the calculation of postmortem in situ facility. Here we show Q0≈0 nl/min 30 

minutes into the experiment and is still 0 nl/min 160 minutes after death, therefore in 

calculating facility it is appropriate to assume Q0 is constant and equal to zero within 

experimental certainty. 

Here we have shown for postmortem in situ eyes that, as with in vitro eyes, there is 

negligible pressure-independent flow. This result is in contradiction to previous studies (Millar 

et al., 2015, Millar et al., 2011) which have used extrapolation to estimate postmortem in situ 

“unconventional outflow” (Millar et al., 2011). In addition to the use of linear regression for non-

linear data (consistently apparent when perfusion apparatus has sufficient resolution), a 

possible explanation demonstrated here is the role of humidity. In our proof-of-concept data 

set of 4 eyes, reducing the humidity from high values to equilibrate with the room led to flow 
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rates of 20-60 nl/min. At the average facility of ~4 nl/min/mmHg at 8 mmHg, the flow rate would 

be 32 nl/min, hence the effect of evaporation could result in a significant overestimation of 

facility. Evaporation of the droplet on the eye causes an increase in Q0 by increasing the 

osmolarity of the droplet thereby causing fluid to be drawn across the cornea (Mishima and 

Maurice, 1961a, Mishima and Maurice, 1961b, Wisard et al., 2010, Ridder et al., 2002, von 

Bahr, 1956). 

From Mishima and Maurice (1961b), the average rate of fluid loss from the surface of 

a saline washed eye is 47.6 µl/cm2/hr. Given the radius of the eye is 1.7 mm (Li et al., 2014b) 

and estimating the surface area of the mouse eye exposed to room air to be 1/3 of its total 

surface area, the total evaporative loss from the surface area of the eye will be 30 nl/min which 

is comparable to the 20-60 nl/min measurement we made. 

4.2. Postmortem in situ perfusions 

In eyes cannulated prior to rigor mortis onset, retraction of the eye into the orbit 

resulted in a decrease in the volume of the eye which forces fluid out of the eye and into the 

system, which registered as a negative flow rate by the flow sensor. During the first hour after 

death, the needles must be readjusted in order to ensure they are not dislodged from the 

retracting eye.  

4.3. Choosing between the postmortem in situ and in vitro mouse model 

In vitro perfusions have the advantage of having a simpler setup (Chapter 2) and allow 

pictures of the eye to be taken at any point during the perfusion. The setup for postmortem in 

situ perfusions requires several additions (humidity box, head holder, rectal probe, heat mat), 

and pictures can only be taken at the start and end of the perfusion (due the retraction of the 

eye into the orbit and high relative humidity). In vitro perfusions are therefore preferred to 

postmortem in situ perfusions when either model can be used. In studies of ocular compliance, 

the in vitro model should be used as the tone and presence of the extraocular muscles may 
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influence the measured compliance (particularly since rigor mortis affects the tension in the 

muscle).  

The Cr and Q0 of in vitro eyes is not statistically different from that of postmortem in 

situ eyes (Figure 17a), but β is significantly less in postmortem in situ eyes than in in vitro eyes 

(Figure 17b). This suggests that both models are equally useful for the study of the effect of 

drugs on Cr. However, as β might be time dependent as well as AC deepening dependent 

(Chapter 3b) if postmortem in situ eyes have a lower β then they are the preferable model for 

experiments at a fixed pressure or with a long time frame (>>3 hours). 

4.4. Toward in vivo perfusions 

The capability of analysing AHD in vivo is of interest as some aspects of IOP regulation 

may involve active mechanisms which are eliminated postmortem (Strohmaier et al., 2013, 

Ramos and Stamer, 2008). Hence, the in vivo evaluation of AHD is of interest. 

The simplicity of postmortem perfusions (no need for anaesthetics, elimination of inflow 

and EVP) coupled with their similarity to in vivo perfusions (in that the eyes are in situ) makes 

them an ideal model for developing some of the technology required for in vivo perfusions. 

Just as in postmortem in situ perfusions, evaporative losses from the ocular surface 

must be prevented in in vivo perfusions, as a potentially time varying evaporative loss would 

be difficult to account for. Evaporative losses are prevented by the use of a humidity chamber 

and cornea hydrating media which is isosmotic with the perfusate. 

The temperature regulation and safety of the heat mat was monitored in these 

experiments and did not burn the cadavers or malfunction in any of the experiments. 

Moreover, the cadaver’s temperature as monitored with a rectal probe was stable during the 

perfusions. 

The designed head holder has inlet and tubes that can be used to deliver oxygen and 

anaesthetic to a live mouse. This has the added benefit of ensuring the mouse does not have 

difficulty breathing in the high relative humidity chamber. 
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5. Conclusions 

The pressure-independent flow in cadaveric male C57BL/6 mouse eyes measured 70 

minutes and at least 195 minutes after the animals death is not significantly different form 0 ± 

5 nl/min. Evaporative loss from the eye when the RH is <65% is substantial, but is decreased 

when RH is >85%. The facility of postmortem in situ eyes have a strong intra pair concordance. 

Here we also developed a temperature regulatory system which maintained the animals 

temperature within physiological limits and a head holder which fixed the head for the 

cannulation and perfusion of pairs of mice eyes. 
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1. Introduction 

Glaucoma is a world leading cause of irreversible blindness, the only treatable risk 

factor of which is elevated intraocular pressure. Intraocular pressure in a perfused eye 

experiment has been proposed to be: 

𝑃 =
1

𝐶
(𝑄𝑖𝑛 + 𝑄 − 𝑄𝑢) − 𝑃𝑒𝑣  

Equation 13 

where P is the intraocular pressure, Qin inflow, Qu pressure-independent outflow, Pev episcleral 

venous pressure, C outflow facility and Q is the flow rate from a perfusion system. Elevated 

intraocular pressure is thought to arise from a decrease in outflow facility caused by an 

obstruction of the pressure-dependent conventional outflow pathway. Thus the determination 

of outflow facility is of interest when studying the efficacy of treatment strategies. 

Mice are a popular model for the study of aqueous humour dynamics (AHD) of mice, 

particularly since they are a cost effective model with an anatomy and physiology that is similar 

to that of humans (Boussommier-Calleja et al., 2012, Smith, 2002). The determination of 

outflow facility (C) in mouse eyes is simpler in in vitro eyes as compared to in vivo, due to the 

elimination of episcleral venous pressure, elimination of pressure-independent outflow 

(Madekurozwa et al., 2017) and the other complexities of working with living animals, including 

the transient effects of anaesthesia. 

However, in vivo mouse eye perfusions differ from in vitro perfusions in the route 

AH/perfusate follows within the eye. In vivo, in addition to perfusate from a needle placed in 

the anterior chamber (AC), aqueous humour is produced by the ciliary body and flows from 

the posterior chamber (PC) via the iridolentricular channel to the AC, then exits the eye 

predominantly through the conventional outflow pathway. Whereas, in vitro perfusions are 

predominantly carried out with cannulation via the AC, hence perfusate can exit the eye 

without flowing through the PC.  PC chamber cannulations of mouse eyes are not routinely 

performed due to the difficulty associated with the placement of the needle. As the lens-iris 
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diaphragm acts as a one-way check valve that allows inflow from the PC to the AC, but 

collapses to prevent retrograde flow when the pressure in the AC exceeds that in the PC 

(Grant, 1963, Grant, 1955, Moses, 1977), the AC perfusion of in vitro mouse eyes can lead to 

a phenomenon known as AC deepening. AC deepening is the posterior displacement of the 

iris and lens, which results in an increase in outflow facility by applying tension to the ciliary 

muscle which is transmitted via the cribriform plexus to the inner wall of Schlemm’s canal, the 

main site of outflow resistance (Rohen et al., 1981, Rohen et al., 1967). 

We hypothesise that reducing the intraocular fluid volume of AC cannulated eyes 

increases outflow facility by deflating the eye and allowing space for AC deepening (Figure 

18). In contrast, perfusion without volume reduction would preserve the PC and minimise the 

facility effect caused by AC deepening. AC deepening is an artefact of AC perfused in 

vitro/postmortem in situ eyes, understanding the cause and impact of this artefact is therefore 

important in its interpretation and prevention. 

 
Figure 18: The mechanism by which intraocular fluid volume reduction may potentiate AC deepening. The initial 
ocular volume is given by the blue dashed circle. Black arrows indicate fluid flow while red arrows indicate pressure 
magnitude. a) Postmortem eye prior to cannulation. b) AC cannulation of the postmortem eye at physiological IOP 
(8 mmHg). c) Deflation of the eye by setting IOP=0 mmHg. d) Upon re-pressurisation, the lens-iris diaphragm acts 
as a one-way valve, preventing the PC from refilling, increasing the magnitude of AC deepening. 

This report investigates the question, can we increase AC deepening by deflating the 

eye? 

2. Materials and methods 

2.1. Experimental design 

All experiments were carried out on cadaveric C57BL/6 mice. 
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The effect of deflation on outflow facility was assessed using a paired protocol in which 

facility was compared between contralateral eyes where one eye from each pair was deflated 

(Figure 21a and b, region in yellow) prior to the determination of its facility (Figure 21a and b, 

60 to ~150 minutes). 

Changes in facility due to perfusion time or volume perfused were determined using a 

sequential protocol in which outflow facility was assessed before (Figure 22a, Cycle 1) and 

after (Figure 22a and  c, Cycle 2) allowing a 30 minute period to elapse (Figure 22a, region in 

yellow). To determine the additive effect of perfusion volume\time-dependent changes and 

deflation, the contralateral eye was perfused with the same protocol but deflated (Figure 22c, 

region in yellow) between the initial (Figure 22c, Cycle 1) and final (Figure 22c, Cycle 2) 

determination of facility. 

The effect of deflation on AC depth was assessed by imaging the eye with OCT at 8 

mmHg and 16 mmHg before and after deflation (Figure 19, times marked with a red cross). 

 
Figure 19: OCT measurements before and after evacuating the AC of the eye. Tracing of pressure in the anterior 
chamber of the eye. OCT measurements of AC depth were taken at the pressures marked with crosses (black 
and red). 

2.2. Detailed Methods 

2.2.1. Animal husbandry 

Male C57BL/6 mice (Charles River Ltd, UK) aged 10 to 15 weeks were housed in clear 

cages at 21ºC with a 12-h light dark cycle (lights on at 7 a.m.) with food and water supplied ad 

libitum. To prevent coagulation, 0.3 ml of heparin (6mg/ml in PBS , Sigma-Aldrich, DE) was 

administered via intraperitoneal (IP). Five minutes later, animals were euthanised by 



87 
 

administering 100mg/kg of pentobarbital (Pentoject; Animalcare, UK). Death was verified by 

severing the left femoral vein and artery and confirming cessation of blood flow. All 

experiments were performed in compliance with the ARVO Statement for the Use of Animals 

in Ophthalmic and Vision Research. 

2.2.2. Ocular perfusion setup 

The perfusion setup (Figure 20) consists of the iPerfusion system (Sherwood et al., 

2016) with the additions of a heat mat, humidity chamber and head holder for the maintenance 

of body temperature, prevention of eye surface evaporative losses and stabilisation of the 

head (Chapter 3a). The perfusate was Dulbecco’s PBS with 5.5 mM glucose passed thorough 

a sterile 0.22 µm filter. A drop of perfusate was placed on each eye to keep the eyes hydrated 

and the reference pressure (0 mmHg) set to be the pressure in the drop of saline on the eye. 

Following cannulation, pairs of eyes were set to acclimatise at 8 mmHg for 30 minutes, 

after which the needle was repositioned in response to retraction of the eye into its orbit due 

to rigor mortis. Pairs of eyes were then perfused with either a paired or sequential pressure 

stepping protocol. 

 
Figure 20: Experimental setup. iPerfusion system setup with the additions of a heat mat, humidity chamber and 
head holder. This setup allows for the perfusion of in situ eyes. 

2.2.3. Paired protocol 

Following acclimatisation (Figure 21, 0 to 30 minutes), the experimental eye was 

deflated by setting intraocular pressure to 0 mmHg for an additional 30 minutes (Figure 21b, 
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30 to 60 minutes), while the control eye was set to 8 mmHg (Figure 21a, 30 to 60 minutes). A 

multi-pressure perfusion protocol was then performed in which the pressure in the eye was 

varied from 5 to 23 mmHg in incremental steps of 1.5 mmHg, followed by steps to 8 mmHg 

and 0 mmHg (Figure 21a and b, from 60 minutes to the end of the tracings). Stability of each 

pressure was defined as once the rate of change of flow as measured over a 5 minute period 

remained less than 5 nl/min/min for 60 seconds. The last 3 minutes of data from each pressure 

step were taken to be steady state (Figure 21, blue highlights for control eyes and green for 

deflated). The mean and 2 standard deviations (SD) of the steady state regions were used to 

calculate Cr and β for control and deflated eyes by fitting a power law model to the data based 

on our previous study (Sherwood et al., 2016): 

𝑄(𝑃) = 𝐶𝑟 (
𝑃

𝑃𝑟
)

𝛽

𝑃 

Equation 14 

where Cr is a reference facility at a reference pressure Pr=8 mmHg; an approximate 

physiological pressure drop between the anterior chamber and episcleral vessels. The 

exponent β characterises the non-linearity of the flow-pressure relationship. 

 
Figure 21: Sample paired Q-P plots from the paired protocol. a) Time traces of intraocular pressure (P) measured 
by the differential pressure transducer and flow measured by flow sensor in a sample control eye (a) and a sample 
deflated eye (b). Steady state pressure and flow regions are highlighted in blue (a) or green (b). 



89 
 

2.2.4. Sequential protocol 

Following acclimatisation, a 2-cycle perfusion was performed. Both cycles followed the 

previously described stepping protocol. Between cycles, the experimental eye was deflated 

by setting IOP to 0 mmHg while the contralateral eye was set to 8 mmHg (Figure 22a and c, 

yellow region). Facility was evaluated separately for each cycle. 

 
Figure 22: Sample paired Q-P plots from the sequential protocol. a) Measured pressure and flow tracing from a 
sample deflated eye, with the yellow region between cycle 1 and 2 indicating the deflation of the eye. c) Measured 
pressure and flow tracing from a sample control eye in which pressure was set to 8 mmHg while the contralateral 
eye was deflated (yellow region). In a) and c), red and black traces show the filtered pressure signals as obtained 
by applying a 1st order Savitzky-Golay filter with a frame length of 60 seconds to the data captured signals (shown 
in gray). b) Data points show the mean and 2 SD of the steady state flow and pressure of cycle 1 (blue) and cycle 
2 (green) of the experiment shown in Figure 22a with the model fit and confidence interval for each cycle shown 
by the trace and shaded area. d) Data points show the mean and 2 SD of the steady state flow and pressure of 
cycle 1 (blue) and cycle 2 (green) of the experiment shown in Figure 22c with the model fit and confidence interval 
for each cycle shown by the trace and shaded area.  

2.2.5. Imaging AC depth with OCT 

AC depth was imaged by an 840 nm wavelength SD-OCT (Envisu R2200; 

Bioptigen/Leica) in cadaveric mice placed in a custom holding chamber (Li et al., 2014). These 

studies examined one eye of five C57BL/6 mice, aged 3 – 4 months of either sex. Mice were 

euthanised by isoflurane overdose, and then immediately placed within the holding chamber. 
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A hydrating drop of DBG was placed on the cornea, and an OCT image was acquired of the 

iridocorneal angle within 4 minutes of death. Eyes were then cannulated with glass pulled 

pipettes and pressurised to 8 mmHg using an adjustable height reservoir. The pressure was 

maintained at 8 mmHg for 60 minutes, followed by 10 minute long steps at 16, 8 0, 8, 16 and 

8 mmHg. The 0 mmHg pressure corresponds to the period of deflation. OCT images were 

acquired at the start, middle and end of each pressure period. 

2.3. Statistics 

Data is reported in the form X [lower CI, upper CI]. For normally distributed data such 

as flow rate, pressure and β, X is the mean with 95% confidence interval (CI) given in square 

brackets. For log-normally distributed data such as facility (Sherwood et al., 2016), X is the 

geometric mean with 95% CI given in square brackets. 

Normally distributed data and the log transform of log-normally distributed data were 

assessed using the t-test. 

3. Results 

3.1. Paired experiments 

To investigate the effect of deflation on outflow facility, we cannulated 5 pairs of eyes 

then deflated one eye from each pair while the contralateral was maintained at 8 mmHg 

(Figure 21, yellow region), next we performed a standard stepping protocol in each eye for the 

determination of each eye’s facility. The steady state pressure and flow from the stepping 

protocol of the sample trace shown in Figure 21 is shown in Figure 23. 
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Figure 23: Facility of the sample pair of eyes from the paired protocol. Data points show the mean and 2 SD of the 
steady pressure and flow for the deflated eye (green) and the control eye (blue). The lines with shading show the 
model fit for each data set and its 95% confidence interval. 

The outflow facility of all 5 pairs of eyes is shown on Figure 24a. The average value of 

outflow facility in control eyes was 3.4 [2.6, 4.5] nl/min/mmHg. In deflated eyes, the average 

outflow facility was 7.1 [5.0, 10.1] nl/min/mmHg. Comparing between paired contralateral eyes 

(Figure 23b), deflation increased outflow facility on average by 110 [54, 186] % (p = 0.002, N 

= 5 pairs). 

 
Figure 24: Effect of deflation on facility. a) Paired plot of the facility in control eyes vs. the facility in deflated eyes. 
Data points and ellipses represent the facility (Cr) and its 95% confidence interval as obtained from the regression 
fit of Equation 14 (Figure 23). The unity line is shown in black with the mean percentage difference and its 95% CI 
shown by the red line and grey shaded region. b) Cello plot of the relative difference in facility between control and 
deflated eyes from the paired experiments. Data points show the percentage difference in facility between pairs of 
control and deflated eyes. An estimate of the sample distribution is shown by the shaded area with white lines 
representing the mean and two-sigma of the sample. 

3.2. Sequential experiments 

We then asked whether deflation gives an additional facility increase on top of that 

already observed with perfusion time. To investigate this, we measured baseline outflow 
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facility in postmortem eyes in situ, then deflated the eye and measured outflow facility again. 

In paired contralateral eyes, we did not deflate the eye but maintained IOP at 8 mmHg for the 

time between the two facility measurements. For each facility measurement, we used a 

standard iPerfusion protocol with 6 pressure steps (Figure 22). 

For control eyes without deflation, the baseline (Cycle 1) outflow facility was 4.1 [3.6, 

4.7] nl/min/mmHg (Figure 25a). The second facility measurement (Cycle 2) was 6.8 [5.6, 8.3] 

nl/min/mmHg (Figure 25b), corresponding to a 64 [30,107] % increase relative to baseline 

within individual eyes (p = 0.004, N = 6 pairs). For deflation, the outflow facility was 3.8 [3.1, 

4.8] nl/min/mmHg at baseline (Figure 25a) and 7.4 [5.8, 9.5] nl/min/mmHg after deflation 

(Figure 25b). The relative increase in facility was 93 [39, 167] % within individual eyes (p = 

0.005, n = 6 pairs). There was no significant difference in the absolute value of outflow facility 

between contralateral eyes at baseline (-7 [-23, 11]%; p = 0.5, N = 6) nor after deflation (9 [-5, 

26] %; p = 0.4, N = 6), where these percent changes represent the relative facility difference 

of experimental eyes with deflation versus control eyes without deflation. Thus, the increasing 

outflow facility with perfusion time does not appear to be different from that caused by 

deflation. This further suggests that AC deepening is the cause of outflow facility increasing 

with perfusion time. 

 
Figure 25: Additivity of changes in facility due to deflation and time elapsed after death. Paired plot of the facility in 
delated and control eyes. Data points and ellipses represent the facility and its 95% CI as obtained from the 
regression fit of Equation 14 to a) paired data from cycle 1 (Figure 22b and d, blue traces) and b) paired data from 
cycle 2 (Figure 22b and d, green traces). c) Cello plots of the relative difference in paired facility measurements 
from cycle 1 (blue Cello plot) and cycle 2 (green Cello plot). 
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3.3. The effect of deflation on iris deformation and AC Depth 

From the OCT experiment (Figure 26) during the acclimatisation period 0-30 minutes, 

AC depth decreased. After the 30 minute acclimatisation, AC depth was constant for the 

duration of the first 8 mmHg pressure. When pressure in the eye went sequentially form 8 to 

16 mmHg (Figure 26b, 60 and 100 minutes), the anterior chamber depth increased, 

presumably by increasing the volume of the corneoscleral shell and by posterior displacement 

of the iris-lens diaphragm. On return to 8 mmHg (Figure 26b, 70 and 110 minutes) AC depth 

was larger than it was in the preceding 8 mmHg step.  

Because OCT images of the iridocorneal angle do not typically include the AC midline, 

we defined a proxy measure for AC depth as the perpendicular distance between the cornea 

and iris at a fixed distance from the iridocorneal angle (Figure 26c). The proxy AC (λ) depth 

was 0.35 mm during the 8 mmHg period immediately before deflation. After deflation and a 10 

minute period to allow fluid to enter the eye, the λ at 8 mmHg was 0.43 mm, corresponding to 

a relative increase of 23 %. At 16 mmHg, λ increased by 34 % after deflation. These results 

show that deflation is associated with an increase in AC depth. 

 
Figure 26: Anterior chamber depth as visualised using OCT. a) OCT images of a postmortem eye before 
cannulation and 10 minutes after the eye has been set to pressures of 8, 16 or 0 mmHg. b) The steps in pressure 
and normalised anterior chamber depth during each pressure step. The data points in red in panel (b) correspond 
to the OCT images in panel (a). c) The proxy AC depth was measured as the shortest distance from the cornea to 
the lens (red line) as measured a fixed length from the iridocorneal angle (green line). 
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4. Discussion 

4.1. Mechanism of AC deepening 

Aqueous humour production and the direction of aqueous humour flow allows PC 

pressure to be 0.23 mmHg greater than AC pressure in humans (Heys et al., 2001). This 

pressure drop maintains the patency of the iridolenticular channel. Once AH production 

ceases after death, AC pressure may exceed PC pressure. This pressure drop collapses the 

iridolenticular channel, which functions as a one-way check valve, allowing flow from the PC 

to AC, but not in the other direction (Grant, 1963). 

AC deepening is the posterior displacement of the iris that arises due to pressure and 

fluid imbalances across the iris in combination with the one-way valve function of the 

iridolenticular channel. The posterior displacement of the iris applies traction to the trabecular 

meshwork, decreasing outflow resistance. In humans the AC deepening results in two-fold 

increase in outflow facility (Grant, 1963). Thus, AC deepening prevents accurate 

measurement of the physiological value of outflow facility. It is therefore important to 

understand the mechanism of AC deepening and how to detect when AC deepening is 

occurring during a perfusion, so that its potential effects on facility may be identified. 

4.2. AC deepening in Mice 

From the OCT experiments, increasing the pressure in the AC of the eye to 16 mmHg 

surprisingly increases AC depth as measured at 8 mmHg before and after the step to 16 

mmHg. As AH is incompressible, any posterior iridial displacement must be coupled to 

expansion of the posterior globe or squeeze-out from the choroid. It is likely that fluid drainage 

through posterior outflow routes is the cause of the reduction in PC volume that results in an 

increase of AC depth between steps of 8 mmHg separated by a single step to a pressure 

higher than 8 mmHg. The iris and the lens acting as a one way valve is supported by 

comparing the AC depth at the end of all the 8 mmHg steps and noting the AC depth increases 

in time and never decreases at a given pressure, this is also true of the 16 mmHg pressure 

steps. 
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From the paired experiments (Figure 21), the facility of eyes that are deflated resulted 

in a two-fold increase in facility on average (Figure 24) in comparison to control eyes. This 

illustrates the magnitude of change in facility that deflation can cause. This also shows the 

increase in facility is not a solely time dependent event. 

From the sequential experiments the increase in facility due to time and due to deflation 

were not additive which implies time-dependent changes in facility and changes in facility due 

to deflation may occur via the same mechanism of action. 

4.3. Mitigating AC deepening  

As mice now represent a significant quantity of outflow studies and the effect of AC 

deepening is significant, it is important to solve the AC deepening problem in mice. AC 

deepening is partly accounted for by performing randomised paired experiments with suitable 

controls in order to reduce any bias, but other methods of accounting for and possibly 

preventing it are possible. Here we discuss some of the approaches that can be taken to 

mitigate and identify AC deepening. 

Typically, the effects of AC deepening are eliminated by an iridotomy or by placing the 

perfusion needle in the PC (Grant, 1963). However, due to the small size of the mouse eye, it 

is not always possible to perform a surgical iridotomy, and because of the shape of the iris, it 

is not easy to reliably place a cannula through the iridolenticular channel. Work is currently 

underway on a system capable of performing a laser iridotomy, which would provide the 

accuracy and reliability mouse eyes require. 

During enucleation, if the eye is squeezed, then the momentary pressure spike can drive 

flow out of the AC through the outflow pathway. This fluid loss will be balanced by flow from 

the PC to the AC. This effectively causes a deflation, although the magnitude of the effect will 

depend on the duration and magnitude of any pressure spike, and is likely dependent on user 

technique, quality of dissection instruments and the anatomy and properties of surrounding 

orbital tissue. As some degree of over pressurisation is likely unavoidable during enucleation, 
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it seems all enucleated murine eyes will likely be primed to some extent for AC deepening. 

Here we used postmortem in situ eyes in order to eliminate the enucleation process as a 

source of variability in the results. 

AC deepening can be minimised by taking care during enucleation, and having a protocol 

that does not involve deflation. AC deepening is likely reduced in vivo due to inflow from the 

PC to the AC. Also, in vivo cannulations do not typically involve the extent of manual handling 

of the eye as occurs during enucleation. Thus, the magnitude and duration of any pressure 

spikes are likely to be minimal such that PC volume is maintained, and the eye is cannulated 

and perfused with minimal changes to eye volume. However, AC deepening has been 

observed in vivo, This typically occurs at higher values of IOP where corneoscleral expansion 

displaces PC fluid to allow posterior iridial displacement. In vivo AC deepening would 

presumably persist until inflow is able to pressurise and fill the PC, and push the iris back to 

its resting position. 

5. Conclusions 

The present data therefore supports our hypothesis that deflation of the eye can 

increase facility of postmortem in situ mouse eyes and enhance AC deepening. Care must be 

taken to avoid unintentional pressure spikes that may drain the eye and potentiate the adverse 

effects of AC deepening on outflow facility. To prevent time dependent changes in facility from 

affecting studies, the perfusion time of eyes must be minimal and paired control experiments 

utilised.  
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1. Introduction 

Glaucoma is a world leading cause of blindness characterised by irreversible damage to 

the optic nerve. Elevated intraocular pressure (IOP) is the main risk factor of glaucoma, the 

lowering of which is the only known neuroprotective treatment (Leske et al., 2003). IOP is 

generated by the drainage of aqueous humour through a resistive pathway and into the 

episcleral vessels. Primarily, IOP elevation is caused by an increase in the resistance of AH 

drainage (Kwon et al., 2009, Grant, 1951, Stamer and Acott, 2012), thus the mechanisms by 

which outflow resistance is regulated is of interest and not yet fully understood. The main 

source of aqueous humour resistance is thought to be the inner wall of Schlemm’s canal and 

Juxtacanalicular tissue (Grant, 1951, Overby et al., 2009, Tamm and Fuchshofer, 2007, 

Johnson and Kamm, 1983), an endothelial-lined vessel that serves as the primary route for 

aqueous humour outflow. As Schlemm’s canal cells may have a vascular origin (Hamanaka 

et al., 1992, Dautriche et al., 2015, Ramos et al., 2007, Kizhatil et al., 2014), the mechanisms 

governing the regulation of its resistance maybe similar to those in the vasculature. 

A key signalling molecule in the regulation of systemic blood pressure by the regulation 

of vascular tone is nitric oxide (NO). NO is produced when L-arginine is converted into L-

citrulline, a reaction that is catalysed by endothelial nitric oxide synthase (eNOS) enzymes. 

IOP in transgenic mice overexpressing eNOS has been shown to be lower than that of wild-

type mice (Stamer et al., 2011). Furthermore, the outflow resistance of eNOS overexpressing 

mice as measured by in vitro perfusion is significantly lower than that of wild-type mice but 

normalised when L-NAME, a competitive inhibitor of NOS is added to the perfusate (Stamer 

et al., 2011). Moreover, exogenous delivered NO has been shown  to increase outflow facility 

(Chang et al., 2015) and SC cells in culture have been shown to secrete NO in response to 

increasing shear stress (Ashpole et al., 2014, Lei et al., 2014). The effect of shear stress on 

SC endothelia may also have longer lasting effects, as they preferentially align with flow 

direction, similar to vascular endothelia (Ethier et al., 2004). 
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IOP is not static but rather oscillates by 2-3 mmHg at normal IOP in humans due to 

changes in ocular blood volume during the cardiac cycle (Coleman and Trokel, 1969, Silver 

and Farrell, 1994, Silver et al., 1989, Hoffmann et al., 2004). These pressure oscillations 

known as the ocular pulse result in oscillatory flow in Schlemm’s Canal. Here, we aim to further 

the current understanding of the effect of the ocular pulse on outflow facility by addressing the 

following queries: 

We investigate if oscillations in IOP modify outflow facility, and whether NO production 

plays a role. 

2. Materials and methods 

2.1. Experimental design 

We first designed and developed an oscillatory pressure source, which we refer to as 

iPulse, to impose a 10 Hz pressure waveform that reflects the murine heart rate (Ho et al., 

2011, Janssen et al., 2004). iPulse was interfaced with the iPerfusion system, a system that 

we originally developed to measure outflow facility in mice at a steady perfusion pressure 

(Sherwood et al., 2016). The oscillatory pressure from iPulse may thereby be superimposed 

onto a steady pressure applied by iPerfusion to generate a desired pressure waveform, in this 

case a sinusoid with an amplitude of 0.5 mmHg to approximate the ocular pulse amplitude 

observed in mice (Avila et al., 2001). We then evaluated whether the system can accurately 

measure outflow facility whilst imposing oscillations using an in vitro mock eye, composed of 

a capillary and compliant tube that mimic the hydraulic conductance and compliance of the 

mouse eye. 

To examine the effect of the ocular pulse, we used iPulse and iPerfusion to impose 

alternating periods of oscillatory and steady pressure into the eyes of cadaveric mice, whilst 

measuring outflow facility. We measured the change in outflow facility during the oscillatory 

period relative to that during the previous and subsequent steady periods. Both eyes of an 

individual were perfused with saline vehicle, but the vehicle of one eye contained L-NAME to 
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inhibit NO production, and we compared the oscillatory response between paired eyes with 

versus without L-NAME. Cadaveric mice were used because living mice, like other species 

(Reitsamer and Kiel, 2002), likely exhibit episcleral pressure pulsations that would limit our 

ability to control the oscillatory pressure within the eye. Eyes were perfused in situ to avoid 

damage that may occur during enucleation and to minimise anterior chamber deepening 

(Chapter 3b). 

2.2. Detailed Methods 

2.2.1. iPulse 

iPulse generates an oscillatory pressure waveform by compressing a length of compliant 

vinyl tubing (LT-2-4; Swagelok, Ohio) that opens at one end to the perfusion system (Figure 

27a, c). The compression was controlled using a linear actuator (L35; Nanotec, Germany) and 

microcontroller (SMC11; Nanotec, Germany) and used a hemispherical contact with a 0.75 

mm radius between the actuator and tubing. The waveform to be sent to iPulses actuator was 

stored in an electronic buffer on a data acquisition card (NI-9401; National Instruments, Texas) 

programmed using LabVIEW (National Instruments, Texas). For the current project, the buffer 

held 10 cycles of a 10 Hz sinusoidal wave that was discretised into 106 individual data points 

that were updated to the linear actuator at 100 kHz using hardware-controlled timing. 

The amplitude of the compression waveform was tuned to achieve a desired ocular pulse 

amplitude using the following iterative procedure. First, an initial small compression amplitude, 

of 30-40 µm was assigned, and the pressure drop across the mock eye (P1-P2 in Figure 27a) 

measured for 1 minute as shown in Figure 27b. Second, the amplitude of the 10Hz sinusoid 

in the signal P1-P2 was calculated using a fast Fourier transform (FFT) as shown in Figure 

27d. Third, the amplitude of the compression waveform was adjusted in proportion to the ratio 

of the desired to measured differential pressure amplitude. In practice, due to variations in the 

compliance of eyes from different animals, a repeat of steps 2 and 3 would be performed until 

the absolute difference between the measured and desired pressure amplitudes was less than 

0.05 mmHg, typically requiring 3 to 4 cycles.  
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Figure 27: Oscillatory flow source, iPulse. a) Setup to demonstrate the function of iPulse. b) Recording of an 
oscillatory signal produced by iPulse with a set frequency of 10Hz and an amplitude of 0.5 mmHg. c) 3D rendered 
image of iPulse. d) Plot of the FFT of the signal shown in (b) reveals a peak at 10 Hz. 

2.2.2. Perfusion setup 

The perfusion setup consists of a modified version of the previous iPerfusion system 

(Sherwood et al., 2016) adapted for cadaveric mice (Figure 28a). An actuated pressure 

reservoir sets the upstream applied pressure. An upstream flow sensor (SLG64; Sensirion, 

Switzerland) measures the flow rate 𝑄𝑈𝑆 from the pressure reservoir, while a downstream flow 

sensor (SLI430; Sensirion) measures the flow rate 𝑄𝐷𝑆 into the eye. The upstream flow sensor 

has a higher resolution for measuring flow rate and smaller working range (-5 µl/min, 5 µl/min) 

than the downstream flow sensor (-55 µl/min, 55 µl/min). The hydraulic resistance of the 

upstream flow sensor is also three orders of magnitude larger than that of the downstream 
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flow sensor, such that pressure oscillations imposed by iPulse are relayed primarily through 

the downstream flow sensor and into the eye (see Appendix A, Chapter 4). The mean flow 

passing through either flow sensor must balance the net flow into the eye, but reducing the 

amplitude of the flow oscillations through the upstream flow sensor allows the use of a high 

resolution sensor for the measurement of QUS (higher resolution implies lower working range) 

thereby providing a better measurement of the time-averaged upstream flow rate which is a 

measurement of the net flow rate passing into the eye. This is used to calculate outflow facility. 

The downstream flow sensor is used to estimate the oscillatory pressure in the eye (see 

Equation 15). 

 

Figure 28: Perfusion setup schematics. a) Setup for the perfusion of postmortem in situ eyes. b) Setup for the 

evaluation of system performance. 
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The pressure P was measured using a differential pressure transducer (PX409; 

Omegadyne, Connecticut) at a location between the two flow sensors (Figure 28a) relative to 

the reference pressure (the outlet reservoir). Flow and pressure measurements from the 

sensors was acquired at 100 Hz. For consistency across all experiments, the height of the 

outlet reservoir was set to the height of the drop of saline on the surface of the eye (Pdrop), 

which approximates the pressure at the downstream end of the outflow pathway. The height 

difference between the upstream reservoir and Pdrop defines the applied pressure. Pa, and 

when Pa = 0 mmHg, the flow rate into a cadaveric mouse eye is not significantly different from 

zero (Chapter 3a), suggesting that the Pdrop is indeed an appropriate reference. The oscillatory 

pressure in the eye is not measured directly, but its amplitude is estimated by using the 

amplitude of the measured flowrate and measured differential pressure at 10Hz according to: 

|𝑃𝑒𝑦𝑒| = |𝑃| − |𝑄𝐷𝑆|(𝑅𝐷𝑆 + 𝑅𝐶) 

Equation 15 

where the encapsulation of a symbol by a vertical bar denotes the signals amplitude,  𝑅𝐷𝑆 and 

𝑅𝐶 are the sum of the hydraulic resistances of the downstream flow sensor and cannula, 

measured prior to each experiment. 𝑅𝐷𝑆 is typically 0.01 mmHg/(µl/min) and 𝑅𝐶 is 0.02-0.1 

mmHg/(µl/min). Using Equation 15, and based on the uncertainty of the downstream flow 

sensor (±2,300 nl/min), the oscillatory pressure in the eye can be estimated to within ±0.05 

mmHg (See Appendix A, Chapter 4). 

The cadaver was placed within a custom-built environmental chamber to control 

temperature and humidity. A heated mat maintained the body temperature at 38ºC based on 

input from a rectal thermistor and PID algorithm to control the power supply to the mat. A 

second thermistor was used to monitor the surface of the mat, and the control algorithm 

prevented the surface temperature exceeding 42ºC. Relative humidity was measured using a 

humidity sensor (SHT2X/7X; Sensirion, Switzerland), which was maintained above 85% by 

exchanging the air in the chamber with humidified (HH210E1; Honeywell, New Jersey) room 

air.  
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2.2.3. Ocular Perfusion 

The anterior chamber of each eye was cannulated with a pulled glass micropipette that 

was controlled using a micromanipulator under a stereomicroscope. The position of the head 

was fixed using a custom-designed stereotaxic frame. The glass cannula (TW100-6; WPI, 

USA) was pulled and broken to have a tip outer diameter of 200 µm using a motorised pipette 

puller (TW100-6; WPI, USA) and bevelled to 45º (SYS-48000; WPI, USA). The hydraulic 

resistance RDS + RC was measured by applying different amplitudes of 10 Hz oscillatory 

pressures across the cannula while recording the amplitude of the flow rate at the same 

frequency (see Appendix A, Chapter 4). The perfusion fluid (vehicle) was Dulbecco’s PBS 

containing divalent cations and 5.5 mM glucose, and was sterilised by passing through a 

0.22 µm filter. The control eye was perfused with vehicle alone, whilst the contralateral 

experimental eye was perfused with vehicle containing 100 µM L-NAME (CAS No 51298-62-

5; Cayman Chemical, Ann Arbor, MI). A droplet of vehicle was placed on each eye to maintain 

hydration throughout the perfusion, which eliminates the evaporative flow rate from a 

cadaveric eye (Chapter 3a). Prior to cannulation, the cannula tip was placed within the droplet 

and flushed in order to prevent the presence of bubbles in the perfusion stream. The pressure 

within the droplet was then measured, and the height of the reference pressure reservoir was 

manually adjusted to within ±0.2 mmHg of the droplet pressure then the measured pressure 

digitally zeroed. This was done separately for each eye. 

Following cannulation, both eyes were acclimatised at 8 mmHg for 2 hours. This was 

to maintain perfusion of the outflow pathway over the time when postmortem changes would 

otherwise introduce significant variability in the perfusion measurements. This phenomenon 

was described in Chapter 3a, and was likely associated with posterior retraction of the eye 

into the orbit during rigor mortis of the extraocular muscles. After the acclimatisation period, a 

minimum of 5 alternating periods of 20 minutes with and without oscillations were carried out. 

Outflow facility was analysed for each period and compared between periods of oscillatory 

versus steady flow, following the methods described in §2.2.5. 
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2.2.4. Mock Eye Perfusion 

To ensure iPulses is capable of generating oscillatory pressure waveforms in the eye 

and the iPerfusion is capable of measuring outflow facility in the presence of oscillations, the 

mouse eye was replaced by a ‘mock eye’ consisting of a glass capillary and compliant tube 

having a similar hydraulic resistance (10 ± 4 nl/min/mmHg) and compliance (100 nl/mmHg) as 

the mouse eye (Figure 28b). The cannula was replaced with a second glass capillary having 

a resistance approximating 𝑅𝐶 (0.17 mmHg/µl/min). A second pressure transducer was 

included downstream of the cannula to directly measure the pressure drop across the mock 

eye 𝑃𝑐𝑎𝑝 (analogous to intraocular pressure) and thereby directly test the validity of Equation 

1. The applied pressure 𝑃𝑎 was set to 8 mmHg, and iPulse was tuned to generate a 10 Hz 

sinusoidal waveform with an amplitude of 0.5 mmHg across the mock eye. Seven alternating 

periods of 20 minutes each with and without oscillations were imposed.  

2.2.5. Data Analysis and Statistics 

For the ocular perfusions, raw waveforms of P, 𝑄𝑈𝑆 and 𝑄𝐷𝑆 were acquired at 100 Hz, 

and filtered using a 1st order Savitzky-Golay filter with a frame length of 60 seconds (see 

Appendix A, Savitzky-Golay filter), yielding P̅, QUS
̅̅ ̅̅ ̅ and 𝑄𝐷𝑆

̅̅ ̅̅ ̅. The oscillatory pressure in the eye 

was then calculated as |Peye|  = |P| − (𝑅𝐷𝑆 + 𝑅𝐶) |𝑄𝐷𝑆| according to Equation 15. As outflow 

facility is log-normally distributed (Sherwood et al., 2016), the stable value of outflow facility 

was calculated as the geometric mean of QUS
̅̅ ̅̅ ̅/Peye

̅̅ ̅̅ ̅ over the last five minutes of each period. 

The value of outflow facility during each oscillatory period 𝐶𝑜𝑠𝑐 was compared against that 

predicted by averaging the preceding and subsequent steady periods 𝐶𝑠𝑡𝑒𝑎𝑑𝑦 to yield a relative 

increase in outflow facility induced by the oscillations, 𝐶𝑜𝑠𝑐 𝐶𝑠𝑡𝑒𝑎𝑑𝑦⁄  denoted as 𝐶∗. This 

approach is equivalent to comparing the oscillatory values of facility against a piecewise linear 

interpolation on the steady values of facility. The weighted geometric mean of 𝐶∗, 𝐶∗̅̅ ̅, over all 

oscillatory periods was calculated to determine the effect of oscillations, where the weighing 

for each period was assigned as the inverse geometric variance of 𝐶∗.  
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The effect of NOS inhibition was then assessed by calculating 𝐶𝐿𝑁𝐴𝑀𝐸
∗̅̅ ̅̅ ̅̅ ̅̅ ̅̅ /𝐶𝑣𝑒ℎ𝑖𝑐𝑙𝑒

∗̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ; the fold 

change between 𝐶∗̅̅ ̅ of L-NAME treated and vehicle treated eyes from the same animal. The 

average effect of L-NAME on oscillations was calculated as the geometric mean of 𝐶∗̅̅ ̅ across 

all perfused cadavers. Statistical analysis was performed using a t-test applied to log-

transformed values, as previously described. 

The analysis of the mock eye perfusions was carried out similarly, with the exception 

that the additional pressure measurement 𝑃𝑐𝑎𝑝 eliminated the need to use Equation 1. The 

hydraulic conductance of the mock eye was thereby measured as 𝑄𝑈𝑆
̅̅ ̅̅ ̅/𝑃𝑐𝑎𝑝

̅̅ ̅̅ ̅. For the in vitro 

validation, and deviation of this from 1 would indicate an error in the conductivity measurement 

introduced by oscillations. Analysis was performed in the linear domain using Students t -test. 

2.2.6. Animal handling 

This study included 16 C57BL/6 male mice, aged 10-14 weeks at the time of the 

experiment. Mice were purchased from Charles River Ltd, UK and allowed to acclimate to the 

housing environment for at least 1 week. Mice were housed in clear IVC cages at 21ºC with a 

12-h light dark cycle (lights on at 7 a.m.) with food and water supplied ad libitum. To prevent 

coagulation, which could affect outflow facility by occluding episcleral vessels, 0.3 ml of 

heparin (6mg/ml in PBS, Sigma-Aldrich, DE) was administered via IP injection 5 minutes 

before euthanisation by intraperitoneal administration of 100mg/kg of pentobarbital (Pentoject; 

Animalcare, UK). After cessation of breathing and the cardiac pulse, death was confirmed by 

severing the left femoral vein and artery. All experiments were done under the authority of a 

UK Home Office project license in compliance with the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research. 

3. Results 

3.1. Validation of the Perfusion System in the Presence of Pressure Oscillations 

We first examined whether the perfusion system could accurately measure hydraulic 

conductance in the presence of pressure oscillations. A fast Fourier transform of Pcap during 
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an oscillatory period yielded a dominant frequency of 10 ± 0.01 Hz (mean ± 2 SD) with an 

amplitude of 0.47 ± 0.02 mmHg, consistent with the desired ocular pulse waveform. 

The upstream flow sensor measured the flow rate QUS from the pressure reservoir. 

During the oscillatory periods, there were large oscillations in QUS, which ranged from 120 to 

400 nl/min, but these flow rates remained within the working range of the flow sensor (as can 

be seen in the inset on Figure 29b). As iPulse produces oscillatory flow with a zero mean and 

because the mock eye is the only route for outflow, QUS
̅̅ ̅̅ ̅ must be equal to the net outflow 

through the mock eye. Averaged values of QUS
̅̅ ̅̅ ̅/Pcap

̅̅ ̅̅ ̅ are shown in Figure 29c. The average 

relative difference in hydraulic conductance during the oscillatory periods relative to the steady 

periods was 1 [-5, 8] % (geometric mean [95% CI]), which is insignificantly different from zero 

(p = 0.567). These data demonstrate that the system can accurately measure hydraulic 

conductance in the presence of oscillations. Further characterisation and validation of the 

oscillatory perfusion system is given in the Appendix (Appendix A, Chapter 4). 
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Figure 29: Sample perfusion of a mock eye. The captured flow rate 𝑄𝑈𝑆 and measured pressure across the 𝑃𝑐𝑎𝑝 

are shown in blue in panels a) and b). Black, orange and green traces show the filtered net flow 𝑄𝑈𝑆
̅̅ ̅̅ ̅ and pressure 

�̅�𝑐𝑎𝑝 signals. c) Geometric mean of 𝑄𝑈𝑆
̅̅ ̅̅ ̅/𝑃𝑐𝑎𝑝

̅̅ ̅̅ ̅ during the last 5 minutes of periods with/without oscillations are shown 

by the green and orange dots respectively. Orange crosses show the piecewise linearly interpolated estimate of 
Csteady during periods when oscillations were present. 

3.2. Effect of Pressure Oscillations on Outflow Facility 

To determine the effect of pressure oscillations on outflow facility, control eyes were 

perfused with or without oscillations. During the oscillatory periods, iPulse was used to 

superimpose sinusoidal pressure oscillations with 0.5 mmHg amplitude at 10 Hz on top of the 

steady pressure, which was imposed when iPulse was off, at 8 mmHg. The outflow facility 

measured during the steady and oscillatory periods, Csteady and Cosc respectively, was 
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calculated as the geometric mean over the last 5 minutes of QUS
̅̅ ̅̅ ̅/Peye

̅̅ ̅̅ ̅ (a and b, orange and 

green traces). The increase in Cosc relative to the interpolated value of Csteady between the 

previous and subsequent steady periods was used to calculate the relative increase in outflow 

facility attributable to the pressure oscillations. On average, the imposed pressure oscillations 

increased outflow facility by 16 [12, 20] % (p<0.001, N=16; Figure 31a). This demonstrates 

that a dynamic pressure environment, such as that imposed by the ocular pulse in a living eye, 

increases outflow facility. 

 

Figure 30: Sample perfusion of a control eye. In a) and b), the captured flow rate 𝑄𝑈𝑆 and derived pressure in the 

eye 𝑃𝑒𝑦𝑒 are shown in blue in panels a) and b). Black, orange and green traces show the net flow 𝑄𝑈𝑆
̅̅ ̅̅ ̅ and pressure 

�̅�𝑒𝑦𝑒 signals. c) Geometric mean of 𝑄𝑈𝑆
̅̅ ̅̅ ̅/𝑃𝑒𝑦𝑒

̅̅ ̅̅ ̅ during the last 5 minutes of periods with/without oscillations are shown 

by the green and orange dots respectively. Orange crosses show the piecewise linearly interpolated estimate of 
Csteady during periods when oscillations were present. 
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3.3. Effect of L-NAME on the oscillatory response 

Contralateral eyes were perfused following the same protocol, with the exception that 

the perfusate included 100 µM of L-NAME to inhibit NOS and reduce NO production. In the 

presence of L-NAME, pressure oscillations increased outflow facility by 8 [4, 12] % (N=16) 

which was still significantly different from zero (p<0.001) (Figure 31a). However, comparing 

between contralateral eyes, the response to pressure oscillations was reduced by 7 [2, 12] % 

(p=0.019, N=16) in the presence of L-NAME compared to vehicle alone (Figure 31b). This 

suggests that NOS activity is partially responsible for the increased outflow facility in response 

to pressure oscillations. 

 
Figure 31: The effect of oscillatory pressure on the facility of vehicle and L-NAME treated eyes. Data points show 
a) the mean percentage increase in facility in response to oscillations for each eye, and b) the relative change in 
facility induced by L-NAME between paired eyes of individual mice. In a) and b), error bars show 2 SD as calculated 
using partial derivatives. An estimate of the samples distribution is shown by the shaded regions with the 95% 
confidence interval shown by the dark central band, white lines show the geometric mean and two-sigma of the 
samples. 

4. Discussion 

This study implies that the presence of pressure oscillations in the eye increases outflow 

facility by a mechanism that likely involves NO production. The rapid changes in outflow facility 

upon the introduction and withdrawal of oscillatory pressure imply the source of NO is likely in 

the vicinity of the main site of outflow resistance; the inner wall of Schlemm’s canal. 

The ocular pulse arises due to changes in ocular blood volume during the cardiac cycle, 

which result in oscillation in the intraocular pressure as predicted by the volume-pressure 

(compliance) relationship of the eye. The intraocular pressure oscillations in the eye result in 
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oscillatory flows in Schlemm’s canal which likely cause the production of NO, a compound 

known to increase facility of the eye. An increase in the facility of the eye would result in a 

decrease in the IOP of the eye.  

The amplitudes of the ocular pulse oscillations are inversely proportional to the compliance 

of the eye. Compliance of the eye as described by Friedenwald (1937) is given by 1/KP, where 

K is the ocular rigidity. As ocular compliance decreases with an increase in pressure, the 

association between the ocular pulse and facility maybe a mechanism by which IOP is 

regulated. For instance, an increase in IOP would result in a decrease in the compliance of 

the eye, which would in turn result in an increase in the amplitude of oscillatory shear stress 

in Schlemm’s canal. This could result in an increase in NO production, which is known to 

increase facility, thereby decreasing IOP toward its initial value. 

5. Conclusions 

The ocular pulse causes a rapid increase in outflow facility in mice. The effect is 

reversible and rapidly disappears after oscillations are stopped. The increase in outflow facility 

associated with the ocular pulse is inhibited when eye are perfused with L-NAME which 

suggests NO is a key effector, possibly arising from shear-induced NO secretion by SC 

endothelium cells. These studies reveal a dynamic component of outflow function that 

responds instantly to the ocular pulse. 
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Chapter 5: Accounting for the Effect of Anaesthetics in the 

In Vivo Determination of Mouse eye Outflow Facility 
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1. Introduction 

Glaucoma is a major cause of irreversible vision loss in the world, characterised by 

irreversible damage to the optic nerve. The main risk factor and only efficacious target of 

treatment of glaucoma is elevated intraocular pressure (IOP) (Leske et al., 2003). The primary 

cause of IOP elevation in glaucoma eyes is a decrease in the hydraulic conductance of the 

conventional outflow pathway (Kwon et al., 2009, Grant, 1951, Stamer and Acott, 2012), 

known as outflow facility (C). The mechanisms by which outflow facility are regulated are 

therefore of great importance.  

 New drugs for IOP reduction that target facility are currently being produced. One that 

is licensed is Netarsudil which is thought to increase outflow facility by inhibiting Rho kinase, 

a protein that promotes the assembly of actin stress fibres and focal adhesions as well as 

regulates cell contraction and motility (Sturdivant et al., 2016). Netarsudil’s effect on facility 

has been demonstrated in in vitro mouse eyes (Li et al., 2016). Here we aim to develop a 

technique for the evaluation of pharmacological drugs on in vivo facility and use this technique 

to evaluate the Netarsudil effect on the facility of live mice. 

Mice are a common model for the study of aqueous humour dynamics, and bear 

several anatomical, pharmacological and physiological similarities to human eyes 

(Boussommier-Calleja et al., 2012, Smith, 2002, Whitlock et al., 2010, Crowston et al., 2004), 

genetic similarity to humans and amenability to genetic manipulation (Savinova et al., 2001, 

Smith, 2002, John et al., 1999). Mice have been used to assess the effect of genetic 

modifications (Smith, 2002), pharmacological effect (Boussommier-Calleja et al., 2012, 

Whitlock et al., 2010, Crowston et al., 2004) and biomechanical cues (such as oscillatory flow 

as presented in Chapter 4) on facility.  

Aqueous humour dynamics in mouse eyes are described by Goldmann’s equation: 

𝑄𝑖𝑛 + 𝑄 − 𝑄𝑢 = 𝐶 (𝑃 − 𝑃𝑒𝑣) 

Equation 16 
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where P is the pressure in the eye, Qin aqueous humour (AH) inflow, Qu pressure-independent 

outflow, Pev episcleral venous pressure, C outflow facility and Q is the inflow from a perfusion 

system. Investigations of facility in mouse eyes typically use postmortem in situ and in vitro 

perfusions as this avoids the use of anaesthetics and the calculation of outflow facility is 

simplified by the elimination of episcleral venous pressure, aqueous humour (AH) production 

and pressure-independent outflow (Madekurozwa et al., 2017, Sherwood et al., 2016). As 

some aspects of IOP may be regulated extrinsically (Strohmaier et al., 2013), the study of the 

effect of drugs or genetics on IOP and facility in mice may be improved by the use of an in 

vivo mouse model. Moreover, in vivo, postmortem effects such as anterior chamber deepening 

(Chapter 3b) are expected to be less detrimental and rigor mortis (Chapter 3a) will be absent. 

In vivo perfusions are also of interest as they may lead to the realisation of longitudinal facility 

studies in mice. 

The evaluation of the in vivo facility of mice has been carried out by several 

researchers (Camras et al., 2010, Ko et al., 2014, Millar et al., 2011, Savinova et al., 2001), 

all of whom assume AHD in mice are not affected by the use of anaesthetics. However, 

anaesthesia is known to substantially decrease IOP transiently (Camras et al., 2010, Cone et 

al., 2012, Mirakhur et al., 1990, Wang et al., 2005a) which leads to (protocol dependent) 

systematic errors in the calculation of facility. 

Here we develop and evaluate a method for the measurement of outflow facility which 

accounts for time-dependent changes in AHD. We then proceed to use this perfusion 

technique to evaluate the effect of Netarsudil on the in vivo facility of mice. 

2. Materials and Methods 

2.1. Theoretical basis 

As anaesthesia affects aqueous humour dynamics transiently, the balance of fluid 

production and drainage for an eye at steady state at time t is described by the expression: 
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𝑄(𝑡) + 𝑄𝑖𝑛(𝑡) − 𝑄𝑢(𝑡) = 𝐶(𝑃(𝑡), 𝑡)(𝑃(𝑡) − 𝑃𝑒𝑣(𝑡)) 

Equation 17 

Where Q is the inflow from a perfusion system. The pressure in the eye without cannulation is 

realised when Q(t)=0, this is referred to as spontaneous IOP (sIOP) denoted as S(t). When 

Q(t)=0, Equation 17 becomes: 

𝑄𝑖𝑛(𝑡) − 𝑄𝑢(𝑡) = 𝐶(𝑆(𝑡), 𝑡)(𝑆(𝑡) − 𝑃𝑒𝑣(𝑡)) 

Equation 18 

Subtracting Equation 18 from Equation 17 and assuming C(P(t),t)=C(S(t),t) yields: 

 𝑄(𝑡) = 𝐶(𝑡) (𝑃(𝑡) − 𝑆(𝑡) ) 

Equation 19 

As S(t) changes with time (Savinova et al., 2001, Mirakhur et al., 1990), it must be 

measured throughout the experiment for Equation 19 to be applicable for the duration of the 

perfusion. However, following the measurement of sIOP immediately after cannulation 

(termed S0), subsequent direct measurements of S(t) are not practical as the time constant for 

the measurements of S are of the order of 10 minutes. The time taken to reach steady state 

in the measurement of S0 is decreased by cannulating the eye with the system set as shown 

in Figure 32 (Config. 1). As this time constant for subsequent measurements of S0 is 

predominantly dictated by the compliance of the eye and rate of inflow, it can not be reduced 

by modifying the system. S(t) must therefore be accounted for in a manner that does not 

necessitate its direct measurement. 

With the system set to perfuse (Figure 32, Config. 2), the value of Q measured when 

P=S0 is denoted δQ. Note that when the S(t)=S0 and P(t)=S0, δQ=0 nl/min. As S(t) 

decreases, δQ will increase proportionally and when S(t) increases, δQ will decrease 

proportionally. We propose to account for changes in S(t) by using measurements of δQ(t). 

Mathematically, δQ(t) is described by setting P(t)=S0 in Equation 19 to give: 

 



117 
 

𝛿𝑄(𝑡) = 𝐶(𝑡) (𝑆0 − 𝑆(𝑡)) 

Equation 20 

Subtracting Equation 19 from Equation 20 yields: 

𝑄(𝑡) − 𝛿𝑄(𝑡) = 𝐶(𝑡) (𝑃(𝑡)  − 𝑆0) 

Equation 21 

All terms in Equation 21 are measureable with the exception of C(t) which is to be 

calculated. To obtain a measurement of C(t) which represents the facility at physiological 

pressure, the pressure-flow (Q-P) relationship of the eye must be evaluated at several 

physiological pressures, thus a multi-pressure stepping protocol is utilised. Steps are denoted 

by the subscript j, the average steady state pressure at each pressure step and the 

corresponding measured average steady state flow rate are denoted by Pj and Qj respectively. 

δQ(t) cannot be measured throughout a multi-pressure perfusion as it can only be measured 

when P=S0. An estimate of δQ(t) for the entire perfusion is obtained by intermittently setting 

P=S0 throughout the perfusion and interpolating in time between measurements of δQ. Time 

interpolated measurements of δQ for each measurement of Pj and Qj are calculated and 

denoted as δQj'. Outflow facility is then calculated by fitting Equation 21 to Qj, Pj, S0 and δQj'. 

 Although in the explanation and derivation of Equation 21 we have explicitly defined 

S0 to be the value of sIOP measured upon cannulation, the use of any pressure will yield the 

same result. Therefore, the accuracy of this technique does not depend on the accuracy of 

the measurement of S0. We define S0 to be the first measured value of sIOP so that i) it is 

physiologically relevant, ii) objective and iii) indicative of the fluid displacement during 

cannulation; if fluid displacement is minimal, the first measurement of δQ should be ~0 nl/min. 

2.2. Perfusion setup 

Ocular perfusions were carried out with a modified iPerfusion system (Sherwood et al., 

2016). The system comprises an applied pressure reservoir, differential pressure transducer 

(PX409; Omegadyne, USA) and flow sensor (SLG0150; Sensirion AG, Switzerland) (Figure 
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32) with the addition of a custom heat mat and humidity chamber that maintain body 

temperature and prevent humidity losses from the eye (see Chapter 3a) respectively. The 

applied pressure reservoir sets the pressure imposed on the eye (Pa) measured by the 

differential pressure transducer (P). As the eye resistance is more than 3 orders of magnitude 

greater than that of the cannula, the pressure drop across the cannula is negligible; the 

pressure in the eye is ~P. The resistance of the flow sensor is ~2 orders of magnitude less 

than that of the eye, therefore Pa≈P. The flow sensor measures the flow from the applied 

pressure reservoir to the eye. Readings from the pressure transducer and flow sensor were 

acquired at 100 Hz. 

 
Figure 32: Schematic of the perfusion setup. a) The iPerfusion system is interfaced with the eye via a cannula. A 
3-way valve allows the system to be set to either read sIOP (Config. 1) or apply a pressure to the eye (Config. 2). 
b) A custom head holder stabilises the head and delivers isoflurane to the animal. c) In vivo cannulated eye. 

2.3. Animal Husbandry 

Male C57BL/6 mice (Charles River Ltd, UK) aged 11-15 weeks were housed in clear 

cages at 21℃ with a 12 hour light dark cycle (lights on at 7 a.m.). Food and water were supplied 

(c) 
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ad libitum. Following migration to our animal facility, animals were allowed at least 10 days to 

settle prior to any in vivo experimentation. All experiments were performed in compliance with 

the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Experiments 

were conducted under the authority of a UK Home Office Project Licence. 

2.4. Experimental methods 

2.4.1. Anaesthesia 

Animals were placed in an isoflurane anaesthesia induction chamber measuring 

17×13×13cm (2.9 l) which was cleared of olfactory cues prior to use. Once the animal was in 

the chamber, an oxygen saturation machine (Model Number ZY-5AC, Kaiya, China) was set 

to deliver 93±3% oxygen [mean ± range] at a rate of 1 l/min via an isoflurane vaporiser 

(VetTech Solutions Ltd., UK) set to deliver 5% isoflurane (100% isoflurane, Zoetis UK Ltd., 

UK). Following loss of its righting reflex, animals were transferred onto a palate bar (Model 

933-B, KOPF, USA) with a custom made gas mask (Appendix A, Head holder) designed to 

minimise the obstruction of cannulation by the gas delivery lines (Figure 32b). The oxygen 

delivery rate to the inlet of the face mask was then set to 0.5 l/min with 2% isoflurane and 

adjusted throughout the experiment in response to the animal’s depth of breath. The outlet of 

the face mask was connected to an active scavenging unit (VetTech Solutions Ltd., UK). The 

start of all experiments (t=0) was defined to be the point in time the animal was first exposed 

to isoflurane in the induction chamber. 

At the end of experiments, animals were sacrificed by intraperitoneal administration of 

100mg/kg pentobarbital (Animalcare Ltd., UK). Following pentobarbital overdose, the delivery 

of isoflurane was stopped when the animal’s breathing movements ceased. The onset of rigor 

mortis ~30 minutes after vitals ceased was taken as the final confirmation of death. 

2.4.2. Homeostatic regulation 

Once anaesthetised, the animals body was placed on a custom built heat mat set to 

38℃ with body temperature recorded by an in situ rectal probe (RET-3; WPI, USA). To prevent 
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evaporative loss from the eye (Wisard et al., 2010) (Chapter 3a), after cannulation the animal 

was situated in a custom built humidity chamber set to maintain the relative humidity (RH) 

above 85%. An environment sensor (SHT2X/7X; Sensirion AG, Switzerland) recorded the 

relative humidity and temperature in the chamber. 

2.4.3. Cannulation 

As previously described by Madekurozwa et al. (2017), cannulation needles made 

from borosilicate glass (TW100-6; WPI, USA) were fabricated such that they had an outer 

diameter at the tip of 80µm and a bevel angle of 45º (Appendix A, Figure 57).  

  A drop of DBG was placed on both the animal’s eyes and the cannula tips advanced 

into the drop. While in the drop, bubbles were cleared by flushing both cannulae and the 

pressure in the drop (Pdrop) directly measured (3-way valve in Figure 32a placed in Config. 1). 

The height of the reference fluid column was then adjusted to within ±0.2 mmHg of Pdrop. The 

remaining deviation of Pdrop from 0 mmHg was accounted for by digitally zeroing each pressure 

transducer.  

Prior to cannulation, the cannula resistance was assessed by setting Pa to 1 mmHg 

and measuring the flow rate from the reservoir into the eye drop (Figure 32a, Config. 2). 

Cannulae with a resistance >1 mmHg/(µl/min) were replaced. 

To facilitate the direct measurement of sIOP upon cannulation, the system was set to 

directly measure the pressure at the cannula tip (Figure 32a, Config.1). Upon confirmation of 

a negative withdrawal reflex from a tail and toe pinch, the animal’s eyes were sequentially 

cannulated by cradling them using a wire bent into a loop (Smith, 2002) while the cannula was 

advanced into the anterior chamber. Cannulation of the eyes was performed under a 

dissection microscope (BMZ GL Trinoc X10-X65; Brunel Ltd., UK) on a boom stand (BSR ST4; 

Brunel Ltd., UK) coupled to a light source (LED 78; Brunel Ltd., UK). The cannulation method 

is in part based on the description provided by John et al. (Smith, 2002) along with personal 
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correspondence with the book chapter’s author. The angles and position of the cannula 

relative to the eye are as shown in Figure 32b. 

2.4.4. Measurement of intraocular pressure 

After the cannulation of both eyes, S0 was taken to be the mean of 3 minutes of 

acquired data taken 2 minutes after both of the animals eyes were cannulated (Figure 33, data 

highlighted in orange). 

 
Figure 33: Measurement of S0. S0 is calculated as the mean and 2 standard deviations (SD) of the region 
highlighted in orange. 

2.4.5. Stepping protocol for facility determination 

The use of Equation 21 to calculate facility requires measurements of δQ(t) along with 

the Q-P relationship of the eye at various pressures. Following the measurement of S0 after 

cannulation, we used the following stepping protocol: S0 + [0, 2, 8, 0, 4, 10, 0, 6, 12, 0] mmHg.  

A sample flow and pressure tracing from this protocol after the application of a 1st order 

Savitzky-Golay filter with a 60 second window length (see Appendix A, Savitzky-Golay filter) 

is shown on Figure 34 (the raw flow tracing is shown in Appendix A, Figure 58). Notice the 

intermittent setting of P=S0 for the measurement of δQ. In this stepping protocol, steps in 

applied pressure were set to occur when the rate of change of the measured flow rate, dQ/dt, 

as calculated over a 5 minute window was less than 5 nl/min/min.  
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Figure 34: Sample in vivo perfusion. a) Pressure measured after filtering out the heart rate and breathing signal. b) 
Flow measured after filtering out the heart rate and breathing signal. In a) and b), steady state regions are 
highlighted in green. Regions in blue show periods when δQ was measured, with the average steady state δQ 
shown by the closed orange circles. A piecewise linear-interpolated estimation of δQ(t) is shown by the dashed 
orange line with δQ' shown by the orange open circles. Regions in light-grey, grey and black mark the 1st, 2nd and 

3rd set of pressure steps between measurements of δQ(t). 

2.5. Data analysis 

2.5.1. Facility determination 

For the determination of facility, steady state flow (Qj) and pressure (Pj) were extracted 

by computing the mean and 2 SD of the last 3 minutes of each pressure step (Figure 34, green 

regions). The Classic way facility was calculated was by fitting the data to the equation: 

𝑄𝑗 = 𝐶(𝑃𝑗 − 𝑆0) 

Equation 22 

Using Equation 21, an anaesthesia Corrected measure of facility is attained by fitting 

the data to the equation: 
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𝑄𝑗 − 𝛿𝑄𝑗′ = 𝐶(𝑃𝑗 − 𝑆0) 

Equation 23 

In order to compare the effect a corrected regression has on processed data, pairs of 

control and experimental data were analysed using both regression fittings. 

2.5.2. Statistics 

Data is reported in the form X [lower CI, upper CI]. For normally distributed data such 

as flow rate, X is the mean with 95% confidence interval (CI) given in square brackets. For 

log-normally distributed data such as facility (Sherwood et al., 2016), X is the geometric mean 

with 95% CI given in square brackets. 

Normally distributed data and the log transform of log-normally distributed data were 

assessed using the t-test. 

3. Results 

3.1. Transient changes in the sIOP of anaesthetised mice 

To illustrate the magnitude of changes in sIOP of mice, we compiled measurements of 

δQ from the 9 pairs of control eyes perfused with the protocol shown in Figure 34. The 

collective measurements of δQ from all 9 pairs of eyes is shown in Figure 35a.  

On average, δQ changed at a rate of 0.30 [0.22, 0.38] nl/min/min over the duration of 

the ~90 minute perfusions. This rate of change in δQ resulted in a change in measured flow 

of 27 [19.8, 34.2] nl/min over 90 minutes. This rate of change in δQ translates to a rate of 

change in sIOP of 0.042 [0.031, 0.053] mmHg/min (Figure 35b). Over the length of a 90 minute 

perfusion sIOP in the 9 pairs of perfused control eyes is calculated to have decreased by 3.78 

[2.79, 4.77] mmHg (p=0.001, N=9). 
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Figure 35: Measurements of δQ from the 9 pairs of perfused control eyes. In a) and b), eyes from the same animal 
are plotted in the same colour. a) Data points show measured values of δQ. b) Data points show the measured 
values of δQ divided by C as calculated using corrected regression (Equation 23). 

3.2. Facility measurements in control eyes 

To compare paired facility measurements calculated with the classic regression 

(Equation 22) versus paired facility measurements made with the corrected regression 

(Equation 23) 9 pairs of eyes were perfused with the protocol shown in Figure 34. Perfusion 

data was then analysed with the classic regression and corrected regression (Figure 36a, blue 

and red traces respectively). 
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Figure 36: Calculation of in vivo facility. a) Measurements of Qj are shown by blue data points while Qj-δQ'j are 
shown by red data points. The classic regression and corrected regression are shown in blue and red respectively. 
b) Residuals of the classic regression (blue) and corrected regression (red).  

Facility measurements for all 9 pairs of eyes are shown in Figure 37a and b. The mean 

difference between the facility of control left and right eyes was 7.1 [-18.8, 41.4] % when 

calculated with the classic regression (Figure 37c blue Cello plot) and 0.4 [-12.2, 14.9] % when 

calculated with the corrected regression (Figure 37c red Cello plot). When analysed with a 

paired t-test, the facility of left eyes was not significantly different from that of right eyes when 

facility was calculated using classic regression (p=0.581, N=9) and with the corrected 

regression (p=0.094, N=9). 

 
Figure 37: Facility of paired control eyes. Data points represent outflow facility of the right eye (OD) plotted against 
outflow facility of the left eye (OS) as calculated using the classic regression (a) and the corrected regression (b) 
with the 95% CI of the regression fit shown by the blue (a) and red (b) ellipses. The unity line is shown in black with 
the mean percentage difference and its 95% CI shown by the blue (a) or red (b) line and grey shaded region. c) 
Cello plot of the relative difference in facility between control eyes. Data points show the percentage difference in 
the facility between pairs of control eyes as calculated with the classic (blue) or corrected (red) regression. An 
estimate of the sample distribution is shown by the shaded area with white lines representing the mean and two-
sigma of the sample. 
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3.3. Facility of Netarsudil treated eyes 

To analyse the impact of calculating facility using the classic regression against the 

corrected regression in drug studies, 9 pairs of eyes were used. One randomly selected eye 

from each animal was treated with Netarsudil, a facility increasing drug while contralateral 

eyes were treated with vehicle. The treatment regimen is as shown in Figure 38. 

 
Figure 38: Netarsudil and placebo drug regimen.  

Following each perfusion, facility was calculated as described in §2.5.1. The facility of 

pairs of eyes are as calculated with the classic and corrected regression are shown in Figure 

39a and Figure 39b respectively. On average, Netarsudil increased facility by 61.1 [-4.8, 172.6] 

% when analysed using classic regression (Figure 39c, blue Cello plot) and 36.1 [12.9, 64.2] 

% when analysed using the corrected regression (Figure 39c, red Cello plot). On average, 

Netarsudil increased outflow facility significantly when the corrected was Both When analysed 

with a paired t-test, the facility of Vehicle eyes is not significantly different from that of 

Netarsudil treated eyes (p=0.07, N=9) when analysed with the classic regression whereas a 

significant difference was obtained when analysed with the corrected regression (N=9, 

p=0.005).  
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Figure 39: Effect of Netarsudil on facility. Data points represent outflow facility of the Netarsudil treated eye plotted 
against outflow facility of the Vehicle treated eye as calculated using either classic regression (a) or corrected 
regression (b) with the 95% CI of the regression fit shown by the blue (a) or red (b) ellipses. Data points and ellipses 
represent the facility (C) and its 95% CI as obtained from the classic (blue) and corrected (red) regression fits. The 
unity line is shown in black with the mean percentage difference and its 95% CI shown by the grey region and blue 
(a) or red (b) line. c) Cello plot of the relative difference in facility between control eyes. Data points show the 
percentage difference in the facility between pairs of control and experimental eyes as calculated with the classic 
(blue) or corrected (red) 

The change in facility in response to Netarsudil (0.04%) treatment as measured in vivo 

is comparable to measurements made in vitro which showed a change in facility of 56 [19, 

104] % in response to 0.04% Netarsudil (Li et al., 2016). 

4. Discussion 

4.1. Measuring outflow facility in vivo 

Our study demonstrated that sIOP in C57BL/6 mice decreases in time under isoflurane 

anaesthesia (Figure 35b) by 2.52 mmHg/hr. To account for this decrease in sIOP Equation 23 

was used in which S(t) is captured by the term δQ(t); the flow measured when P=S0. In the 

perfusion of pairs of control eyes, accounting for δQ(t) in measurements of facility by using 

the corrected regression (Equation 23) reduced the uncertainty on individual facility 

measurements (Figure 37b) as compared with the classic regression (Equation 22) (Figure 

37a). The margin of error for paired data used to assess the effect of Netarsudil on outflow 

facility was also found to be larger in eyes when analysed with the classic regression (Figure 

39a) as compared with the corrected regression (Figure 39a). These data suggest accounting 

for δQ(t) is beneficial in the calculation of in vivo mouse facility. 

The in vivo perfusion protocol also encompasses improvements developed using 

postmortem in situ mice (Chapter 3a) such as the use of: 
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i) a humidity chamber to prevent evaporative losses from the eye. 

ii) perfusate as eye drop to prevent osmotic differences in fluid across the cornea.  

iii) a temperature mat and rectal probe used to maintain the temperature of the animal. 

iv) a head holder to keep the head of the animal fixed during cannulation and during 

the perfusion. Here, the head holder was also used to deliver and extract isoflurane 

in oxygen to the animal (which also serves to isolate the animals respired air from 

the high humidity air in the chamber in which it is housed).    

4.2. Bárány’s 2-step perfusion regimen 

As sIOP decreases over time in anaesthetised monkeys Bárány (1964) proposed the 

evaluation of facility be performed using a 2-level constant pressure perfusion. The 2-level 

constant pressure technique consists of the measurement of flow into the eye at two pressures 

(P1 and P2 at times t1 and t2 respectively). Using Equation 22, the flows measured at pressures 

P1 and P2, termed Q1 and Q2 respectively can be expressed as: Q1=C(t1)(P1-S(t1)) and Q2=C(t2) 

(P2-S(t2)), assuming C(t1)=C(t2) and taking the difference between these two expressions 

leads to the expression: 

𝐶 =
𝑄1 − 𝑄2

𝑃1 − 𝑃2 + (𝑆(𝑡1) − 𝑆(𝑡2))
 

Bárány made the assumption for the time interval t2-t1, S(t1)-S(t2) ≈0 which leads to the 

expression C=(Q1-Q2)/(P1-P2). However, Tian et al. (2006) demonstrated facility 

measurements differ when between the application of the technique with P1>P2 as compared 

to P1<P2, this difference suggests S(t1)-S(t2) is substantially different from 0 which necessitates 

the perfusion protocol illustrated in Figure 34 and analysed as demonstrated in Figure 36a 

(red trace). 

4.3. Choice of anaesthetic 

Currently, the anaesthetic ketamine xylazine (Ket/Xy) is used in the in vivo perfusion 

of mice (Savinova et al., 2001, Millar et al., 2011, Millar et al., 2015, Camras et al., 2010). 

Ket/Xy typically requires readministration every 20-30 minutes according to the animals depth 
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of anaesthesia. Depth of Ket/Xy anaesthesia is usually monitored by observing the mouse’s 

response to a toe pinch; if the toes of a mouse are pinched and it moves its leg or body then 

it is no longer in a surgical plane of anaesthesia and a further dose of Ket/Xy is required. 

Intraperitoneal injections of Ket/Xy take ~5 minutes to take effect during which the animal will 

be in an inadequate plane of anaesthesia. As doses of anaesthetic are applied as a bolus, the 

concentration of Ket/Xy in the animal’s organs and the plane of anaesthesia may vary in a 

sporadic manner. As in vivo perfusions are anticipated to be at least 2 hours in length, we 

choose to use the inhalation anaesthetic isoflurane, which is recommended for long-term 

experiments (up to 4 hours in rodents) which require a surgical plane of anaesthesia. 

Isoflurane is a fast acting inhalation anaesthetic administered throughout the period in which 

a surgical plane of anaesthesia is required. 

5. Conclusions 

Anaesthesia affects in vivo AHD. Accounting for transient changes in AHD reduces the 

uncertainty of individual measurements of facility as well as reduces the uncertainty of 

population estimates of outflow facility. The effect of isoflurane on AHD can be accounted for 

by intermittently measuring the flow at a reference pressure and using changes in the 

measured flow to correct for the effects on anaesthetics across all flow measurements. 
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Chapter 6: Conclusions and Future Work 
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Conclusions 

Glaucoma is a leading cause of irreversible blindness in the world. The major risk factor 

for glaucoma is elevated intraocular pressure (IOP), and lowering IOP is the only proven 

method for halting the progression of glaucomatous blindness. The elevated IOP in glaucoma 

is predominantly caused by an decreased outflow conductance, or outflow facility (C), the key 

determinant of pressure-dependent aqueous humour (AH) outflow. As the current 

understanding of mechanisms that regulate outflow facility are poorly understood, we aim to 

develop the mouse model for studies pertaining to outflow facility regulation and use the 

mouse model to evaluate regulatory mechanisms and drug effects. 

Mice are a common model for the study of aqueous humour dynamics (AHD). 

However, current opinion suggests estimates that in mice, unlike humans, the bulk of AH 

drains through the pressure-dependent pathway, which would invalidate the mouse as a 

model for human IOP regulation. We evaluate the validity of the mouse as a model for human 

pressure-dependent flow in Chapter 2, by making the first direct measurement of pressure-

independent flow in in vitro mouse eyes. We show that the net pressure-independent flow in 

an in vitro mouse eye is not significantly different from zero, thereby supporting the use of the 

mouse as a model for pressure-independent flow as occurs in human. Using a pump to impose 

an artificial pressure-independent flow, we demonstrate our ability to directly measure net 

pressure-independent flow when it is present. The measurement of C in in vitro eyes with an 

imposed pressure-independent flow was insignificantly different to that of contralateral pairs 

in which pressure-independent flow was not imposed, this demonstrates our ability to measure 

C in the presence of net pressure-independent flow as is the case in vivo. 

In Chapter 3a, we developed add-ons for the perfusion of in situ eyes. The add-ons for 

in situ perfusions include i) head holder which fixes the animals head in place during 

cannulation and perfusion, ii) a heat mat and temperature probe for the regulation of the 

animals temperature, iii) a humidity chamber to prevent evaporative losses from the animals 

eyes. Using these add-ons to the iPerfusion system, we measure the pressure-independent 
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flow in postmortem mouse eyes 75 minutes and at least 190 minutes after the start of 

perfusions and found the measurement to be insignificantly different from zero. This shows 

that once rigor mortis has been allowed to set in for 45 minutes, net pressure-independent 

flow is insignificantly different from zero and remains so for at least 160 minutes after the start 

of the perfusion. Population measurements of C in postmortem in situ and in vitro eyes were 

insignificantly different. 

In chapter 3a, a direct measurement of evaporative losses from in situ eyes at room 

temperature was made by measuring the pressure-independent flow when the relative 

humidity was <60% and when relative humidity was >85%. Here we conclude evaporative 

losses under room conditions are substantial but can be prevented by raising the relative 

humidity above 85%. The finding of significant evaporative loss from eyes is in agreement with 

reports in the literature (Mishima and Maurice, 1961a, Mishima and Maurice, 1961b, Ridder 

et al., 2002, von Bahr, 1956, Wisard et al., 2010). 

In chapter 3b, we investigate anterior chamber (AC) deepening, one of the major artefacts in 

AC cannulated in vitro and postmortem in situ perfusions. In vivo, aqueous humour is 

produced by the ciliary body in the posterior chamber (PC) and flows via the iridolentricular 

space into the anterior chamber Figure 1b. In AC cannulated in vitro eyes, aqueous humour 

production ceases and inflow is via the cannula in the AC. As the lens and iris act as a one-

way valve preventing retrograde flow, fluid that has exited the PC cannot be replenished and 

therefore on increasing pressure in the eye the iris and lens are posteriorly displaced. Using 

OCT, we have shown the AC depth of the eye at 8 mmHg increases following deflation due to 

the iris and lens preventing retrograde flow from the AC to PC, we then evaluated facility 

before and after deflation of eyes and found deflation of the eye increased outflow facility. To 

conclude, AC deepening is exacerbated by deflation of the eye, AC deepening causes a 

significant increase in the outflow facility of mouse eyes and should therefore be prevented by 

avoiding deflation of the eye. 
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 Having developed tools for the perfusion of postmortem in situ eyes and shown the 

mouse to be a valid model for the study of pressure-independent flow, we proceeded to use 

the postmortem in situ mouse model and to investigate the ocular pulse; a potential 

mechanobiological regulator of outflow facility. In Chapter 4 we developed iPulse, an add-on 

to the iPerfusion system which is capable of generating an oscillatory pressure in the mouse 

eye. To ensure iPulse operated as intended it was used to generate pressure oscillations in a 

mock eye comprising a capillary and compliant piece of tubing. Using measurements made in 

a mock eye we conclude iPulse is capable of measuring oscillatory flow and show the use of 

the principle of linear superpositioning to determine the hydraulic conductance of the mock 

eye in the presence of pressure oscillations is a possible. From experiments in eyes we show 

that oscillatory pressure rapidly increases C. The increase in C in response to oscillations was 

found to be significantly attenuated in the presence of the nitric oxide inhibiting chemical L-

NAME. As an increase in C would decrease IOP and a decrease in C would increase IOP, the 

ocular pulse may play a role in IOP regulation. 

 Extrinsic mechanisms that affect C are absent postmortem, in order to allow for further 

studies of extrinsic studies of C and drug evaluation, in Chapter 5 we develop a method for 

the measurement of C in vivo which utilises the techniques and tools developed for 

postmortem in situ experiments. Measurements of facility in vivo are complicated by the effect 

anaesthetics have on AHD (Mirakhur et al., 1990, Cone et al., 2012, Camras et al., 2010, 

Wang et al., 2005b). We demonstrate a method for the measurement of C which accounts for 

changes in AHD during anaesthesia and showed that this improved the accuracy and intra-

pair concordance of C in comparison to calculations in which changes in AHD are not 

accounted for as is the case in the literature (Millar et al., 2011, Ko et al., 2014, Aihara et al., 

2003, Camras et al., 2010). 

Future work 

As the eye is a compliant vessel, changes in the volume of ocular blood vessels during 

the cardiac cycle result in pressure oscillations. As the compliance of the eye decreases with 
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increasing IOP, the amplitude of pressure oscillations in the eye also increases with increasing 

IOP. The increased pressure oscillations in the eye might serve as a regulatory mechanism 

for IOP. Our work with oscillatory pressures shows the change in the facility of the eye in the 

presence and absence of oscillations but does not show the effect changes in the amplitude 

of ocular pressure pulsations has on facility. In the future we aim to study the effect different 

amplitudes of oscillations have on facility. 

 Having developed a technique for the measurement of C in vivo, we aim to use this 

method to evaluate the effect of drugs and genetics on C in vivo. It would also be beneficial to 

add methods for the evaluation of the other parameters that determine IOP; episcleral venous 

pressure, inflow and pressure-independent outflow so as to be able to explore synergistic IOP 

lowering drug combinations. 
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Savitzky-Golay filter 

Throughout this thesis a 1st order Savitzky-Golay filter with a 60 second window 

length was used (as a low-pass filter). The performance of this filter when data is sampled at 

1, 10 and 100 Hz is shown in the Bode plot on Figure 40.  

 
Figure 40: Bode plot of a 1st order Savitzky-Golay filter of 60 seconds length. Bode plot of a 1st order Savitzky-

Golay filter of 60 second length at sampling frequencies of 1 Hz (red), 10 Hz (blue) and 100 Hz (black). Each 

trace is stopped at its respective Nyquist frequency.  

From the Bode plot shown in Figure 40, the corner frequency is relatively unchanged 

by the sampling frequency. The ripple in the stopband is not of concern as any frequencies 

past 0.1 Hz are attenuated by at least an order of magnitude.  
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Perfusion system 

The iPerfusion system with the addition of a humidity chamber, heat mat and head 

holder (Figure 41). the system was made semi-portable by building it on a trolley thereby 

allowing it to be installed and removed from animal surgery rooms (for the in vivo studies 

presented in Chapter 5). 

 
Figure 41: In vivo perfusion system. Schematic of the in vivo perfusion system with the humidity chamber open. 

Head holder 

The anaesthetic inlet and outlet on commercial mouse head holder obstruct 

cannulation of the animals left eye (as shown in Figure 42). 

 

  
Figure 42: Commercially available head holder.  

A head holder with the anaesthesia inlet and outlet positioned such that they do not 

obstruct the cannulation of the eye was designed and 3D printed in VeroClear (Stratasys, 

USA), see Figure 43. 
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Figure 43: Bite bar and head holder assembly. a) Exploded view of the bite bar and head holder assembly. b) 

Bite bar and head holder assembly. c) Bite bar and head holder in use. 

 

  

(b) (a) 

(c) 
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Introduction: perfusion system time constant 

The difference in the time constants (τ) of pressure and flow-controlled systems was 

one of the main deciding factors in the choice to use pressure-controlled systems. To 

appreciate the difference in τ of pressure and flow controlled systems and the parameters 

that determine it, we derive a mathematical description of τ for both systems by using their 

electrical equivalent circuits.  

A description, derivation and proof of the electric circuit theory used in this section is 

not provided, here but can be found in the text book Introductory Circuits (Spence, 2008).  

In electrical equivalent circuits pressure sources are analogous to voltage sources, 

flow sources are analogous to current sources and hydraulic resistances are analogous to 

resistors. Compliance is analogous to capacitance. The use of capacitance to represent 

compliance is realised by imagining an eye of compliance Φe and intraocular pressure Pe, if 

the flow rate of fluid expanding the eye is expressed as Qe then the electrical equivalent 

expression of this capacitance is Qe=ΦedPe/dt.  Expressing Qe as the derivative of the volume 

of the eye (Ve) with respect to time (dVe/dt) and rearranging the formula gives Φe=dVe/dPe 

which is the definition of compliance. 

Using the schematics of the eye connected to the perfusion system shown in Figure 

3a and Figure 3b, the electrical equivalent circuits of an eye connected to a pressure-

controlled system and flow-controlled system are derived and shown in Figure 44a and Figure 

44c respectively. To simplify the calculation of the time constant, we have assumed the needle 

resistance and system compliance are negligible.  
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Figure 44: Electric equivalents of perfusion systems. a) Pressure-controlled perfusion systems electric equivalent. 
b) Flow-controlled perfusion systems electric equivalent. The hydraulic resistance of the needle (Rn), eye (Re) and 
flow sensor Rq are in mmHg/(µl/min) the compliance of the eye (Φe) is in units of nl/mmHg. Pa is the pressure 

applied by the reservoir. 

1. Time constant of pressure-controlled system 

Here, we calculate a mathematical expression for the time constant of the pressure-

controlled system shown in Figure 44a. As we are interested in the time it takes for P to reach 

steady state when Pa changes, we assume Qu is constant and by the principle of linear 

superspositioning replace it with an open circuit (Spence, 2008). 

From ohm’s law: 

𝑃𝑎 − 𝑃𝑒 = 𝑄𝑞𝑅𝑞 

Equation 24 

From the definition of a capacitor: 

𝑄𝜙𝑒
= 𝜙𝑒

𝑑𝑃𝑒

𝑑𝑡
 

Equation 25 

𝑅𝑒𝑄𝑅𝑒 = 𝑃𝑒 

Equation 26 

𝑄𝜙 = 𝑄𝑞 − 𝑄𝑅𝑒 

Equation 27 
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Substituting equation Equation 24 and Equation 26 into Equation 27 yields:   

𝑄𝜙 =
𝑃𝑎𝑅𝑒 − 𝑃𝑒(𝑅𝑞 + 𝑅𝑒)

𝑅𝑒𝑅𝑞
 

Equation 28 

Substituting Equation 28 into Equation 24 and rearranging yields: 

∫
1

𝜙𝑅𝑒𝑅𝑞
 𝑑𝑡 = ∫

1

𝑃𝑎𝑅𝑒 − 𝑃(𝑅𝑞 + 𝑅𝑒)
 𝑑𝑃 

Integrating and rearranging gives: 

𝑃𝑒 =
𝑃𝑎𝑅𝑒

𝑅𝑞 + 𝑅𝑒
− 𝐴1 𝑒

−
(𝑅𝑞+𝑅𝑒)

𝐶𝑅𝑒𝑅𝑞
𝑡
 

Where A1 is a constant of integration. The time constant for this system is given by the 

expression ΦeReRq/(Rq+Re)≈0.05 min. 

2. Time constant of flow-controlled system 

Here, we calculate a mathematical expression for the time constant of the flow-controlled 

system shown in Figure 44b. As we are interested in the time it takes for P to reach steady 

state when Pa changes, we assume Qu is constant and by the principle of linear 

superspositioning replace it with an open circuit (Spence, 2008). 

From ohm’s law: 

𝑄𝜙𝑒
= 𝑄𝑞 − 𝑄𝑒 

Equation 29 

From the definition of a capacitor: 

𝑄𝜙𝑒
= 𝜙𝑒

𝑑𝑃𝑒

𝑑𝑡
 

Equation 30 

From the definition of a resistor: 
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𝑄𝑅𝑒 =
𝑃𝑒

𝑅𝑒
 

Equation 31 

Substituting Equation 31 and Equation 30 into Equation 29 gives: 

𝜙𝑒

𝑑𝑃

𝑑𝑡
=

𝑄𝑞𝑅𝑒 − 𝑃𝑒

𝑅𝑒
 

Equation 32 

Rearranging and integrating Equation 32 leads to the expression: 

𝑃𝑒 = 𝑄𝑞𝑅𝑒 − 𝐴2𝑒
−

1
𝜙𝑒 𝑅𝑒

𝑡
 

Where A2 is a constant of integration. The time constant for this system is given by the 

expression ΦRe≈10 min.  

3. Discussion 

The time constant of a system describes the time required to decrease the deficit 

between the starting and steady state pressure by 63%, for a 95% decrease in the deficit, a 

period of time at least 3 times the time constants is required. The lower time constant pressure-

controlled systems have in comparison to flow-controlled systems makes pressure controlled 

systems the preferred system. Moreover, from the expression of the time constants it is clear 

that the time constant for passive flow-controlled systems cannot be improved as it is defined 

by the resistance and compliance of the eye, whereas the time constant for pressure-

controlled systems can be improved by reducing the resistance of the flow sensor. It is also 

worth noting that by use of the principle of linear superpositioning, this analysis holds true for 

the in vivo eye (were Pev and Qin are not necessarily zero and the ocular pulse is present). 

In this analysis we assumed compliance does not change with pressure, compliance 

as described by Friedenwald’s model (Friedenwald, 1937), is given by 1/KP, where K is the 

ocular rigidity. Hence the compliance of an eye increases as pressure increases, which would 

decrease the time constant at high pressures. Perhaps this is one of the reasons the Millar et 
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al. Aihara et al. and Tan et al. use unphysiologically high intraocular pressures during their 

perfusions. 
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Chapter 1: Syringe Pump Characterisation 

1. Introduction 

In the present study, we used a syringe pump in conjunction with iPerfusion. It is 

therefore necessary to characterise the syringe pump output and its influence on the eye. In 

this supplementary information, we measure the raw output from the syringe pump and 

analyse the steady and oscillatory components of the output flow rate. We then analyse the 

system using a lumped parameter model to ascertain whether oscillations in the output flow 

rate are expected to translate to physiologically relevant changes in pressure or flow within 

the eye. 

2. Syringe Pump Output 

Figure 45a shows a tracing of the flow rate delivered by the syringe pump setup used 

in this study (Harvard PhD Ultra, 50 µl Hamilton gastight syringe), as measured by directly 

attaching the flow sensor (Sensirion SLG64) to the syringe. The pump was set to deliver 120 

nl/min. The measured flow rate was 119.9 ± 34.0 nl/min (mean ± 2SD), indicating excellent 

accuracy, but with large variability. This variability arises from the mechanics of the syringe 

pump itself. A fast Fourier transform (FFT) of the signal (Figure 45b) reveals a complex 

waveform with multiple frequencies, the causes of which can be identified based on the system 

mechanics. 

The Harvard PhD Ultra syringe pump is driven by a stepper motor (400 steps per 

revolution, 1/16th microstepping), coupled to a lead screw (2mm pitch) by a belt drive with a 

2:1 gear ratio (20 and 10 teeth respectively). At 120 nl/min, for a syringe with an internal 

diameter of 1:031mm, the plunger velocity is 2.4 µm/s. 

The lead screw rotation frequency can be calculated according to the ratio of the 

plunger velocity to the lead screw pitch, and is given by fleadscrew = 0.0012 Hz. For each rotation 

of the lead screw, the stepper motor completes two full revolutions, hence fmotor = 0.0024 Hz. 
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A clear peak in the FFT can be observed at fmotor in Figure 45b. The signal component at this 

frequency has an amplitude of ~2.5 nl/min and is visualised in red on Figure 45a. 

The next strongest peak is at fteeth = 0.0479 Hz, which corresponds to 20fmotor, 

implying that the teeth on the belt drive impart this frequency, indicated in Figure 45c. 

However, the amplitude of both these oscillation frequencies is relatively low and the main 

source of noise arises from the stepper motor step size. 

 
Figure 45: Characterisation of the syringe pump output, measured directly using the flow sensor. (a,c,d) Raw 
signals are indicated in grey, with specific oscillation modes indicated in red. The three dominant frequencies are 
indicated on time scales of (a) hours - fmotor, (c) minutes - fteeth and (d) seconds – 2fstep. (b) Frequency spectrum of 
the pump flow rate oscillations. 
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The stepping frequency of the stepper motor can be calculated as the number of steps 

per revolution times the motor frequency, giving fstep = 0.958 Hz, which can be seen as a peak 

at ~4 nl/min in Figure 45b, with a subharmonic at 0.5fstep. The strongest peak occurs at 2fstep 

with an amplitude of ~17 nl/min, and the oscillations observed at this frequency can be clearly 

observed in Figure 45d. This peak, at twice the stepping frequency, corresponds to the 

frequency of polarity reversal within the stepper motor coils. 

Note that, as the mechanical components are all coupled, the oscillations at different 

frequencies are all in phase, and hence their amplitudes contribute to the 2SD level of ±34 

nl/min (which would not necessarily be the case if some components were out of phase). 

3. Damping Effects 

The oscillations output by the syringe pump will not be equal to those experienced by the 

eye, due to the compliances and resistances in the system: 

 Ocular compliance - Φe 

 Tubing compliances - Φt (tubes connecting to both iPerfusion and the syringe pump) 

 Needle resistances - Rn (each needle) 

 Flow sensor resistance - Rq 

 Eye resistance - Re (reciprocal of the facility) 

For analysing the damping effect on oscillations, we consider the impedances, Z, of key 

system components. Figure 46a shows a lumped parameter model of the entire system and 

eye, using impedance elements. 
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Figure 46: Lumped parameter models showing the key impedances of the system and eye. Qp is the oscillatory 
response of the syringe pump, Zt is the impedance of the connecting tubes, Ze is the impedance of the eye, Zq is 
the impedance of the flow sensor and Zn is the impedance of the needles. (a) Complete system, (b) after reducing 
the iPerfusion system to a single impedance (Z1), (c) after a further reduction yielding an impedance Z2, comprising 
the iPerfusion system, the eye, and the needle connected to the syringe pump. 

The impedance of the eye, comprising Φe and Re in parallel (||), is given by: 

𝑍𝑒 = 𝑅𝑒||𝜙𝑒 =
𝑅𝑒

2𝑗𝜋𝑓𝜙𝑒𝑅𝑒  + 1
 

Equation 33 

where j is the unit imaginary number and f is the oscillation frequency. The impedance of the 

tubing (60 cm blood perfusion tubing) is given by: 

𝑍𝑡 =
1

2𝑗𝜋𝑓𝜙𝑡
 

Equation 34 

For resistive elements, the impedance is equal to the resistance, hence Zq=Rq and 

Zn=Rn. 

In order to analyse the circuit, we first combine the impedances of the flow sensor, and 

the tubing and needle connecting the eye to the iPerfusion system, Z1, as shown in Figure 

46b. 

𝑍1 = 𝑍𝑞||𝑍𝑡 + 𝑍𝑛 

Equation 35 

We subsequently combine this impedance with the impedances of the eye and the needle 

connecting the eye to the syringe pump, as shown in Figure 46c, to give: 
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𝑍2 = 𝑍𝑒||𝑍1 + 𝑍𝑛 

Equation 36 

We can now calculate the proportion of oscillatory flow entering the combined impedance Z2 

according to: 

𝑄2 = 𝑄𝑝 (
𝑍𝑡

𝑍2 + 𝑍𝑡
) 

Equation 37 

Then using Figure 46b, the amount of flow entering the eye is: 

𝑄𝑒 = 𝑄2 (
𝑍1

𝑍1 + 𝑍𝑒
) 

Equation 38 

For a given frequency, the gain is defined as the amplitude of the flow into the eye, 

relative to that output by the pump: 

𝐺𝑎𝑖𝑛 = |
𝑄𝑒

𝑄𝑝
| = |

𝑍1𝑍𝑡

(𝑍1 + 𝑍𝑒)(𝑍2 + 𝑍𝑡)
| 

Equation 39 

Equation 39 can be used to estimate the flow oscillations in the eye using the syringe pump 

output (Figure 45b) and typical parameters for the system and mouse eye, listed in Table 3. 

Parameter Value Unit 

Re 0.16 mmHg/(nl/min) 

Rq 0.01 mmHg/(nl/min) 

Rn 0.0002 mmHg/(nl/min) 

Φt 15 nl/mmHg 

Φe 50 nl/mmHg 
Table 3: Typical parameters for a mouse eye at 8 mmHg. 

Figure 47a shows that the frequency response of the flow into the eye is damped as 

compared to the pump output (Figure 45b). The major oscillations at 2fstep are reduced to ~7 

nl/min, and the low frequency components are also reduced. Using an inverse FFT, we can 

estimate the flow rate into the compliance of the eye (blue trace in Figure 47b). The 2SD value 

for this signal is ±7.5 nl/min, and is hence reduced almost five-fold relative to the syringe pump 
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output. It is interesting to note that, as the phases of some of the frequency components would 

be altered, the combined amplitude is similar to the main peak at 2fstep. 

 
Figure 47: Effect of damping on the oscillations entering the eye from the syringe pump. (a) Predicted frequency 
spectra of the oscillations in flow rate entering the compliance of the eye, (b) predicted flow trace in the eye using 
inverse FFT (blue), compared to pump output (grey), (c) predicted frequency spectra of the oscillations in 

intraocular pressure, (d) predicted pressure trace in the eye using inverse FFT. 

Finally, we consider the effect that this oscillatory flow has on the pressure in the eye. 

We first calculate the FFT for the intraocular pressure, as shown in Figure 47c, according to 

𝑃𝑒 = 𝑄𝑒𝑍 

Equation 40 
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The low frequencies are maintained, but frequencies above 0:01 Hz are almost entirely 

damped. Figure 47d shows the predicted pressure tracing based on the inverse FFT, around 

a mean pressure of 8 mmHg. Here, the frequency of the motor has the largest effect on 

intraocular pressure variations, with a peak to peak oscillation amplitude of ~0.015 mmHg, but 

with a period of ~7 min. 

In summary, the syringe pump output is highly oscillatory, but in our system the 

oscillations are largely damped, such that the intraocular pressure variation is unlikely to have 

an effect on the physiology of the aqueous humour dynamics investigated in this study. 
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Chapter 4: iPulse evaluation 

1. Introduction 

The iPerfusion system has been shown to measure facility accurately in mouse eyes. 

Here, we evaluate iPulse, an add-on to the iPerfusion system which imposes a desired 

oscillatory pressure across a mouse. The combination of iPulse and iPerfusion is shown in 

Figure 48. 

 
Figure 48: iPerfusion system with iPulse attached. 

When attached to the iPerfusion system iPulse is a flow source, our first goal is to be able 

to measure the flow from iPulse into the eye. In perfusions we are primarily interested in 

calculating facility, either in the presence or absence of oscillations, iPulse must not hinder 

facility measurements by iPerfusion. Our second goal is to be able to measure the facility in 

the presence or absence of oscillations. Finally, as the drop in pressure across the cannula is 

significant, we must be able to calculate the pressure oscillations in the eye after accounting 

for the pressure drop across the cannula. This Appendix therefore addresses the following 

three questions:  

1) Is the downstream flow sensor (FSDS) capable of measuring oscillatory flow? 

2) Is the system capable of measuring hydraulic resistances under oscillatory conditions? 

3) Can the amplitude of pressure oscillations in the eye be deduced from measurements 

of pressure and flow from the sensors when setup as shown in Figure 1 of Chapter 4. 
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2. System assessment  

2.1. Is the FSDS capable of measuring oscillatory flow? 

The differential pressure transducer (PX409, Omegadyne, Connecticut) have an 

acquisition bandwidth of upto 1kHz, and data reported in Chapter 4 of the main text 

demonstrate its ability to measure 10 Hz pressure waveforms. To assess the ability of the 

FSDS to measure oscillatory flow, we measured the oscillatory pressure drop ΔP across a 

capillary of known hydraulic resistance Rcap placed in series with the FSDS, such that both the 

flow sensor and capillary receive the same flow (Figure 49 inset). We then compared the 

estimated flow waveform (ΔP/Rcap) against that measured by the flow sensor. 

The capillary tube used in this setup has an inner diameter 150 µm and a length of 80 

mm. The hydraulic resistance Rcap measured under steady conditions (ΔP = 1 mmHg) 

averaged over 5 minutes was 0.57± 0.04 mmHg/(µl/min) [mean ± 2 standard deviations (SD)]. 

Note: (i) the hydraulic resistance of the FSDS is much less than Rcap, (ii) the downstream 

reservoir, on account of its large diameter, maintains a constant outlet pressure. Therefore, 

the pressure transducer effectively measures the pressure drop ΔP across the capillary.  

Figure 49 shows the measured flow from the FSDS and the estimated flow based on ΔP/Rcap, 

for a pressure amplitude of ~8 mmHg across the capillary. The overlap between the two curves 

indicates that there is excellent agreement between the measured and predicted flow rates at 

this particular amplitude.  
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Figure 49: Accuracy of the flow rate as measured by the FSDS. With the system setup as shown in the inset, the 
oscillatory flow rate imposed through the FSDS was estimated as ΔP/Rcap. The Black trace shows the estimated 
flow rate, while the flow as measured by the FSDS is shown by the green trace. Data points represent acquired 
data. Traces represent the sinusoid obtained by applying the Fast Fourier transforming to windows of 30 s duration 
in intervals of 15 s and isolating the dominant frequency of each window. 

To examine how the FSDS behaves at other amplitudes, we varied the magnitude of 

pressure oscillation generated by the flow from iPulse, whilst recording the amplitude and 

phase of the measured and estimated flow rate waveforms. Amplitudes were measured over 

a 5 minute period by Fast Fourier transforming windows of 30 s duration in intervals of 15 s 

and isolating the dominant frequency of each window. The measured flow rate plotted against 

the expected flow rate were in agreement, with a slight deviation about the unity line above 

104 nl/min (Figure 52a). The relative error of the measured flow rate with respect to the 

predicted flow rate ranged from -2 to 11% (Figure 52b). The waveforms were always in phase. 

From this we conclude that the FSDS is able to measure oscillatory flow at 10 Hz over a wide 

range of flow amplitudes. There is a small error, which will introduce a proportional error in the 

calculation of the amplitude of the pressure in the eye (see test 3). The caveat is that the range 

of flow amplitudes does not go as high as in the experimental case, so there may be a bit 

more error in the estimation of the eye pressure amplitude, but this will not affect the 

calculation of the steady state pressure or flow or affect the measurement of facility. The flow 
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sensor is overestimating the flow rate, which would underestimate the ocular pulse amplitude. 

Similar experiments using FSUS revealed larger relative errors on measurements of flow 

amplitude. 

 
Figure 50: Assessment of the FSDS’s ability to measure oscillatory flow of different amplitudes. a) Data points show 
the amplitude of flow measured by the FSDS vs the imposed oscillatory amplitude (|P/Rcap|) with the line of unity 
shown in black. b) Data points represent the percentage error in the measured flow rate (QDS). 
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2.2. Is the system capable of measuring hydraulic resistances under oscillatory conditions? 

This is important because the mean flow from the FSUS is used to calculate the outflow 

facility, and we want to ensure that the small flow oscillations that pass through the FSUS do 

not interfere with its ability to measure mean flow. (Chapter 4 §2.2.2).  

To evaluate the ability of the FSUS to accurately measure a mean flow in the presence 

of oscillations, the system was setup as shown in Figure 51. This setup replicates our 

experimental setup shown in Figure 49 of the main text, with a glass capillary and compliant 

tubing used to mimic the resistance and compliance of a mouse eye. The capillary (HWC002; 

CM Scientific, UK) had an inner diameter of 50 ± 3 µm and a length of 210 mm. By Hagen-

Poiseuille law Ccap = 4.6-7.4 nl/min/mmHg matching the reference values reported for mouse 

eyes (Sherwood et al., 2016). The compliant vinyl (LT-2-4; Swagelok, Ohio) had an inner 

diameter of ⅛ inch, an outer diameter of ¼ inch and length of 45 mm, with a compliance of 90 

nl/mmHg.  

 
Figure 51: Effect of oscillations on measurements of hydraulic resistance. System setup for the measurement of 
the hydraulic resistance of a dummy eye in the presence and absence of oscillations. 

In the main experiment, outflow facility is estimated based on the mean flow rate 

measured by the FSUS divided by the mean pressure from the pressure transducer. Using the 

setup shown in Figure 51, we examined whether the estimated outflow facility of Ceye (the 

facility of the capillary that matches the mouse eye) is the same under steady and oscillatory 

conditions. Note that the resistance of the FSDS is (~0.005 mmHg/(µl/min)) and cannula (0.086 
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± 0.005 mmHg/(µl/min)) are much less than that of the capillary 176 ± 41 mmHg/(µl/min) such 

that the pressure measured by the transducer is effectively the pressure drop across the 

capillary.  

To measure Ccap under steady conditions, a capillary test was performed in which the 

pressure applied by the reservoir (Pa) was varied from 0 to 25 mmHg in increments of 5 mmHg. 

Each applied pressure was maintained for 25 minutes to allow steady state to be reached. 

The same protocol was repeated with the addition of imposed pressure oscillations at 10 Hz 

and amplitude >1 mmHg. Figure 52b and d show the measured flow rate and pressure of a 

capillary test when oscillations are imposed. Note that the pressures are measured at the 

pressure transducer and are not corrected for the resistance of the cannula that would act to 

decrease the magnitude of the pressure oscillations in the eye at such high oscillatory rates. 
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Figure 52: Hydraulic resistance measurement of a capillary in the absence and presence of oscillations. Acquired 
data is shown by the Grey traces while the red and blue traces show the data after the application of a 30 second 
Savitzky-Golay filter. a) and c) pressure and flow measurements under a standard stepping protocol with no 
oscillatory flow imposed. b) and d) pressure and flow measurements under a standard stepping protocol with 
imposed oscillations of frequency 10 Hz and amplitude >1 mmHg. The last 300 seconds of each step is taken to 
be steady state (regions highlighted in yellow). 

The last 300 seconds of each step of steady and oscillatory perfusions were defined 

to be flow and pressure of that step (yellow highlights Figure 52). The mean and standard 

deviation of each step is shown in Figure 53, revealing a high degree of overlap between 

steady and oscillatory conditions. The hydraulic resistance of a capillary (Rcap) is described by 

the equation: 

𝑃 = 𝑅𝑐𝑎𝑝 𝑄𝑈𝑆 

Equation 41 

where QUS is the mean flow rate through the capillary measured by the FSUS and P is the 

pressure drop across the capillary. The resistance of the capillary was calculated by fitting flow 

and pressure data to Equation 41 (Figure 53). In the absence of oscillations the measured 
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hydraulic resistance is 150.3 ± 5.5 mmHg/(µl/min) [mean ± 95% ME]. In the presence of 

oscillations, the measured hydraulic resistance is 154.6 ± 3.3 mmHg/(µl/min). The measured 

resistances with and without oscillations were similar. The measured flow at zero pressure 

was not significantly different from zero in either case. 

 
Figure 53: Measurement of the facility of a capillary in the presence and absence of oscillations. Each data point 
is the mean and two standard deviations of the steady regions highlighted in yellow on Figure 52. Black data points 
are from the case when there are no imposed oscillations (extracted from Figure 52 a) and c). Orange data points 
are from the case with imposed oscillations (data extracted from Figure 52 b) and d). The 95% CI on the fit of 
Equation 41 is shown by the shaded regions. 

Therefore, the system is able to measure mean outflow facility in the range of mouse 

eyes in the presence of 10 Hz pressure oscillation.  

2.3. Can the amplitude of pressure oscillations in the eye be deduced from the sensors 

measurements in the setup shown in Figure 48. 

In the main experiment, the oscillatory pressure is measured upstream of the FSDS 

which may differed from the pressure in the eye due to the resistance of the FSDS and cannula. 

The pressure in the eye is not directly measured, but can be estimated as follows:  

|𝑃𝑒𝑦𝑒,𝑒𝑠𝑡| = |𝑃| − |𝑄𝐷𝑆| × 𝑅𝐷𝑆+𝐶 

Equation 42 
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where Peye,est is the estimated intraocular pressure and RDS+C is the hydraulic resistance of the 

FSDS and cannula in series. To calculate RDS+C, we applied 10 Hz pressure oscillations of 

varying amplitude across a glass cannula (made as described in Chapter 4) and FSDS whilst 

measuring the flow rate. Pressure and flow amplitudes were measured over a 15 minute 

period by Fast Fourier transforming windows of 30 s duration in intervals of 15 s and isolating 

the dominant frequency of each window. Shows how the amplitude of the flow rate varies as 

a function of the amplitude of the pressure drop, yielding a hydraulic resistance of RDS+C = 

0.086 ± 0.005 mmHg/(µl/min) [mean ± 95% ME]. This relationship yields a one-to-one 

relationship between the flow rate measured by the FSDS and the pressure drop across the 

FSDS and the cannula, in order to estimate the pressure in the eye according to Equation 42.  

The residuals from the use of Equation 42 to calculate the pressure drop across the 

cannula are shown in Figure 54b. The magnitude of all residuals in the measurement range 

of the FSDS are <0.25 mmHg. As the uncertainty on P is <0.01 mmHg (Sherwood et al., 2016) 

the uncertainty on Peye,est is ±0.25 mmHg. As is suggested by Figure 54b, it is possible to 

reduce the uncertainty on Peye,est by using a non-linear relationship to relate QDS to the pressure 

drop across the cannula or by calculating 𝑅𝐶 only in the 𝑄𝐷𝑆 range of interest and allowing a 

non-zero intercept. 
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Figure 54: Cannula’s hydraulic resistance to oscillatory flow. The experimental setup used is shown in the inset on 
panel a). a) Each data point shows the mean amplitude of oscillatory flow and pressure at 10 Hz across the cannula 
as calculated at various imposed oscillatory pressures for a duration of 15 minutes. Error bars represent the two 
standard deviations on the mean. b) Residues from the line of best fit to the data shown in a).  

To validate Equation 42 using the measured value of RDS+C, we the setup the system 

shown in Figure 55. This setup includes an additional pressure transducer to directly measure 

the pressure oscillations in the mock eye Peye to compare against Peye,est estimated from 

Equation 42. 
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Figure 55: Setup for system validation. Setup to demonstrate the system’s ability to measure the pressure 
oscillations induced in the eye after the pressure drop across the FSDS and cannula are accounted for. 

This comparison is shown in Figure 56, where the red trace shows P, the black trace 

shows Peye,est, and the purple trace shows Peye. The amplitude of Peye and Peye,est are nearly 

identical (0.63 vs 0.57 mmHg), supporting the use of Equation 42 to estimate the intraocular 

pressure. In experiments involving cadaveric mice in the main text, the value of RDS+C was 

calculated for each cannula. There is a small phase lag that is attributable to ocular 

compliance, but does not affect the estimate of the ocular pulse amplitude or the measurement 

of outflow facility. 
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Figure 56: Measurement of oscillatory pressure in the eye. Red trace is the pressure measured by the iPerfusion 
systems innate pressure sensor (P) i.e. downstream of the cannula. Purple trace is the direct measurement of the 
pressure in the dummy eye (Peye) i.e. upstream of the cannula. The black trace is the pressure in the eye as 
calculated using Equation 42 (Peye,calc). Traces represent the sinusoid obtained by Fast Fourier transforming 30 s 
windows of the data in intervals of 15 s and isolating the dominant frequency of each window. 

2.4. Summary 

The FSDS is capable of measuring the oscillatory flow rate to within 12 % accuracy of 

the true flow rate as demonstrated by Test 1. Test 2 demonstrates the designed systems 

capability to measure hydraulic resistances in the presence or absence of oscillatory flow. 

Lastly, ability of the system to measure the magnitude of imposed oscillatory pressure in the 

eye was verified by Test 3. 
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Chapter 5: In vivo, supplementary figures 

1. Time constant of the system 

Assuming the system’s compliance and needle resistance are negligible, the time 

constant for the system as shown in Figure 32, Config. 1 is the same as the time constant for 

an in vitro eye interfaced with a flow-controlled perfusion system of negligible system 

resistance and needle resistance as analysed in Appendix A, Introduction. To realise the time 

constants are the same, treat the flow source in Figure 44 as the production of aqueous 

humour.  

By the principle of superpositioning (Spence, 2008), the time constant for the system 

as shown in Figure 32, Config. 2 is the same as the time constant for an in vitro eye interfaced 

with a pressure-controlled system as analysed in Appendix A, Introduction.  

2. Needles. 

A sample of the cannulation needles used for the in vivo experiments are shown in 

Figure 57. 

 
Figure 57: Sample of the in vivo cannulation needles. 
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3. Raw in vivo tracing 

A raw plot of the captured flow and pressure from a sample in vivo perfusion is shown 

in Figure 58. 

 
Figure 58: Sample in vivo perfusion. a) Pressure measured by the pressure transducer is shown . b) . In a) and b), 
the raw measured flow and pressure signals are shown by the gray trace, while the black trace shows the captured 
flow and pressure signals after the ocular pulse and breathing signal have been filtered out. 

A plot with higher temporal resolution is shown in Figure 59. From this plot, the animals 

ocular pulse and breathing motions can be seen. 
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Figure 59: Ocular pulse and breathing signal of a short segment from Figure 58. Captured data is shown by the 
red data points while the gray trace shows a spline fit through the data.  
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Appendix B: Permissions 

 

 

Appendix B: Permissions 
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Reprint of Chapter 1 
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Permission for Figure 1a 
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Permission for Figure 1b 
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Permission for Figure 2a 
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Permission for Figure 2b 
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Permission for Figure 4 
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Rights for Mouse 3D file used in renders 

1. Purchase Invoice 
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2. Rights Purchased 

 
 
  



201 
 

3. Statement from provider 
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